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m’l\womemodstoldenﬁfyﬂneieuﬂmlpmmndmemngnuiuﬁonmweofavolmgemmmr—fed
induction maotor (TM) at standstill will be presented.

A special advantage of these methods is that the diffe b the refi

voltage values and the real phase

voltage values caused by the unknown switching times of the PWM-inverter will be completely suppressed. Therefore a

measurement of the phase voltage is not 'y and the p of the i motor can be estimated with a
high accuracy.

Thus, no additional hardware is nocessary and therefore this identification method is a good for use in -
cial scif-commissioning drives.
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1 INTRODUCTION

The increasing user's demands on electrical drives with Inverter—fed
induction machincs led to complex control schemes like Field Orien-
tated Control or Direct Seif Control. This control schemes satisfy the
demands on the dynamics but if the full performance of these schemes
is required the clectrical parameters of the induction machine (IM)
have to be known. For an optimal design of the drive the knowledge of
the saturation curve is necessary, too.,

To apply the control scheme to an unknown IM the electrical parame-
ters must be determined in a first step. The problem of the parameters
determination is that they can’t be measured with a simple measuring,
with one exception: The stator resistance can be measured with a sim-
ple d.c. test. Furth the y of p Iculated from
name—plate—data is not sufficient for the most applications [4].

These are the reasons why it i8 a problem if a customer wants 10 com-
binc an inverter of onc manufacturer with an IM of another manufac-
wrer,

The commissioning by specially trained staff is a poor solution in view
of the costs. An altemative is to fit out the invericr with the capability
of self-commissioning. In this casc the essential tasks are: “parameter
identification™, “design of the controlier” and “supervision and tests of
plausibility”.

In this paper the parameter identification will be discussed.

In case of series production of the inverter the self-tuning should
require only a minimum of additional hardware, to minimize the costs.
The realisation of a drive with the capability of sclf—tuning is possible
with on-line and off-line methods.
In the first way the parameters will be estimated and the regulation
characteristics will be optimized steadily at run time.
In the second way the parameters will be identified in a first step. Then
the controller will be designed and at last the modified software for the
signal processor or the coatroller will be started. In this case only an
adaptation to the inertia factor and perhaps to \emperature variation is
nececsaryatnmume.

the ng of the with the off-line method is
lessﬂlmlhemutlngwlthﬂnm-unemeumSo,lnviewofmccom
the off-linc method should be p a cheaper controller
wlthakm'erpelfu'mmembcused.
Basic demands that should be met by a modern off-line parameter
identification scheme are:

« The stimulation of the IM should be carried out with the inverter
of the drive.

« The clectrical parameters should be identified at standstill of the
MD a ion at the issioning phase is often unde-
sirable.
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* The standstill of the IM results (o the next demand. The IM must
not produce a torque b a locking of the rotor is undesira-
bie as well.

Considering the costs, these demands are problematic. Apart from the
calculation from namc-plate—data all identification schemes need
measured values of phase currents and phase voltage. The voltage at
the most tests must be very small because at standstill only the small
stator resistance restricts the current at steady state.
Usually a controlled drive is fit out with a current detection but not
with a phase voltage detection because the measuring is difficult and
costly in view of the inverter. At best only a detection of the d.c. link
voltage can be presupposed for low cost drives.
That means, that the phase voltage must be estimated with the known
valuofmevolhgeswrce. Uy, and the reference values of the inverter
tmmlamdutycydes d“,c If the real, phase current dependent
of th il is taken into account the real
phase voltage is not accunlcly known. Exactly in case of small phase
voltage, the deviation is enormous and mustn’t be neglected. So, the
identification is possibly disturbed.
This is the reason why nearly all identification schemes need a some-
times very costly phase voltage detection [51,[9).
A possibility to avoid this detection 1s to correct the reference values of
the duty cycles in dependency of the phase currents with an error curve
[4), {8). This curve must be determined for every new inverter because
of the switching times variation of the transistors.

In this paper an off-line method will be presented, which facilitates the
identification of the clectrical parameters with a minimum of sensory
equipment, especially a phase voltage detection isn’t necessary, A
measuring of the magnetization curve will be presented as well.

2 THE MODEL OF THE INDUCTION MACHINE AT
STANDSTILL

A model of the induction hine which considers the ion was
deduced in [2]).

This model describes the IM in the stator reference frame. Skin effects,
magnetic hysteresis and iron losses are not taken into account.

(1) shows this model:
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The inductance terms are defined as follows:
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3 THE IDENTIFICATION SCHEME

There are many identification schemes which allow the estimation of
the parameters of the transfer function (7), for example the recursive
least—square method [4],[8), model adjustment technique [1] and fre-

Ly =Ly (|8, quency response test [101,{12].
Ly=L,+Lg, Ly=1L,+Lg, In this paper the freq P test is di d b this
@) mcethod 18 robust with regard to measuring disturbances if the transfer
dLh(|lp|) function is calculated with:
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This model can be simplified if the IM is at standstill (0, = G). The
supposition that the IM is magnetized only in the « —mﬁslspossible um(t) IsapeﬂodicfmctlonwlmmepedodT and the correspond-
since the orientation of the reference frame on the a—phase is arbitrary. ing fi Q! Y ©; =2n/T,.
ThcnusB ‘SB"M‘R can be assumed to be zero as well . Thesnnlldcllcatcmoﬂhlsmthodiswell—famdedbymeonhogo-
This results in the 1. nal relations of the trig ic functi Apart from disturbances
with u\e fundamental fmqucncy and drifts, all disturbances can be
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The corresponding vector notation is: sOTN
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IfdL,/dig, and dLh/‘”sB exists this model can be linearized in
the operating point ig, = Igq, igq = Iy ad ug, = Ugq [11).

a1 ) af (L)

Af = Al+ AU 5
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use = Ugy e =Ugp

If the identification is carried out at a stationary operating point of this
model it can be presumed that I, = 0 and Ug, = Rg Ig,. Thenthe
lincarization leads to the model (6), if Ly, = Lp . = L is valid sup-
plementary.
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(7) is the corresponding transfer function.

(9) provides the value of the transfer function for only one frequency.
Repeated measuring at different frequencies result in a non—parametric
process model which is unusable in the view of self commissioning.
Therefore in a second step the non—parametric process model will be
converted in a parametric process model. This is possible with a least-~
square algorithm which the p of the function:

- 1+job,
(o) = ———————— (10)
ay+jaa; + (o) a,

The parameter b, 4., a, and a, will be chosen with the goal to mini-
mize the error function:
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(11) permits the estimation of the parameters with lincar methods. A
nonlinear optimization isn’t necessary [10]. With the knowledge of
b, a, a, and a,, the calculation of the electrical parameters is no
problem.

The available parameter Ug,, can be used to adjust the operating point
concerning the saturation. In this way the curve LD(l ) can be com-
pletely  measured.  With  that, the sammkm curve
Ly (i) = 1/1".[0 Lpydi, is known.

I cake of Ugq = 0 this method is identical with the Standgtill Fre-
quency Response Test (SSFR) [10],[12]}.



4 THE INFLUENCE OF THE INVERTER ON THE
FREQUENCY RESPONSE TEST

As already mentioned, it is a problem if the stimulation of the IM is
carried out with the inverter and no phase voltage detection is availa-
bie. Fig. 1 shows the schematic structure of & voltage source inverter
and Fig. 2 shows the conesponding phase voltage and the driver sig-
nals of one phase. R

The difference between the reference duty cycle d, sd d, = T,/Tg
is the error Ad, = —(T,,~T,.) /T and this results in an error
kpsq = UpAd, of the phase T, depends on the phase cur-
rent (see Fig. 3) and can differ from 0 transistor. Thus, 3 dif-
ferent ervor curve Is effective for every inverter and this curve must be
determined if the ezror voltage should be compensated like in [4],(8).

The consequence of the error voltage for the response measuring is:
If the phase current is sinoidal with i, = Ig,+Alg sinat, upe,
consists of a d.c. component, a term with fundamental frequency and
harmonic terms. The d.c. component and the harmonics will be com-
pletely suppressed by using (9). A further examination shows that there
is no phase shift between the phase current and the phase voltage error
fundamental oscillation. These considerations are also true for space
vector quantities and so the consequence for the measured frequency
response is:

measurable
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The reciprocal of the desired fer fi differs from the meas-
ured function in a real constant but the imaginary parts are identical.
‘The idea of cstimating the coefficients of (10) only with the imaginary
parts of 1/¥; yuggests itsclf because this method is independent of
errors caused by the inverter.

This consideration can be extended to any transfer function and so any
inverter—fed linear system can be determined in this way with a high
accuracy but maybe not all parameters can be estimated only with the
imaginary part.

In this case the stator can't be esti d, b the imagi-
nary part is independent of this parameter. The real part of 1/, can
be written in a form Rg +f(je) , where f(jw) is independent of Rg.
That means, that R can’t be separased from the constant £, if the real
and imaginary part are uscd to identify the parameters, but the cstima-
tion of the other parameter is not affected.

This is the reason why the estimation is carried out here with both, real
and imaginary part like in (11).
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Figure 1: Voltage source PWM-inverter
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Figure 2: a)ldeal driver signal of phase a
b)Driver signals of phasc a
c)Phase voltage, (ig, (1) >0)

The sum of the effects of R and the inverter can be measured with &
simple d.c. test with a negligible error.

But if only Rg has 10 be estimated without a phase voltage detection
other schemes couldn’t be more accurately. Possibly, if other schemes
are used the additional effects of the harmonic terma of the error volt-
age have to be take in account.

VESs

Figure 3: Voltage emror curve

5 PROVING OF THE IDENTIFICATION SCHEME

The described identification scheme was proven with a simulation and
at a real drive. The parameters of the chosen drive are Hsted in Table 1.
The parameters of the cold machine were determined with a no-load
test, a Jocked-rotor test and a d.c. test. These parameters were used in
the simulation, too.

TABLE 1: Parameters of the induction machine

\
L

Name-plate-data
Power: 3 kW

Measured electrical parameters

Rg=0220Q

Rated voltage: 220V || R, =0231 Q

Rated current: 15A || L =1.204mH
Speed: 1500 rpm _ G84mH _ 41SmH o
& [i,17165 Jul 7075 )
e
Frequency: 50 Hz J = 00124 kgmz
5.1 Simulation

The employed simulator was presented in [6]. It allows the simulation
of a drive with inverter. The current depending switching times and the
discontinuous current modc arc taken into account. The model of the
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Figure 4: Amplitude and phase of ¥ (jo) and Y; (ja)'.)

IM is identical with (1) and so no skin effects, iron losses and hy
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sis effects are modelled.
With the help of the simulation the following problems were examined:

Choice of the voltage amplitude: There must be compromised about
the voltage amplitude. The linearization of the model demands a small
amplitude but the quantization of the measured current is more uncriti-
cal at large amplitudes.

Good results can be achieved if the magnitude of the voltage is chosen
that the current amplitude is about 4.5 A.
Compared with the rated current this is an enormous value, and so the
quantization should be no handicap.

Choice of the frequency range: The measured frequency range has an
influence on the quality of the estimation. If the d values are
error free a wide range leads to a good estimation. But low freg; ‘
increase the measuring time enormously and high frequencies are
questionable in view of skin effects at the real drive.

With the simulation a frequency range about 0.05 Hz < f< 25 Hz
could be determined which allows a good estimation of the parameters.
In this range at 18 frequencies the response was measured but a lower
number is sufficient.

Influence of the inverter: Actually the constant k, of (12) isn’t con-
stant when the current amplitude ch from fi y to fi

the cc ller design or a flux model, it is better to take account both,
Ry and the influence of the inverter, than to consider only Rg. The
sum is represented well by the estimated value.

5.2 Experimental results

The practical examinations were carried out with a drive in accordance
with Fig. 7. The DSP56001 of the NeXT station is used to perform the
control, the modulation and the correlation (Equ. (9)). The M68040 is
used for the Jeast—square algorithm. The advantage of this drive for the
exarninations are a powerful interface between the two processors and
a comfortable graphical user interface. More detailed informations
could be found in [3].

In case of series production this conception is not ptable in view of
the costs, but the workstation can be replaced by a PC which is only
necessary at the commissioning phase. By means of the serial interface
the PC i with the ller which is placed in the cabinet
of the inverter. The use of the PC causes no additional costs since usu-
ally during the commissioning phase a PC is present anyway. The data

transfer b PC and iler is no problem t only a few
values have to be transferred.
Examinati The results of the examinations are as follows:

8 q quency.
An effect on the estimation couldn’t be found out.
Furth re the switching behaviour of the inverter seems to be

uncritical.

Choice of the Measuring time: Dependent on the period T, the
measuring time and the waiting period with respect to the transient
phenomenon mmst be varied. At low frequencies a measuring time
about two periods is sufficient, but at higher frequencies a measuring
time about a higher number of periods is necessary.

Totally, the measuring time is about § minutes.

Fig. 4 shows a freq 'y TeSp d with the simulation and
the curves, calculated with the p of Table 1.

The differences are almost caused by switching times of the inverter
transistors. On Fig. 5 it can be seen that the errors occur almost in the
real part.

With these measured values an estimation of the electrical parameters
is possible with a high accuracy. The relative error of the leakage
inductance is less than 0.1% for all tested offset currents. In case of the
rotor resistance the error is less than 0.5%. The maximum ervor of the
differential inductance is about 2%. The stator resistance can’t be sepa-
rated from the constant k, and so the error is about 30%.

If the values of Ly, measured at different offset currents arc used to
calculate the magnetization curve L,,(i”) the curve in Fig. 6 is
achieved.

The quality of these results is very good and for a self—tuning more
than sufficient because the crror of Ry is uncritical. If Ry is needed for

* Stator resistance: The relative error of Ry is now about 80%.
The reason is an additional line and extrinsic resistance which is
great compared to the measuring values of Table 1.

* Rotor resistance and leakage inductance: The relative errors of
these quantities are about 1%...5% dependent on the offset cur-
rent. So, the locked—rotor test and the frequency response test
deliver nearly the same resuits and no method should be pre-
ferred in view of the accuracy because the results of the locked—
rotor test are maybe as well incorrect as the results of frequency
response test.
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Figure 6: Curves of L, “u) and LD“u) from the no-load test and
the frequency response test



Figure 7: Diagram of the experimental setup

* Differentlal inductance: The estimated value of Lj,, is always
lower than the measured valucs of the no-load test. At small off-
st currents the error is about 45% and at offset currents compa-
rable the rated current the error is abowt 10%.

The calculated curve of L, (/) contains crrors about 40%, too,
sincemcctmtofLDons currents is more critical than the
errors at alarger Ig,.
The accuracy of this parameter is consequently not sufficient for
a self-commissioning.

The reason of this enormous error can’t be found in the identification
method or the measuring set-up. The supposition that the model (1)
describes the IM not accurately in this case is more plausible.

A closer examination shows that the hysteresis of the iron mustn’t be
neglected.

Fig. 8 depicts a schematic hysteresis loop of a ferromagnetic material
[7]. A major loop, a minor loop and the normnal magnetization curve
are plotted. Such a minor loop will be described during the frequency

A
B‘

Py
loop

H
major loop

Figure 8: Schematic hysteresis loop

»
»

101

O
Figure 9: Bquivalent circuit at standstill

response (est with current offset. The frequency response test estimates
the mean differential inductance which is proportional to the differen-
tial permeability udwdﬂnnﬂmbop.lncveryopcmlnzpolm
W4 I8 lcss than the gradient of the normal magnetization curve. So,
megxmonheemmedvﬂuuot‘LDoteplmlblc.

6 A SOLUTION OF THE HYSTERESIS PROBLEM

At the commissioning phase the alloy of the rotor and stator lamination
is usually unk Thus, a fon of the normal magnetiza-
tion curve with the measured values L, scoms o be hopeless.
Mﬁeqmymuewdeﬂvmgoodemmmdkkmd%.
The voltage drop across both, R and the inverters transistors, can be
measured with a simple d.c. test. Therefore a promising solution Is‘to
(:nlt.:ulleﬂu:ﬂux‘l’mmm'lelnagnedzingem'l'eml”dlﬂectlyt'mmus‘l
ad i, .
Rxﬂf:.lh:Mllfedlhnldallywnh2Hzmdwidnuuamnoﬂ'aeL
In the steady state one period of the current and the voltage are sam-
pied and stored. The voltage ug, (compare Fig. 9) can be calculated
with the help of the known voltage drop across Rg and the inverter.
Afterwards ug, and ig, can be represented with the first cocfficients
of their Fourler scries. The limitation on the first cocfficients sup-
presses the noise with a higher frequency.
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Figure 10:Mcasured hysteresis loop and the normal magnetization
curve measured with the no—ioad test




Since the signals ¥ (1) mdl (1) mlmownllwcurve‘l’(l”) can be
calculated, too. ‘l‘huesultofmeemrﬂmﬂomisstwnlnﬁg 10. The

different magnetizi jour in depend: yoflhcslznofdl /41,
msedbythehysletcsls iswoognlzable
The distortion of one branch of the hy is Joop app imul

mulywiththemocmssofﬂlephmamntmmultsntmgmglon
can be improved with a more accurately measured voltage drop across
Rg and inverter.

The error between the maximum of W (i1,) and the curve, determined
with the no—load test 15 very small and this result is valid for other cur-
rent amplitudes as well.

So, the identification of the whole magnetizati
this way with a sufficient accuracy.

ible in

curve is p

7 CONCLUSION

Two methods were presented which allow a parameter identification of
an induction machine at standstill.

The first method is a frequency resp test which delivers very accu-
rale values of Ry and L in spitc of the use of an inverter without
measuring the phase voltage and in spite of the saturation. With these
pu'amcmmdmevnluesofls“am%aformpedodmcm
method allows the calculation of the mag n curve.

The accuracy of the determined parameters is more than sufficient foe
sclf-commissioning and the requirement of hardware is minimal. So,
these methods are suitable for commercial self-commissioning drives.
A further remarkable result is the magnetic hysteresis which can be
observed with both methods.

NOMENCLATURE

d; ), . Reference duty cycies of the inverter transistors

d, ), . duty cycles of the inverter transistors

i Magnetizing current in the stator reference frame

l'slo Stator current at the operating point

i Stator current components in the stator reference frame
Sa, B

‘ka,p Rotor current componenis in the stator reference frame
Tzo Rotor current at the operating point

Lp Diﬂ'el'enﬂalinducmwed(ll lL )/dli I

Lpo  Differential inductance at the opemin

L, Mutual inductance

Ls_ Ro Leakage inductance

Up D link vohage

“sa, B Stator voltage components in the stator reference frame
Ugo  Stator voltage at the operating point

Rg Stator resistance

Ry Rotor resistance

T Sampling period

Y (jo) Transfer function

¥ Angle between l and the o-axis

¥ Air-gap flux

W Electrical angular rofor speed
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