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Fig. 2. Variation of the HF impedance magnitude and phase angle with a
temperature increase.

Fig. 2 shows the variation of the HF impedance magnitude
and phase angle with temperature rise. From (3), it should be
noticed that botlX ¢q andReq vary with temperature changes.
This result indicates that the sensitivity of the phase angle may
not be very promising as a temperature-movement signature,
although the scheme developed in [17] advocates the utilization
of the phase angle.

The voltage term from (7b) dominates the overall injection
voltage in the HF model. This means that tKegy-based
approach provides a much better signal-to-noise ratio than the
Req-based one, resulting in increased accuracy for extracting
the temperature estimate.

A. Sensitivity Analysis of the Phase Delay

In addition, particular attention should be paid to a phase
delay of the feedback current and a PWM generation delay
that can give a detrimental effect on the HF model-bas%{;?ii1
identibcation. The injected HF voltage and the resulting current

with a delay factor can be considered as TABLE |
RATINGS AND KNOWN PARAMETERS OF THEIM UNDER TEST

3. Sensitivity graph of the estimation error®f, andX ¢, as a function
e phase delay angle and temperature.

gh = Vmcos( ht+ + pwm) (8a)
iGh = Imcos( ntS ) (8b)
where ; denotes the phase delay of the sampled current, and

pwm IS the corresponding angle of the PWM generation delay.
Applying (8) to (6) gives

V,
Req = IﬂCOS( + it pwm) (9a)
m
_ VYm _.
Xeq = T sin( + i+ pwm ). (9b) Based on previous reasons, it is clear that is more ade-

guate to indicate the accurate motor temperature. This implies

Since almost reaches 80n this test, it can be seen thaty ¢ the proposed method depends on information about the HF
the estimation error due to the phase delay more severgly

. ] pedance magnitude as well as the phase angle.
affectsR,, than X, The sensitivity graphs with respect to
the phase delay and the temperature are shown in Fig. 3 for
the investigated motor described in Table I. It can be observBd Rotor Temperature Estimation

that the sensitivity 0Re to temperature variations is larger The estimated equivalent reactance under the HF injection
than that ofX, for the given phase delay. Here, the rotogqngition can be written as

temperature is Prst determined frofy,, which is very robust
to the phase delay error. Xeqg= hlis+ Xir_n = Xis + dR ¢ _ge. (10)
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The dc resistance of the rotor bar is given by
I

Rr_dC = m (11)
From (2c) and (11), we see that
xAeq = hLls+Kr\/ h\f (12)

where K, = [/ 2(l/w ). Therefore, the rotor resistance
varies according to /"~ in the HF model, not by  as commonly
known in the lumped parameter thermal model [11].

The equivalent reactance has to be known a priori in order
to compute R, n¢. Therefore, it is necessary to do some initial
measurements or identifications with respect to the actual motor
before the algorithm can be evaluated. The equivalent reactance
under two exciting frequencies is obtained as

Xeq_s1 = nibis + Ko/ n1y/~ (13a)
Xeq_r2= nalis + Ko/ m2y/~ (13b)

Hence, an initial value of L can be simply identified as

|: vV hlxeq_fZ vV }LZXeq_fl
ls — .
° vV hl h2 =/ h2 hl

The induced-stator current makes the stator leakage induc-
tance decrease due to magnetic saturation. At the commis-
sioning stage, the individual effect of the fundamental current
variation can be rejected from a simple test.

Once L, is estimated, Iir_hf can be uniquely determined
from (3) and (10). Since the R,. s Vvariation is proportional to
the ./~ variation as (12) a

1 1
Ry he

x =—=1+ T(-fT_TTO)
Rr_th 0

(14)

(15)

where T, is the estimated rotor temperature, T,o denotes the
reference temperature of the rotor, R, o and o represent the

estimated HF rotor resistance and resistivity at T,q, and . is
the temperature coefficient of the rotor resistance.
Then, the rotor temperature can be estimated using
R R2 . —R?
T, =T, + —r=nf___"r.hi0 (16)
R2
T Yr_hf0

In this paper, we advocate an intermittent injection sce-
nario to reduce additional losses and acoustic noise [17]. The
resulting HF current will not affect the fundamental current
regulation performance because a band-stop filter removes the
HF current from the current feedback to the current controller.

IV. IMPLEMENTATION ISSUES
A. Selection of Injection Frequency

The estimated accuracy is a tradeoff between the selection of
the injection frequency and the maximum switching frequency
of the drive. In the HF injection, the injection frequency f
should be chosen such that d > 2.5, which depends on the
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Fig. 4. Plotof f min On commercial IMs.

bar depth. Thus, the minimum available frequency can be
obtained as

o1 [
2.5 He o d

a7

f h_min =

Fig. 4 shows a plot of f;, min With respect to the bar depth
of commercial IMs with a power rating ranging from 5 to
100 kW.

We can observe from this example that all values of f;, min
are below 300 Hz. Due to the voltage margin requirement
above rated speeds, it is preferable to limit the proposed method
to fundamental excitation frequencies less than the rated fre-
quency [17]. This implies that 300 Hz can be a minimum value
to satisfy the injection condition and to perform the spectral
separation between the HF and the fundamental excitation
frequency over the specified power range of interest. Increasing
the injection frequency is also preferred to mitigate mechanical
vibration and noise. In this paper, it was observed from the
experimental work that frequencies in the range of 400-600 Hz
offer an adequate accuracy of the temperature estimation, while
giving little impact on mechanical vibration and noise.

B. Of8ine Commissioning Procedure for the Phase Delay
Compensation and Decoupling of the Saturation Effect

An accurate estimation of the resistance value is precluded
by the presence of the phase delay exhibited by the drive and
the magnetic saturation on Xeq. In this section, we propose an
offline commissioning process to compensate for the individual
effect prior to start-up.

An accurate estimation of the phase delay is critical for the
success of the proposed identifier design. Here, we define a new
variable, which is the Phase Delay Compensation Index K,
from (2a) as

R i
Ks= —= _ ° . d-R, g. 18
) \/ﬁ - dc ( )

Equation (18) indicates that K s must maintain a constant
value irrespective of f;, if no phase delay is involved in the
identification process. To achieve this, we just observe the
K s trajectory while obtaining the value of R, p for several
discrete frequencies and adjust the delay compensation so that
K s trajectory is as flat as possible.
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Fig. 11. (a) Measured three-phase current. (b) d-axis bandpass-filtered HF
current in the synchronous coordinate.
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Fig. 12. Rotor temperature estimation without the saturation effect
decoupling.

Fig. 12 shows the rotor temperature estimation responses
without the saturation effect decoupling while the load torque
was changed from 80% down to 10%. From the top, the
estimated equivalent reactance, the estimated rotor temperature,
and the fundamental g-axis current are depicted. At the instant
of the load change, a discontinuous jump can be observed in
the estimated equivalent reactance. Such a rapid increase leads
to a large error in the estimated rotor temperature. This result
supports our claim made in Section 1V-B that the saturation
effect should be decoupled to achieve a reliable estimation.

One heat run and a cooling test were performed on the
test motor. The estimated rotor temperature, assuming that
the temperature coefficient of aluminum is 0.0042/ °C, and the
measured stator winding temperature are shown in Fig. 13.
The proposed scheme was tested under start-up, varying load
conditions, and forced ventilation. Initially, the motor was
operated at an 80% load without ventilation. At the instant of
t = 36 min, the load was abruptly changed down to 10%. We
observed that the rotor temperature was reliably detected under
this load variation without any interference since the proposed
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Fig. 13. (a) Estimated rotor temperature and measured stator temperature.

(b) Estimated equivalent reactance. (c) Applied load torque.

estimation scheme did not interfere with the fundamental com-
ponent change and the saturation effect.

The ventilation was activated at the instant of t = 43 min.
It is also shown that the proposed rotor temperature estimation
was capable of responding well to cooling conditions. Although
it is difficult to measure accurately the average temperature of
the rotor winding in this test, the stator winding temperature
could be used as an indicator of the real rotor temperature.

According to the design of the motor, the actual rotor temper-
ature may either be lower or higher than the stator temperature
[15]. It can be observed in Fig. 13(a) that the rotor temperature
is higher than the stator temperature in the testing motor.
The test result shows that the proposed temperature estimation
scheme achieves a reliable tracking of the internal temperature
rise/fall.

VI. CONCLUSION

We have proposed an HF intermittent voltage-injection-
based noninvasive rotor temperature estimation method for
current-regulated squirrel-cage IMs. The proposed estimator
exploits the fact that the equivalent rotor resistance and leakage
reactance approach equality as the frequency increases. With
the proposed offline commissioning scheme, the overall scheme
is nearly insensitive to any previous knowledge on the phase
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delay effect of the drive and the saturation. Test results verify
the estimation feasibility under motor start-up, load variations,
and the cooling condition. The developed algorithm can provide
useful information for the compensation of the detuning effects
in an IM controller, as well as fault prediction. Our main
idea can be extended to other applications such as rotor fault
diagnosis and detection of IMs.

APPENDIX A
By multiplying (4) and (5),
an 1an = (Req + PLeq)igs - ias
=Req(lm cos ht)2~¢-Leq -plycos pt-l,,cos pt

= Reql,%L cos? nt— nleq-lmsin pt-l,,cos pt
1 2 1 2
= iReqlm + §Req|mCOS(2 ht)

1
- = hLqu,Enl'Sin<2 ht).

5 (19)

From (5) and (19), the low-pass filtered values of (7a) are

11
LPF i% =212

5 m (203)

. 1
LPF ( &n-ign) :*Reqli-

> (20b)

From (4) and (5), the reactance voltage term can be
written as

e e ‘e }
an — Req 1gn =Leq Pigy = Leq - Pl cos pt
= - hLeq ' Im sin nt

From (20a) and (21), the low-pass filtered values of (7b) are

2
s 12,
LPF S — Req 15, = ng7 (22a)
—1 I:II >
LPF (igh) = 5~ (22b)

APPENDIX B

For convenience, here, it is assumed that the stator and rotor
have the same temperature and temperature coefficient. From
(3) and (15), the relationships between the resistance/reactance
and the temperature are given as

. —
Req(T) =Rso {1+ (T =To)}+Ryo 1+ (T —To)
(23a)

R —1
xeq = hLls + RTO 1+ (T - TO) (23b)

where T is the motor temperature, To denotes the reference
temperature, R0 and R, represent the stator and rotor resis-
tances at To, and  is a temperature coefficient.
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By combining (9) and (23), the estimated errors can be
calculated as a function of the winding temperature and the
overall phase delay

AReq(T, ) =Riy — Req (24a)
AXeq(T, ) =X{g X eq (24b)

where = ;+ pwwm - The graphs in Fig. 3 were computed by
repeating (24) for a number of values of T and
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