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Abstract

Modern drive systems for induction motors (IM), require accurate knowledge of the
motors equivalent circuit parameters. The control scheme in use, utilizes those to
operate the IM. When the parameters are unknown but the motor is already connected
to its load, conducting standard test might not be possible. Those tests also require
trained personal, and thus are costly. In this thesis several identification methods which
can be carried out at standstill are investigated. Additionally, the methods should
be suitable for self commissioning. This means that they can be performed using a
standard power inverter without any additional supply or measurement equipment. For
each parameter one or more identification methods are studied in a simulation and
with measurements. The stator resistance is identified with a DC-test. The transient
inductance is found with a high frequency single phase test, a current and a voltage
step test. For estimation of the magnetizing inductance a low frequency single phase
test and a DC-decay test are investigated. The rotor resistance is identified with a
single phase test and the rotor time constant is estimated with an iterative sinusoidal
or flux observer based test. As each method has its advantages and disadvantages, the
results of this thesis provide insight on their applicability.
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CHAPTER 1

Introduction

Electric machines provide a way to transform electrical to mechanical energy or vice
versa. From various types of electric machines, induction machines (IM) are the most
common ones. [1] They are used in many industrial applications and can also be found
in households or elevators. Although IMs can be used as generators and motors, their
performance as motors is preferred. Advantages are the simple and robust structure,
high durability, low maintenance effort and the relative low price. For simple tasks, the
IM can also be run with direct connections to a three-phase system. The drawbacks
are the high acceleration current and the low efficiency in comparison to synchronous
motors. Since the emergence of power inverters the IM can also run at variable speeds,
as the rotational speed is coupled with the supply frequency. [2, 3]

The use of 3-phase inverters also gave way to various control methods, with the most
simple one being V/f — control. In feed forward control the flux inside the motor is
kept constant. To reach different operating points, the voltage is varied in proportion to
the frequency. Due to its poor dynamic speed performance, it is mostly used in simple
applications. With the introduction of field oriented (or vector) control strategies, the
dynamic performance was finally comparable to a synchronous machine. The so called
rotor flux oriented control is widely used in high performance drive systems. Field
oriented control systems require knowledge of the actual position of the flux linked
with the rotor. The flux could be measured with hall sensors but this would increase
the complexity and costs. Another option is to estimate the flux with the help of a
rotary encoder and the electric quantities. Therefore, the rotor flux oriented (RFO)
control requires accurate values of at least some IM parameters. Various RFO control
schemes have been introduced throughout history. Which parameters are required
depends on the applied RFO control scheme. [4] Running the system with control
parameter values that do not match the actual values, results in a detuned operation.
In modernizing projects or in cases where the motor and inverter are not sold as a unit,
the parameters are not known beforehand. The parameters are then estimated during
the drive initialisation. This process is also called self-commissioning. [5]
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1 Introduction

Numerous methods for IM parameter identification can be found in literature.
Classical approaches are based on DC, locked rotor and no-load tests. [6] Where the
no-load test requires the IM to rotate freely and the locked rotor test needs a locked rotor.
In many applications the no-load test cannot be performed as the IM is connected
to its load. Considering elevator modernizing, decoupling the load would be very
difficult and cost intensive. In addition, trained personal is needed to conduct the
classical tests. Hence, identifying the parameters at standstill is a more appropriate
and economic approach. Parameter identification at standstill is also termed offline
parameter identification.

Induction motor parameters vary with frequency, saturation and temperature and
are only valid at a specific operating point. In some applications online identification
is used which adjusts the control parameters during normal operation. Nevertheless,
offline methods are investigated in this thesis.

1.1 Scope

This thesis investigates several induction motor parameter identification methods at
standstill. These parameters are required for the field oriented control of the IM.
The work for this thesis was performed in cooperation with Schindler Aufziige AG in
Corporate R&D Drives department in Ebikon, Switzerland. The goal is to evaluate
methods, which can be implemented for self commissioning purposes. Self commissioning
implies that the test can be conducted using only the inverter without any additional
measurement or supply equipment. A complete identification process includes tests
for all motor parameters that are required for the motor control. The reason for
standstill identification is to either update or check existing parameters, or initialize an
unknown machine. First, an extensive literature research was conducted where several
fitting methods were chosen for further investigation. Apart from self commissioning a
requirement is that the methods do not need excessive computational power and memory.
Second the methods were simulated in MATLAB/Simulink and then experimentally
verified using laboratory facilities of the R&D Drives department.

1.2 Structure

The second chapter starts by presenting the working principle of an induction motor.
Then space phasors are introduced followed by the mathematical description of
the IM including two equivalent circuits. At last the drive structure including the
rotor flux oriented control and the features of three-phase voltage inverter are mentioned.

Chapter 3 provides an overview of standstill identification methods by first giving a
general overview of state of the art methods found in literature. Second the principle of
single phase excitation is explained. For each IM parameter the chosen methods for
evaluation are then described in detail with their known up and downsides.
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1 Introduction

Chapter 4 shows the results of the parameter identification. The Matlab/Simulink
environment is mentioned and the experimental setup is described. Then the results of
the methods are presented in the same order as in chapter 3.

In the end Chapter 5 summarizes the results and findings of this thesis and suggests
topics for future investigation.
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CHAPTER 2

Induction Motor

This chapter provides a short summary about the mathematical formalism considering
the induction motor. First, the working principle of an IM is explained and the different
types are mentioned. Then an introduction in the space phasor theory is given, which
is an important tool in describing the IM. After that, the most important equations are
mentioned and two commonly used equivalent circuits are presented. At last, an outline
of a common drive structure are introduced, with focus on the three phase inverter and
the field oriented control scheme.

2.1 Principle of Operation

The induction motor produces its torque via electromagnetic induction. currents in the
stator windings produce a rotating magnetic field. This field then induces a current
through the rotor windings. Together, the rotor currents and the stator field are
responsible for the creation of torque. An IM always rotates slower than the produced
stator field. If the rotor would move at the same speed, the field seen from the rotor
would be constant. Leading to a vanishing rotor current and torque.[5] The absolute
and relative difference in angular speed are called slip frequency wg;, and slip s.

Wslip = Wsyn — Wm (2]‘)
Wsyn — W

S L——— 2.2

s o (2.2)

where w,, is the mechanical speed of the rotor and ws,, is the synchronous angular
speed of the stator field. The synchronous angular speed is determined by the electric
frequency f and the number of pole pairs p:

2n f

Wsyn = 7 (23)
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2 Induction Motor

IMs are mainly categorized into two groups depending on the type of the rotor
windings. Squirrel-cage motors have embedded bars as windings in the rotor slots which
are short circuited at both ends. Wound rotor types contain a three phase winding on
the rotor similar to the stator. [1] Wound types produce a smoother torque whereas
squirrel-cage motors are more economic and simpler to manufacture. In this thesis the
focus lies on the squirrel-cage type. Nevertheless, the methods could also be applicable
for IMs with wound rotors.

2.2 Space Phasor Theory

The Space Phasor Theory was first introduced 1959 by Kovécs [7] and is now commonly
used to model the transient conditions of a motor. In principle, the spatial distribution
of the electric and magnetic quantities inside of the machine are represented with a
space phasor in the complex plane. The theory provides an elegant way to depict the
transient conditions of electric machines and simplifies their control strategies. For its
application, the following simplifying assumptions need to be made:

e The machine structure is rotationally symmetrical
e The 3-phase supply network is symmetrical

e Electromagnetic quantities are sinusoidally distributed along the machines radius.
Therefore only the first harmonic will be taken into account.

e The machine parameters are assumed to be constant. Varying resistances or
saturation must be set according to the operating point

With the assumptions above, the spacial distributed magnetic potential inside the air
gap is sinusoidal. The current space phasor is then defined in a way that it always points
to the maximum of the magnetic potential. This space phasor defines the current state
of the machine and can be transformed back into the phase currents unambiguously.
The three phase currents are transformed using the so called Clark Transformation.

A .
log =3 (lv+iv-atiw-a’) (24)

with: )

a=¢e% (2.5)
The Clark Transformation can also be applied to the voltage and flux without any
restrictions:

Uy = g : (UU +uy -a+ uw -QQ) (2.6)
Vs = § (v + Py - a+ Yw - d®) (2.7)

This transformation can also be reversed. The phase quantities are calculated as

shown here for the current:
iy = Re{ig} (2.8)
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2 Induction Motor

i, = Re{a® - ig} (2.9)
iw = Re{a-ig} (2.10)
Vv
Ly b
U
L
L Ly i I
a
W

Figure 2.1: The three phase system on the left gets transformed into the 2 phase system
shown on the right side.

In the field oriented control of electric machines, the space phasors are needed in
different Reference Frames (RF) or coordinate systems. The three most common ones
are described below. Although the transformations between the reference frames are
given for the current phasor, they can also be used for all space phasors. In figure 2.2
all 3 mentioned reference frames are displayed with respect to a randomly chosen rotor
flux space phasor.

Stator reference frame («, 5) The real and imaginary part of equation (2.4) represent
the stator RF. This RF is fixed to the stator. The a-axis points in the direction of
phase u.

Rotor reference frame (d,q) This RF is fixed to the rotor and therefore moves with
mechanical angular speed w,, in relation to the stator RF. Quantities in the (d, ¢)-RF
are calculated using the mechanical rotor angle ~,,.

igg =lapg €™ (2.11)

Synchronous reference frame (z,y) This RF is fixed to the rotor flux and by defini-
tion, the rotor flux points towards the x-axis. In relation to the stator RF it rotates
with the synchronous angular speed wy. Quantities in the (x,y)-RF are calculated
using the synchronous rotor angle vy.

zx,y - ZOQB * e*j'Y\II (212)

It should also be mentioned here that in English literature, the synchronous reference
frame often is termed dg-RF.
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2 Induction Motor

Yv
TYm

Figure 2.2: The stator(«, 8), rotor (d,q) and synchronous (z,y) reference frame with
respect to the rotor flux space phasor V,.

2.3 Mathematical Model & Equivalent Circuits

This section provides the mathematical model of an induction machine with respect to [8]
and the use of the space phasor theory, described in the previous section. Furthermore,
two equivalent circuits of the induction machine are introduced in the subsections.

In a general reference frame, rotating with the angular speed wy, the IM can be
described by the following equations:

Stator Voltage Equation

. av .
ug =1g - Rs + d;ts + jwpVg (2.13)
where ug is the voltage seen at the stator terminals, 74 the stator current, Rg represents
the stator winding resistance and Wq is the stator flux. The subscript S stands for
"stator".

Rotor Voltage Equation

. dw .
QRZQR-RR—Fd;tR+j(wk—wm)£R (2.14)
where: up is the rotor voltage, iy the rotor current, Rg represents the rotor resistance
and W is the rotor flux. The subscript R stands for "rotor". In case of a squirrel cage
motor, the rotor circuit is short circuited and up = 0 As in this thesis only this type of
motor is considered, up is always zero.
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2 Induction Motor

Stator Flux Equation
Wg=Ls-ig+ Lsr-ig (2.15)

where: Lg is the stator inductance and Lgr the mutual inductance of the rotor and the
stator circuits

Rotor Flux Equation
iR = LR : ZR + LSR : Zs (2-16)

where: Lp is the rotor inductance.

Based on the equations above, and using a turns ratio similar to that used for trans-
formers, an induction machine can be modelled with various equivalent circuits. Two
EC are described below.

Torque Equation
T =—Im{ig=*Vg} (2.17)

The resulting torque T of the motor is calculated with the imaginary part of the stator
current times the rotor flux.

2.3.1 T - Equivalent Circuit

By applying a turns ratio, similar to a transformer the rotor quantities can be referred

to the stator side. Hence the IM can be described with an equivalent circuit. The

stationary T - equivalent circuit, shown in 2.3 is very commonly used and often referred
R

to as the standard induction motor EC. [9] [10] On the rotor side of the circuit, —
s

represents the mechanical load of the motor, as the slip s is dependent on the torque.
L,s and L, are the stator and rotor leakage inductances. L), is the mutual inductance.
These inductances are defined as follows:

Lg=L,s+ Ly (218)

Li = Lon+ Ly (2.19)

Figure 2.3: Stationary T-Equivalent Circuit
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2 Induction Motor

2.3.2 Inverse I'-Equivalent Circuit

Using a different turns factor the stator and rotor leakage inductance can be referred
to the stator side using the below introduced leakage factor o, the stationary EC can
be redrawn to the inverse I'-circuit.

Lis
Ls- Lp

c=1 (2.20)
In the circuit shown in figure 2.4, it can be seen that this reduces the amount of
parameters to four. This circuit is most commonly used in the parameter standstill
estimation, as it is only necessary to estimate four parameters. In addition to simplicity,
the leakage inductance or transient inductance o Lg is required for the current controller
in the rotor flux oriented control scheme. A detailed explanation of this control structure
is given in the next chapter.

The referred parameters are calculated as follows.

/ Ly
R
L
b= 222)

RS ULS

. -/
._1,5_: YN r

.

/

Ls(1—o0) 5

Figure 2.4: Stationary Inverse I' -Equivalent Circuit

Parameter Conversion For completeness the formulas to convert the inverse-y pa-
rameters to the standard values are given here. At first the total leakage inductance
needs to be split into the rotor and the stator leakage inductance. As recommended by
IEEE [9] the NEMA design type of the motor is used to calculate L,s and L,g. If the
NEMA type is unknown, two leakage inductances are assumed to be equal. Therefore,

Log = Lop = —2 (2.23)
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2 Induction Motor

the mutual inductance is then determined by,

Ly 5

2 - 0) (2.24)

ans the rotor inductance and the rotor resistance can be calculated with,

L3y
L2
Rr = R, - L—QR (2.26)
M

2.4 Drive Structure

A simple drive structure consist of a power inverter an induction motor and the load.
The inverter gets supplied from the mains and converts the voltages to the desired
values. These are applied to the IM which is then able to produce torque. The inverter
also possesses a control unit, which sets the PWM switching times and processes any
measurements. Measured quantities are commonly the DC-Link voltage, the output
phase currents, the IM speed and temperature.

Inverter

3-Phase Supply IM Load

Control

Figure 2.5: This figure shows a simplified version of an induction motor drive structure.

2.4.1 Rotor Flux Oriented Control

Apart from other methods like the direct torque control, the rotor flux oriented control
is very widely used. The parameter identification in this thesis focuses especially on
the estimation of the parameters required for the rotor flux oriented control for a speed
drive. Therefore, this control scheme is introduced here and the required parameters
are briefly discussed.

RFO control utilizes the idea, to control the torque and flux in the machine separately.
The synchronous reference frame, mentioned in 2.2 which rotates with the rotor flux
at the synchronous frequency is used. As the y-component of the rotor flux is per
definition zero, the following equations can be derived from 2.13-2.17 for the inverse-I"
equivalent circuit. [11]

10
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2 Induction Motor

dUg

TRW +Ugp = (1 — U)LS g (2'27)
wslz’pTR\IjR = (1 - O->LS7;s,y (228)
3 p :
T'=_-—Vg- 2.2
20‘LS R Zs7y ( 9)

The stator currents x component, which points in the same direction of the flux
builds up the rotor flux. Whereas the y component directly influences the torque.
Although both components could be used to control the torque, 75, and therefore the
flux is kept constant as 2.27 represents a first order delay element. Instead of Wg the
magnetizing current ¢/, shown in figure 2.4, can be utilized in the equations above.

Up=(1-0)Lg-i, (2.30)

As the direction of the flux is normally not measured directly, it needs to be estimated
using the motor parameters and the measurements provided by the inverter. A vector
controlled induction motor can be used within a torque drive, a speed drive, or a
position drive. The type of the drive that exhibits the highest sensitivity to the
incorrect parameter values is the torque drive. Although the motor parameter variations
affect the speed control applications too, existence of the PI speed controller considerably
reduces negative consequences of the parameter detuning.[4] Many different forms of
flux observers can be found in literature where the rotor time constant is an important
parameter. To get the desired currents, a current controller is used in the x-y reference
frame. For the tuning of the PI current controller knowledge of oLg is necessary.
(1 — 0)Lg needs to be known for the field weakening,.

2.4.2 Three Phase Inverter

In the later proposed identification techniques, the IM is fed by a three phase inverter,
as it would be impractical and expensive to use extra test equipment. The structure
of three phase inverter is shown in figure 2.6. First the 3-phase grid supply U; — Us is
converted to a DC voltage Vpe that is smoothed by the DC-link capacitor. Then, the
output circuit sets the desired voltage via pulse width modulation(PWM).

Non-Linearities The measurements for the parameter identification, should also be
taken from the inverter without the use of any additional measurement equipment. As
mentioned only the phase currents and the DC-link voltage are commonly measured.
Therefore, the voltage at the load terminals is reconstructed by means of the DC-link
voltage and the PWM switching duty cycles. It can be derived from figure 2.6 that the
real voltage at the load terminals(Uy, Uy, Uy) differs from the calculated one due to
the characteristics of the semiconductor devices. The effects of the semiconductors lead
to a non-linear voltage gain and are referred to as inverter non-linearities They consist
mainly of:

1. The semiconductor threshold voltage

11
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2 Induction Motor

2. The on-state resistance caused by the switches and diodes when conducting [12]

3. Blanking time
To prevent a DC-link short-circuit, the switch pairs for each phase (1/4, 2/5 and
3/6) are not allowed to conduct at the same time. As the switches have a finite
switching time, a short delay is added to the turn-on switch command. This delay
is also called shoot-through delay. [13][14][15]

4. The output voltage transition slope. [11]

Whereas, the third and forth effects are usually mentioned together as dead time effects.
The overall effect of inverter switches appears as a voltage drop at the switches, which
is a non-linear function of the current through the switches. And therefore, leading
to the error between the set voltage and the actual voltage appearing across the load
terminals.

Qﬂ@ Qﬂ@ Q| Q| Qj@ Qs \}

U o0——s N Uy
Us o o —— Uy
U3 o Uw'

Qﬂﬁ}s Qﬂ\& Q| Qi Qﬂﬁ}s @ﬂ\&

Figure 2.6: Three-phase inverter with a DC link capacitor and 6 antiparallel IGBT
Diode pairs. Q)] — Qg define the input and @1 — Qs the output circuit. The
induction motor (IM) is symbolized by the circle on the right and the mains
supply is represented by U; — Us.

12
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CHAPTER 3

Parameter Identification Methods

To characterise the parameters of an induction motor, the IEEE standard [9] provides
guidelines using the standard no-load and locked rotor test. These tests however are only
fit for laboratory conditions with stable ambient conditions as well as precise measuring
instruments and data acquisition systems. Modern electric drive systems with powerful
on-board computational capabilities can eliminate the need for the elaborate standard
tests. [6] Identification of motor parameter, prior to normal operation is known as
offline identification. Online estimation on the other hand tracks and updates the
parameters during operation. Offline parameter identification can be classified in three
broad categories. The first one uses numerical analysis tools without any measurements.
Parameters are obtained from manufacturer data such as geometric dimensions and
by solving analytical equations. [16, 17] For the second one free rotation of the rotor
shaft is required which might not be possible due to application limitations. Suspect
of investigation in this thesis is the third one. Thereby all the tests are performed
at standstill. The equivalent circuit parameters are estimated by applying different
excitation signals through the inverter. Signals from DC to high frequency AC can be
generated. If the tests do not require locking of the rotor or any additional equipment
they can be further termed as self-commissioning. For AC signals, single phase excitation
which does not produce any torque is often the supply of choice. Single phase supply is
described in detail in 3.2 Self commissioning of an IM implies the following conditions.

1. The motor must not rotate.
Resulting in w,, = 0 and s = 1 when wyy,, >0

2. Measurements are only taken from standard drive system sensors
Meaning only the currents and the DC-Link voltage.

3. Calculations can be made using only the inverter

Out of the many methods available, only the ones which are suitable for self commission-
ing and do not require excessive computational power are considered for investigation.
Now a short overview about state of the art methods is given which is followed by

13
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3 Parameter Identification Methods

introducing single phase excitation. Then the studied methods for the equivalent circuit
parameters identification sorted by the parameter, are described in detail.

3.1 State of the Art

Many different standstill identification methods have been proposed in literature. Only
the ones which use the inverter to generate the test signals are considered. In [18],[19]
a DC voltage or current is used to estimate the stator resistance. The rotor resistance
referred to the stator is obtained through a rapid current reversal test in [18]. A fast
current ramp or voltage pulse is applied to estimate the transient inductance in [11].
The magnetizing inductance can be found using a low frequency single phase excitation
in [20] or a DC decay test as in [21]. All these tests use single phase excitation to
be suitable for self commissioning. [22] and [23] recommend supplying the motor at
two different frequencies and using an iterative calculation to obtain the inductances.
Standstill variable frequency response tests are proposed in [19]. In [24] the identification
process uses a single phase supply and the solving of several integrals. Adaptive linear
neural networks are employed for standstill parameter estimation in [25] and [26]. [27]
introduces an identification method using the frequency characteristics of rotor bars.
By measuring the stand sill frequency response of the IM and using a curve fit of an
analytical model, [28] estimates the parameters. Additional methods are mentioned in
[6] which provides an up to date technology status review.

3.2 Single Phase/Axis Excitation

To satisfy the requirements on self-commissioning a great number of methods found
in literature identifies the parameters by means of single phase or single axis tests.
The benefit of these tests is that the rotor does not need to be locked. No torque is
produced and the behaviour of the machine is almost the same as with three phase
excitation. [22] Hence, these methods are suitable for many applications in which
locking the rotor may not be possible.

When operating within the linear range there is no severe difference related to the
electric behaviour of the machine at three- and single-phase excitation. Only in the
saturation range at the three-phase excitation, the magnetizing inductance is slightly
larger than that in the case of single phase excitation.This effect is due to third order
harmonics, which appears at three-phase excitation in the winding voltages. These
harmonics counter-work the sources of saturation and as a consequence the effective
magnetizing inductance is slightly larger than in the case of single- phase excitation,
where such harmonics can not occur. [29]

In single axis tests, the inverter sets a sinusoidal voltage space phasor with a constant
space angle ¢ via space vector modulation. As a result, the current and flux space
phasors point in the same direction and do not rotate over time. Therefore no torque is

14
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3 Parameter Identification Methods

B
2

60° 60°

60°

60°

60° 60°

Figure 3.1: This figure shows the 6 possible voltage or current space phasor directions
(1 —6) in single phase tests.

generated. The single phase voltage and current space phasors, are described as:
uy(t) = (Uso + Usicos(wt))e?” (3.1)

i,(t) = (Iso + Isicos(wt))e’” (3.2)

For any chosen space angle the method is termed single axis.

In a single phase test, only 2 phases are conducting. This can be achieved by discon-
necting one phase which does not fit the term self-commissioning though. Another
approach is to set the voltage space phasor to one of the 6 directions, shown in figure
3.1. By inserting a space phase with an angle of ¥ = 30°,90°,150°,210°, 270°0r 330°
into the equations 2.8-2.10 this can easily be proven.

3.3 Nameplate Data Estimation

The nameplate of an IM specifies several quantities of the machine. With those
values, initial estimates of the equivalent circuit parameters can be made. Only Rg
cannot be estimated. Those estimates are inaccurate but can be used to find e.g.
injection frequencies for the proposed identification methods. Apart from other data,
the quantities shown in Table 3.1 are usually stated on a nameplate. Depending on the
way the IM is connected (star or delta) the rated voltage or current needs to be divided
by v/3 to get the phase value.

15
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3 Parameter Identification Methods

Rated Voltage Uy[V]

Rated Current Iy[A]

Rated Speed ny|[Rpm]
Rated Frequency fy[H?z]
Power P[W]

Power Factor(cos(y)) PF[1]

Table 3.1: Motor quantities usually stated on a machines nameplate.

In some cases, the number of pole pairs is also given. If not, the speed and frequency are
used in the equation below. The rated mechanical speed is lower than the synchronous
speed due to the slip. Therefore 7% needs to be rounded down to the next integral
number.

fn

p= Tounddown(a) (3.3)

Knowing the number of pole pairs, the synchronous angular speed and therefore
the rated slip can be obtained.

sy = Dsyn T CmN (3.4)
Wsyn

Now a rough simplification is made to the equivalent circuit. The leakage inductances
and the stator resistance in 2.3 are neglected resulting in an EC inhibiting L, in parallel
with Rg/s. Knowing the IM rated current and power factor the current though each
branch is calculated.

Ir = Iy - cos(p) (3.5)
Iy = Iy - sin(yp) (3.6)

Further using the rated slip and the rated voltage from the nameplate, the values
of Rg and L,; are computed.

UN hase
L — 5P .
MTor fy Iy (3.7)
r. — UNphase " SN (3.8)
Ir

To estimate the leakage inductances, the starting current of the machine is assumed to
be 5 times the rated current. Further assuming that the voltage drop over the stator
and rotor resistance is negligible during start up and that the magnetizing inductance
is too large to permit rapid current rise. The equivalent circuit is reduced to the two
leakage inductances in serial.

UN hase
L, Lyr = P 3.9
s + " 2 - fN -5 IN ( )

As already mentioned, separately acquiring the leakage inductances is a difficult task
and therefore they are often assumed to be equal.
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3 Parameter Identification Methods

3.4 Stator Resistance

The stator resistance Rg is most widely identified by means of a DC test. [30, 19, 31,
32, 21, 33] Other methods such as, a single phase test at two frequencies or a frequency
response curve fit as in [28] are not considered here, since the DC test is simple and
provides accurate results. Obtaining the parameter is generally a basic requirement
for the estimation of other motor parameters. [19] Rg is often used to tune the current
controller and is needed for some flux observer models. This parameter varies with the
temperature since it represents the actual resistance of the stator windings. Nevertheless
Ry is obtained at room temperature and will further be considered constant. To identify
the stator resistance, an appropriate constant current is applied to the stator. With DC
supply the flux inside the motor is also constant and 2.13 in the stationary reference
frame is reduced to:

QSZLS'RS (310)

In standard drive systems only the current is measured and the voltage is reconstructed
using the DC-link voltage and the PWM switch commands. Therefore the voltage
drops over the IGBTSs need to be taken into account. To compensate for the inverter
non linearities, the measurement is taken at two DC current levels. The non linearities
can be considered as constant for these two measurements if the voltage is high enough.
Using the difference between the two voltage-current pairs the resistance is calculated
with:
_ |Uss| — |Usi]|
| Lsz| — | Ls:

Figure 3.2 displays this method where it can be observed that the voltage and current
measurements need to be taken after the voltage reaches a steady state.

Rg (3.11)

T T T T T T T T T
111 1
— I
S 1r 52
&
= o9k A
S 0.9
& Is,
§ 0.8 |1.S,ref| )
0.7k |iS,meas| i
: 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
T T T T T
0.3 |QS,meas|

S
&
S
S N US2
~
3 Usi
~

O 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time [s]

Figure 3.2: Stator resistance DC-test recorded in simulink.
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3 Parameter Identification Methods

As the current should be high enough to assume constant inverter non linearities for
the two tests, the test should be as short as possible to not produce excessive heating
in the stator windings. In order to improve accuracy, the measurements are conducted
at three different space angles ¥ and their mean value is taken. A good approach would
be to use e.g. 30°,90°, 150° since only 2 phases will be conducting at a time.

Though the test could also be performed by setting a voltage, it is preferred to set the
desired current with a beforehand adjusted current controller. Whereas the output
voltage of the current controller is used in the calculation.

3.5 Transient Inductance

In the rotor flux oriented control, the transient inductance is at least required to tune
the current controller. This makes the o Lg an important parameter in the control
system. For an optimal and stable control, the CC parameters need to be set according
to 0 Lg. Considering the IM step response, an underestimated transient inductance
leads to a longer settling time and a higher overshoot. Hence reducing the dynamic
performance of the system. On the other hand, an overestimated value, could render
the system unstable. [11]

3.5.1 Transient Methods

Voltage Pulse

The voltage pulse method is one of the first self-commissioning techniques. [34] In
principle the test consists of applying single axis pulses to the IM and measuring the
elapsed time between preset values of the current.[18, 11, 31| Figure 3.3 shows the test
injection and response. First a positive voltage pulse is applied till the rated current is
reached. After sufficient time the voltage pulse is reversed.
Under this condition the flux change is almost zero due to the short pulse interval.
Hence, the magnetizing inductance can be neglected and the stator voltage can be
expressed as: .

ug = (Rs + R/R)Zs + ULSCZ: (312)

The transient inductance can be calculated using only the first pulse. According to [34]
though using the second current slope increases the accuracy of the transient test. Based
on the assumption that the voltage drops over the resistors are small compared to the
applied voltage, an additional simplification can be made. Thereby dropping the stator
and rotor resistance from equation 3.12. Using only the first current slope, o Lg is then
computed using the final current value at t1 the voltage and the time instant the rated
current is reached, t1.

tl
Lo = Usg— 313
s = VS0 () (3.13)

For the second current slope, the time difference (t3-t2) and the current difference
between the start and the end of the second pulse is utilized.

18
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Figure 3.3: In the top figure, the single axis voltage is shown. The bottom figure shows
the stator current response of the machine.

At t3 — 12
obs = USOAISO = Uso Tso(t2) — Iso(t3)
The height of the applied voltage pulse determines the slope of the current. A disad-
vantage of this test is due to the limited sampling frequency of the inverter. When
the transient inductance of the IM is very low, the current slope can be to fast for
the inverter to stop the pulse at the rated current. Therefore, running the risk of an
over-current that could harm the machine. Reducing the applied voltage with PWM
however, increases the error produced by the voltage drops over Rg and R,. The extent
of this disadvantage is best explained using an example. Considering a single axis
excitation with ¥ = 0. The inverter sampling frequency f; is 16kHz and the DC-Link
voltage is 560V. Without PWM and ¢} = 0, the voltage applied to phase u is 2/3Upciink-
Therefore t1 is reached after:

(3.14)

V2Iy
2/3 - Upc—Link

The number of current samples till the voltage pulse should end can then be calculated
with:

t1 =oLg (3.15)

Samples = rounddown(t1 - f;) (3.16)

To verify the applicability of this method the possible number of samples till t1 was
calculated for the known parameters of several hundred different induction motors.
Table 3.2 shows the result of this evaluation till a possible number of 20 samples. For
27,2% of the motors, 20 samples or more can be taken till the rated current is reached.
Less than 3 samples are possible for 3,1%. Apart from possible harm to the winding
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Minimum number of samples
till the rated current is reI;ched Percentage of Motors
3 96,9%
5 80,2%
10 64,5%
15 42%
20 27.,4%

Table 3.2: Minimum number of samples that can be recorded till the rated current is
reached when a single axis DC voltage pulse is applied. The right column
shows the percentage of the investigated motors where at least 3,5,10,15 or
20 samples can be taken. Usg = Upc_rink, ¥ = 0

due to over-current, the low sample number decreases the accuracy of this test.

To increase the robustness of this test, [11] proposes to inject a fast controlled current
ramp. Whereas the ramp should be fast enough to allow neglecting the magnetizing
inductance but slow enough to be able to record several samples. A disadvantage
thereby is that the current controller needs to be initialized beforehand. This can be
done by setting an initial value of KP and KI=0. Then the step response is measured
and KP is iteratively adjusted to get the desired overshoot (e.g. 10%). When the

desired KP is obtained, KI is calculated with the desired time constant TN (e.g. 2 ms).

KP
KI=——
TN

Current Steps

A disadvantage of the voltage pulse test is that saturation effects are not considered.
In order to get the saturation characteristics of oLg a different approach is proposed
here that also utilizes the current controller. While it is required to initialize the CC
beforehand with e.g. the method proposed above, the test provides a safer option
for self commissioning. Here, a sequence of current steps is applied to the IM. This
sequence is shown in figure 3.4. oLg is then calculated for each step that represents a
saturation sate of the motor.

The transient inductance could be obtained using a curve fit. However, the criterion
on low computational power demands a different approach. This approach is based on
solving a simplified state space model of the IM and the PI current controller. As the
fast response of the IM is required, only Rg and oLg are considered in the IM. Leading

to the transfer function: )
Gy=——-— 3.17
M soLgs+ Rg ( )

Instead of the PI controller only a proportional segment(KP) is taken into account.
It is assumed that neglecting the effect of KI in the calculations does not pose a
significant error. Taking KI into account would significantly increase the complexity
of the closed loop transfer function which then requires an approximation method for
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Figure 3.4: Injection sequence of the current steps test.

solving. Therefore leading to the closed loop transfer function:

KP

- oLs(s + RS%?P) (3.18)
Using the impulse response:
H = f - K (3.19)
where K is the step height, the step response is obtained as:
Rs+ KP
h(t) = KRSI—{F};(P J1oe oLs (3.20)

Using a specific point (t=t;) of the step response and rearranging 3.20, the transient
inductance can be calculated.

1

h(ty)
i (1_;2@?_@)

(Rs+ KP) -t (3.21)

O'LS:

Additionally, if KP >> Rg, Rs becomes also negligible. The difficulty of using this
method is to set the current controller accordingly and to choose the time instant ¢; for
sampling. ¢ is obtained by searching for the moment, the response reaches a certain
amount of the step height K. Hence this factor is introduced as h(t;)/K = a. Where,
0<a<l
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3.5.2 High Frequency Single Phase Excitation

This method identifies the inductance by means of a high frequency single phase
test.[21, 34, 22, 27, 35] Introducing, the total impedance of the inverse I' equivalent
circuit 2.4,

jw(l—o0)Ls - Ry
jw(l — O’)Ls + Ry
where w = 27 f, with f being the frequency of the injected signal. The last term of
3.22 converges to R} as the frequency increases. Therefore, for high frequencies the
impedance reduces to:

Z = Rg —l—ij'LS =+ (3.22)

Z = Rg + R}, + jwoLg (3.23)

Using the imaginary part of the impedance, the transient inductance can be estimated.
The rotor resistance could also be estimated with the real part and knowledge of Rg.
This however is not advisable as the resistance could increase at very high frequencies
due to skin and proximity effects. [21] For a high enough injection frequency the
imaginary part yields the value of o Lg.

Im{Z}  1Us

O'LS
w w Is1

sin(y) (3.24)

To compute o Lg, the amplitude of both current and voltage needs to be known. Further,
the phase shift between those two is also required. As the injection frequency is known,
obtaining those values can be accomplished using e.g. the Goertzel algorithm or resonant
filters. To reduce the computational effort, the frequency could also be chosen high
enough to consider, sin(p) = 1. This is the case when:

Rs—l-R;%

3.25
27TJLS ( )

f>>
As implied by 3.23 only the AC component of the single phase signal is used to calculate
the transient inductance. However, a DC component can be added to saturate the
IM. In addition, superimposing a DC component has the advantage of not having to
deal with inverter dead time effects. Applying a suitable injection frequency is of great
importance. [21] proposes 300Hz for a 50Hz IM whereas [27] uses 200Hz. On contrast,
in [34] a 30Hz signal is deemed to already provide accurate results. For practical
reasons, multiples of the power grids frequency(50Hz or 60Hz) should be avoided. The
DC-link voltage contains harmonics of this frequency which will also be visible in the
inverter output voltage. Therefore the determination of AC component suffers from
these multiples.

3.6 Magnetizing Inductance

As stated before the parameters of the inverse-I' EC are in focus. Therefore when
speaking of the magnetizing inductance, (1 — o) - Lg is meant. When (1 — o) - Lg
and oLg are identified, o and Lg can be calculated directly. Further L, and Ly are
obtained with these parameters. In the mentioned flux oriented control, Lg is needed
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for the field weakening. Lg or (1 — o) - Lg can be used to compute the rotor time
constant 7z. Section 3.8 introduces methods to obtain 75 directly. Hence, the main goal
is to identify Lg. The value of the magnetizing inductance varies with the magnetizing
current since the rotor core gets saturated. At higher currents the inductance decreases
from its unsaturated value.
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3.6.1 Low Frequency Single Phase Excitation

The first method aims to identify (1 — o) - Lg by means of a low frequency single phase
test. [22, 32, 20, 23] Similar to 3.5.2 a sinusoidal single phase current is injected. The
main difference is that the injection frequency is now very low. Equation 3.22 can be
rewritten by separating its real and imaginary part. These are also computed with the
measured values of Ugy, Is; and their phase shift.

! - 2
R=redl(Z) = Rs + Rp(w(l - 0)Ls) Us1

ST R+ Wl =o)L~ T W) (3.26)

Riw(l—0o)Ls) _ Usi
R;%—i— (C()(l —O’)Ls)2 151

Solving 3.26 and 3.27 leads to the following expression for the magnetizing inductance.

X =imag(Z) =woLg +w

sin(yp) (3.27)

(R— Rs)*+ (X —woLg)?

1—0)Ls = 3.28
(1=0)Ls w(X —woLg) (3:28)
[23] proposes to chose the injection frequency according to:
1 R,
<= - 3.29
Y ST 80Ls (3:29)

where R, and oLg are estimated using the nameplate data. At lower frequencies,
computation of the magnetizing inductance becomes insensitive to o Lg errors. To obtain
Lg at different saturations, [20] varies the amplitude whereas in [32] a superimposed
DC current at different levels is used.

3.6.2 Transient Test

The second method to identify the magnetizing inductance of the inverse I' circuit,
introduced here is a DC-decay test. The test consists of two steps. [35, 21] In the first
step, a DC current Ip¢ is injected into the IM. The current value sets the operating
point. At t=0, the circuit is in steady state DC condition. The stator flux can be
obtained by rearranging and integrating the stator voltage equation.

/O ‘(s — Rgin)dt = Ug(t) — Ug(0) (3.30)

where Wg(0) and Wg(t) are the stator flux in DC steady state and at the time instant t.
In the second step a null voltage vector is applied and both the current and the flux
converge to zero (ug(t = 0) = 0), reducing the equation to,

t

lim (uS — Rsis)dt = —\Ds(O) (331)

t—o0 Jo

At t=0, the stator flux is determined by Lg and the current value. Therefore the stator
inductance can be calculated using
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3 Parameter Identification Methods

1t o Us(0)
LS = —E tllglo 0 (US - RsZS)dt =

3.32
Too (3.32)

In practice the integration can be continued till the measured current falls below the
detectable sensibility of the AD converter. The biggest disadvantage of this method
is that the characteristics of the inverter switches need to be known. During the
integration, ug is set to null in the inverter. Therefore either the upper or the lower
3 switches are in on state. The circuit is not perfectly short circuited due to voltage
drops over the IGBTs and diodes. These voltage drops are represented by ug in the
equation. As the inverter cannot measure the voltage ug needs to be reconstructed
from the current and the characteristics of the semiconductors.

3.7 Rotor Resistance

The rotor resistance is the most sensitive parameter of a squirrel cage IM. Due to
the thermal drift produced by rotor currents in the shortened rotor bars R, varies
with the temperature. As the temperature heavily depends on the operation, lot
of research is directed to online tracking of the resistance. Offline estimation does
serve as a starting point but as soon as the machine is loaded, the rotor currents will
generate heat and render the standstill estimation erroneous. However, if the machine
possesses a temperature sensor, the resistance can be adjusted using the rotor resistances
temperature coefficient. In contrast to Rg, R}, cannot be measured with a simple DC
test, since the rotor of a squirrel cage IM is electrically inaccessible. The rotor resistance
is required for the computation of 75, if not obtained directly as in 3.8.

3.7.1 Low Frequency Single Phase Excitation

Using the same supply as in 3.6.1, the rotor resistance can also be identified. In
[21, 27, 31, 20, 33] a low frequency single phase current with a DC component is applied.
Frequencies higher than the nominal slip speed are not meaningful because they do
not fall under the normal working conditions of a vector-controlled IM drive. [21] [31]
suggest the frequency w to be determined using the following condition:

Rr + jwLsr

Lo <005 (3.33)

where the parameters are estimated using the nameplate. Rearranging 3.26 and 3.27
R’y is computed with:
R — Rg)*+ (X —woLg)?
Ry = ( 3.34

f oy (3.34)
oLg and Rg need to be identified before and influence the accuracy of R%. Whereas
the o Lg used here should be identified at the same saturation level where the R;-test
is conducted.
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3.8 Rotor Time Constant

The rotor time constant 75 is an important parameter in field oriented control systems.
Estimation of the flux inside the machine requires accurate knowledge of 7. Using the
following equations the rotor time constant can be expressed with the T or Inverse-y
equivalent circuit parameters.

L R (1 — 0 ) . LS

TR — -5 O TR =

3.35
R R, (3.35)

Due to its direct dependency on the rotor resistance, magnetizing and leakage inductance
the parameter itself also changes with temperature and saturation. The proposed
standstill identification methods however provide an estimate at a specific operating
point. For accurate determination of the rotor time constant over the whole range
of operation, online tracking would be required. Since the determination of the rotor
resistance can be quite hard, the following two methods described below aim to identify
Tr directly without using the equation above.

3.8.1 Single Phase Current Injection Strategy

In the first method, a controlled single axis current, with the frequency w and amplitude
I is injected into the IM until the machine reaches a steady state. At the precise time
instant, where the sinusoidal input equals the desired magnetizing current, the reference
current is switched to DC (Ip¢). [11] [18] [36] This sequence is illustrated for one phase
current in figure 3.5.

Current[p.u.]

6.5 7 7.5 8 8.5 9 9.5 10 105 11 11.5
Timels]

Figure 3.5: This figure shows the reference current of one phase for the single phase
current injection strategy

If at this time instant the actual magnetizing current i,, in the machine does not equal
the desired one, a voltage transient can be observed at the stator terminals. The

26



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3 Parameter Identification Methods

occurrence of this transient can best be explained with the equivalent circuit 2.4 and
the fact that the current through the magnetizing branch cannot be changed instantly.
Three cases must be considered which are displayed in figure 3.6 When the i, is lower
the set DC value (a), the additional current will flow through the rotor resistance
resulting in a positive voltage transient. In (c) the magnetizing current is to high and
the excess energy stored in the magnetizing branch manifests in a current through the
rotor resistance. This time though in the opposite direction as in (a) which creates a
negative transient. (b) shows the case where i,, equals the DC value at the switching
instant. As the magnetizing inductance already holds this current the voltage transient
disappears and current controller output voltage equals only the voltage drop over Rg
and the IGBTs. The DC current value of (b) also equals the amplitude of i,, before the
switching instant. At this point 7z can be calculated using:

1 \JI2-1I?
yobe (3.36)

TR — —
w IDC

Current [A]

207 2075 208 2085 121 1215 122 1225 123 15 16 17 18 19 20

Time [s] Time [s] Time [s]

(a) (b) (c)

Figure 3.6: This figure shows the reference current(blue) and the estimated magnetizing
current(red). Whereas the single phase amplitude and the DC value are
kept the same, the frequency is varies from a-c. In a the frequency is chosen
to high, in b just right and in ¢ to low.

Normally a rotor flux oriented control system operates at a fixed operating flux or
magnetizing current. The magnetizing inductance as well as the rotor time constant
depend on the value of i,,. Therefore it is desirable to conduct the tests for constant
Ipe level which produces the desired flux inside the machine. By varying the frequency
or the amplitude of the sine input, the value of i,, at the switching instant can be
influenced. In summary the goal is to find an amplitude/frequency pair where the
voltage transient is below a detectable value.

[11] suggests an iterative approach where one value is kept constant and the other is
increased or decreased depending on the sign of the voltage transient. As the wanted
frequency is in the range of the slip frequency, a different approach would be to take
several measurements below and above wg;,. Then calculate the 75 estimate for each
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3 Parameter Identification Methods

measurement and use interpolation to find the point where the transient is supposedly
Zero.

To obtain the transient the output of the current controller can be used. A big
advantage is that the non linearities of the inverter do not reduce the accuracy because
only the relative voltage difference is used. In [18] the voltage difference Au between
the beginning and the end of the transient is use as the iteration criterium. This is
improved by the idea to calculate the voltage-time area AA in [11]. Using AA instead
of Au the method becomes less afflicted by noise. Figure 3.7 shows the voltage after
the switching instant. AA is calculated with AA = A; — As.

20—

L L L L | | L
082 2064 2086 068 207 207.2 2074 076 2078 208

Time [s]

Figure 3.7: This figure shows the voltage transient after switching to DC. The green
area represents A;. The white striped area is A,. The difference between
those is AA = A4; — A,

3.8.2 Flux Observer based Strategy

The second rotor time constant identification strategy uses a different excitation of the
IM. This method requires an initial 7z estimate from the nameplate data and uses a
flux observer (3.8) to estimate the magnetizing current. [37]

is,x 1 Zm

1+87'AR

Figure 3.8: This figure shows a current based flux observer. With the estimate of 7 (7r)
the magnetizing current is calculated. ,, multiplied with the magnetizing
inductance Ls(1 — o) would further provide an estimate of the rotor flux.

As depicted in figure 3.9, first a controlled DC current i, is applied to the motor. After

sufficient time has passed till the 7,, equals the stator current, the reference is switched
to its negative DC value. When the estimated magnetizing current ¢,, then equals the
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3 Parameter Identification Methods

rated magnetizing current I,y the reference is switched to —Ip;n. If the estimate z;n is
right, the voltage seen at the current controller output equals the voltage drop over Rg
and the IGBTs. Due to the same reason described in 3.8.1, a false estimate results in a
voltage transient seen at the stator terminals.

T T T T T T T T T T
1 -
= o5l .
)
+ o .
S
D]
Hos
_0. = =
S ]
-1+ —
1 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
T T T T T
; i
5. 0 5 | - -
=N
+ 0 i
g —1sref
H e
-0.5 m =
= .
O T
a1+ i
1 1 1 1 1
0 0.5 1 1.5 2 25
Time [s]

Figure 3.9: In this figure, the injection sequence for the 7z estimation is shown with
Usref- i, is the estimated magnetizing current and i,, the IMs actual value.
The curves are obtained in simulink. The upper plot shows case for 7 < g
whereas in the lower plot 7 > 75
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Figure 3.10 shows this transient for two 7. A positive transient can be observed when,
Tr > TR OF |in| < |im| at the third switching instant. The negative one is seen when,
Tr < TR OF |im| > |inm| at the third switching instant. In [11] an iterative approach is
used to minimize the voltage transient by adjusting 7 in each iteration. When the
voltage transient is below a detectable level, the estimate is right. Equally to 3.8.1 the
area below the voltage transient AA is used as the iteration criterium.

EVRa ,

-16 |- 1

18 |- ,

U [V]

—_—T > T,

20 - ~
—_—T < Tp

22 I I I I I I I I I [

4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6
Time |s]

Figure 3.10: The voltage transient after the third switching instant is shown here for
two different 7. It can be seen that in both cases the voltage converges
to the same final value caused by Rg and the inverter switches. This plot
was recorded in simulink.
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CHAPTER 4

Results

To evaluate the methods described above, they are first tested in a Matlab/SIMULINK
model which is briefly described in 4.1. Then tests were performed on an IM using a
power inverter. The setup used is mentioned in 4.2. The results using the simulation
and the measurements are then shown for each method.

4.1 Simulation Environment

Before testing the methods in a real environment, a simulation was used to verify their
integrity. Therefore an IM model was created in Matlab/Simulink. The simulations
were made with the simulink model shown in figure 4.1. The model is based on [38] and
uses the space phasor equations of the inverse-I" equivalent circuit. In this IM model,
the stator voltage and the load torque are the inputs. Outputs are the produced torque,
the speed and the resulting stator current phasor. As all the test are done at standstill,
the produced torque is set the same as the load torque. To predict the behaviour of
the IM, later used of testing, the same motor parameters were used in the model. All
IM parameters are considered as constant in the simulation as no data was available
to model the saturation characteristics, the influence of the temperature, or frequency
related effects. Hence the values obtained in simulation are not directly comparable
to those of the real measurements. But the simulation provides valuable information
about injection frequencies etc.. Furthermore, the sampling frequency is fixed to 16kHz
which is the same used by the inverter in the experimental setup.
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Stator voltage and flux equation
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rs [

voltage over rs

stator flux psi_s

o] v R
e ] 09— &B)
input voltage u_s stator current i_s

psi_r_dot
psi_r_dot

integrator psipsi

peir Veh (keine Satt) is

"o

UanRr

J'w_m*psi_r

Torque equations

psi_s

torque
m_i=-Im(is* x psi_s)

&

load torque

"D

torque

D

Speed w_mech

Figure 4.1: Simulink model of an induction machine

4.2 Experimental Setup

To verify the applicability of the proposed identification schemes, the methods were
tested on a squirrel cage induction machine. Figure 4.2 illustrates the setup.

Break
3-Phase Supply | 3 ppaqe 0 AR\
N
Inverter 7 ‘]/ A IM
Inverter Measurements
Computer GNSIG U2 Use It I2 Is
[ DAQ - System
Measurements

Figure 4.2: Scheme of the Experimental Setup

All test signals are created with the inverter which supplies the induction motor.
Measurements are obtained from the inverter and an additional digital oscilloscope.
The Data is then stored on a computer and evaluated in Matlab. No load is connected
to the motor but the rotor can be blocked with an electromagnetic break. This break is
able to withstand up to twice the motors nominal torque.
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4 Results

Power Py | Voltage Uy | Current Iy | Frequency fy | Power Factor
4,6kW 340V 12,5A 16Hz 0.87

Table 4.1: Nominal values of the tested induction motor.

Induction Motor The tests were performed on a 4,6kW squirrel cage induction motor
with nominal values illustrated in table 4.1.

Inverter The inverter is capable of measuring two phase currents, the DC-link voltage
Upc—tink, the temperature of the IM and the rotational speed. Additionally Iy and Iy
are lowpass filtered before being stored. To acquire the phase voltages, the DC-link
voltage and the PWM switching pulses are used. All measurements are recorded with
16kHz.

DAQ-System In order to study the influence of the inverter non linearities which
renders the reconstructed voltage erroneous, a DAQ-System is used to measure the line
currents and voltages. The DAQ-System is a custom Sirius module from Dewesoft. Via
USB connection and the Dewesoft X2 software the data gets stored for further processing
in Matlab.

The phase to ground voltage(Uig, Usg, Use) is measured for each phase directly at
the inverter output. By calculating the offset voltage Uy and subtracting, the phase
voltages Uy, Uy, U3 are computed.

1

Uy = §<U1G + Usg + Ugg) (4.1)
Uy = Ui — Uy (4.2)
Uy = Use, — Uy (4.3)
U3 = U3G - UO (44)

The line currents (Iy, I, I3) are measured with DS-CLAMP-150DC current clamps
directly at the inverter output terminals. To eliminate the influence of any unwanted
capacitive currents, the same calculation as for the voltages, is applied to the currents.
All DAQ measurements are recorded at a 1MHz sample frequency. Additionally the
data is low pass filtered with a 100kHz 5th order Bessel filter to avoid anti aliasing.

4.3 Standard IEEE Test

In addition to the standstill identification methods, the standard locked rotor and
no-load test was performed in order to get comparable values. The calculations were
made with the equations proposed in the IEEE standard [9]. As no additional power
supply was available the tests were conducted using the inverter and the DAQ-System
measurements. Although it would be more accurate to use a real sinusoidal supply, [39]
states that using an inverter for the standard test is also valid.
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4 Results

1. Transient inductance oLg

2. Stator resistance Rg

3. Magnetizing inductance (1 —o)Lg

4. Rotor time constant 7 and / or rotor resistance Rp

Figure 4.3: Proposed identification work flow.

4.4 Self commissioning procedure

The equivalent circuit parameters could be identified in any given order. However some
considerations should be made. Some methods require an operating current controller
for application. Therefore, the parameters which are used for the CC tuning should be
identified first. Optimum gains for the PI current controller are set using the transient
inductance and the stator resistance. [40] In some cases the stator resistance is neglected
due to its small value. However, the stator resistance is necessary for the calculation of
the magnetizing inductance. When the parameters are identified separately a possible
work flow is depicted in 4.3.

4.5 Stator Resistance

As mentioned in section 3.4 only the DC-test is evaluated. When a step current is
applied, a voltage transient appears at the current controller outputs. This can be seen
in the lower plot of figure 3.2. The phenomena is explained by looking at the equivalent
circuit. After the step is applied, the current first flows through the rotor branch as the
magnetizing inductance does not allow rapid current change. For the calculation of the
stator resistance the steady state of the DC-injection is required. Hence, the data needs
to be obtained after the transient disappears. Nevertheless it should be kept in mind
that applying the DC current for a too long timespan can heat the stator windings and
falsify the results. Additionally the current steps should be high enough so that the
inverter non linearities do not effect the results.

Simulation

In Simulink, the method was tested for various different step heights. Figure 4.4 shows
representative results of two different inputs in comparison to the time required to take
the measurements. The red plot shows the result of the Rg calculation when at first 0.8
Iy and then Iy is applied to the IM. Blue is obtained with the first step being 0.5y
and the second Iy. The difference in the error is the product of the before mentioned
voltage transient which is higher for bigger current steps. Therefore, when applying
steps with different heights, the required waiting time differs. Using the same step
height for both steps and sampling the data after the same time minimizes the influence
of an error produced with sampling too soon. Varying the total step height but keeping
the value of the first step at half the second step also results in the blue curve from
figure 4.4. Nevertheless, it should be mentioned here that the voltage transient in a
real IM will differ in height also due to saturation effects.
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Figure 4.4: This figures y-axis shows the Ry error in percent. The x-axis represents the
time waited after each step to acquire the measurements for the calculation
of Rg. The red line is obtained with the first step being 0.8 I and the
second 0.2 Iy. For the blue line the 2 steps possess same height 0.5 Iy.

The required waiting time depends on the rotor time constant. 7z of the IM under
investigation is 300ms. Using the nameplate data estimates usually results in a lower
7r. In this motors case 7 is 32% less with the value being 7z = 205.5ms. Hence, it is
recommended here to apply two steps with the same height, and to record the voltage
and current after 4 — 5 - 7r where the error is below 0.5%.

Experimental Environment

The whole test consists of 3 Rg measurements at different space angles ). As illustrated
in figure 4.5, choosing the space angle as, 30°,90° and 150° only 2 phases are conducting
while the third is controlled to zero. Since the voltages and the currents now also inhibit
noise, their average over a short time is used. Rg is computed using 3.11 in each 2-step
sequence and then the mean value is taken. The value is computed with the inverter
currents and the current controller output voltage on the one hand and using the DAQ
measurements on the other.

Figure 4.6 shows the difference between the real voltage applied to the machine and
the voltage set by the inverter. As already mentioned the difference mainly comes from
the voltage drops over the inverter switches.

By varying the step heights, various measurements were taken. With the DAQ-system
measurements, an Rg value of 1.9031€2 could be calculated.

Using the inverter, valid results could be achieved using the step heights of 0.5 - Iy and
In. R was computed as 1.9928Q2 which equals an error of 4.88%. Lowering the current
steps results in differing inverter non-linearities. Applying a current that is too high,
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Figure 4.5: Three phase currents during the stator resistance identification.
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Figure 4.6: Real voltage(red) vs. the voltage seen at the current controller output(blue).
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causes warming of the coils which also renders the result erroneous. In comparison to
the simulation, the required waiting time, differs significantly for the two steps. This
can be seen in figure 4.6. During the first current step, it takes much longer for the
voltage to reach its steady state value. The cause of this, is the saturation of the
magnetizing inductance which influences the rotor time constant. Thus, the assumption
that using the same step height for the first and the second step yields better results,
is not valid. Looking again at figure 4.6 it can be seen that the AU between the real
voltage and the inverter voltage differs in both steps. Caused by the IGBT voltage
drops, this deviation AU, — AU, = 0.7V results in the above presented error. In order
to reduce the influence of the IGBTSs, the height of the first step was increased. The
measurement was repeated by first applying 0.8 - Iy and then Iy. Using this input, Rg
was computed as 1.9531€2 which equals an error of 2.79%. Thus reducing the error by
over 2%. The measurements have also shown that 5 - 7z is a sufficient waiting time at
the proposed current levels.
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4.6 Transient Inductance

4.6.1 Transient Methods

The transient methods were tested with the simulation and then on the mentioned IM.
First, the approach with the positive and then negative voltage pulse is evaluated and
secondly, the alternative approach using current controlled steps.

Voltage Pulse

By applying a voltage PWM signal to the IM and stepwise changing the pulse duration,
the mean height of the voltage can be controlled. To evaluate the influence of the height
of the pulse, the simulation was carried out for for a PWM pulse of 0.5-1 which equals
a voltage of 1/3 - Upc—rink t0 2/3 - Upc—rLink on phase 1. The transient inductance is
computed with 3.13 and 3.14 for each input. Figure 4.7 shows the calculated inductances
and the real transient inductance. It can be seen that using the second pulse yields
better results. This comes as no surprise and was already proposed by [34]. An overall
trend towards the real inductance is also noticeable from the lower to the higher voltage
pulses. Increasing the pulse leads to an increase of the current slope and therefore
decreases the influence of the magnetizing inductance in the calculation. Anyway, using
the second pulse, the o Lg error amounts to 11.4% — 4.5%.

47 T T
First Pulse

Second Pulse
46 1

45 1

oLgmH)|
o
N

N
w
T

Il

41r real oLg )

40 Il Il Il Il Il Il Il Il Il
180 200 220 240 260 280 300 320 340 360 380

Pulse Voltage[V]

Figure 4.7: Estimated transient inductance for varying voltage pulses. The blue and red
curves show the computed inductances using the first 3.13 and the second
3.14 pulse. In addition, the real transient inductance is plotted in black.

When performed within the test environment, the inverter dead time effects influence
the current around the zero crossing points. This is shown in figure 4.8. The dead time
negatively affects the calculation as it takes longer for the current to reach its rated
value. Considering equation 3.14 a higher time difference results in a lower value of
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oLg. On the other hand, the reconstructed inverter voltage is higher than the measured
one, leading to a higher inductance. With the DA(Q) measurements, the o Lg estimate is
27,3mH. As expected the inverter measurements provide a slightly higher estimate of
29,2mH.

0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Time [s]

Figure 4.8: Current in phase 1 during the voltage pulse test recorded with the DAQ-
system. The inverter dead time defect is highlighted with the circle.

Current Steps

Applying current steps instead of voltage pulses, poses less risk of over-currents for
motors with a low reactance. As already mentioned in 3.5.1, tuning the current controller
accordingly and choosing the right sample time instant, is essential for this method.
Therefore, the effect of choosing different factors o and varying the CC parameters is
researched in the simulation. As described in section 3.5.1, « defines the percentage of
the current step at which the sample is taken for calculation.

Simulation In the simulation, the method was tested using a PI current controller.
Figure 4.9 shows the result of the method where the integral element KI is set to zero.
With a low value of «, the calculations become very accurate. At high «, the inductance
becomes also higher. This is due to the influence of the magnetizing inductance at later
sampling instances. As the current response is faster at a higher KP, the error also
gets less. However, a faster response will also result in less sampling points. By setting
KI of the CC with the method proposed at the end of section 3.5.1 and repeating the
test, figure 4.10 was obtained. Here the inductance is mostly smaller due to the now
wrong model of the system. However, with an increased proportional gain, the trend
approaches the ones from figure 4.9. It can be seen that there is an optimum KP,KI pair
that provides accurate results over the whole range of «. This optimum is represented
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by the green curve. Considering Rg in equation 3.5.1 leads to overall better results.
Even so, an optimum curve also exists without Rg.
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Figure 4.9: Transient inductance, at varying KP and a values with KI=0.
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Figure 4.10: Transient inductance, at varying KP and « values with a constant
KI=0,025.

By conducting various simulations, it was found that this optimum(neglecting Rg) can
be reached with different KP,KI pairs. Thus, assuming KP is chosen high enough, KI
can be calculated using the the following condition:

KP O'LS

L Ty =2 4.5
KI """ Rjy+Rs (45)
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4 Results

This condition was found empirically, using the simulation. The calculated value of
the transient inductance should then be accurate up to a = 0.9. To increase the
robustness of this method an iterative approach could be used. Thus, comparing the
oLg calculation at each sampling point from o = 0.2 — 0.8. The nameplate data
estimates can serve as an initial estimate of the K P/KI ratio. Then KI should be
adjusted to minimize the deviation over «. If the error can not be minimized, KP is
too low.

Experimental Environment The experimental setup used for testing did not allow
for the integral element to be set to zero. Thus only a full PI controller could be tested.
Since the voltage is not required in the calculations, no comparison to measurements
with the DAQ-system are made. When the tests are conducted with the inverter exact
knowledge of the time difference between the reference current and the measured current
is required. In this case 2 controller cycles plus the time shift of the current filter equal
155us. Subtracting this value from the measured time leads to the actual value of T'
for equation 3.5.1. As the laboratory time was limited and the CC parameters could
not be set freely, the optimum approach could not be tested. Since a not optimized PI
controller is used, o needs to be set very low to acquire a reasonable estimate. With
a = 0.2 the saturation curve in figure 4.11 could be obtained. This coincides well with
the curve obtained through the HF test.

0.06

0.02 -

001 1 1 1
0 5 10 15 Iy 20 25 30

Step Current [A]

Figure 4.11: Saturation of the transient inductance obtained with controlled current
steps.

4.6.2 High Frequency Single Phase Excitation
Simulation

The focus of the simulation is to find the required height of the injection frequency
at which the magnetizing inductance does not influence the calculation of o Lg. Here,
the IM is supplied by a sinusoidal single phase voltage at varying frequencies. As no
saturation is considered in the model, the amplitude (Usg) and the DC-offset (Ug;) do
not influence the result.
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4 Results

The upper plot in figure 4.12 illustrates how the injection frequency influences the
outcome of the calculation with 3.24. At the rated frequency of 16Hz the error in the
calculation is already diminished to 0.7%. However, for IM with a higher leakage factor
o the curve can be less steep. In this case also the required frequency rises. As already
mentioned, in literature there is no consent to which frequency should be used. The
bottom plot shown the phase shift ¢ between the voltage and the current. Increasing
the frequency results in a rising ¢ which slowly converges to 90°. Detecting a bigger
phase shift is less susceptible to small errors. To conclude, the simulation shows that
the frequency should be chosen from the rated frequency upwards.
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Figure 4.12: This figure shows calculated oLg in relation to the injection frequency
in the upper plot. The lower plot shows the corresponding phase shift
between the voltage and the current. The curves were recorded in simulink.

Experimental Environment

Frequency To verify the information gained in the simulation, a variable frequency
test was conducted. Assuming that the current controller is not yet initialized, a SP
voltage is applied to the machine. Staring at only a view percent of the rated voltage,
Usyg is increased till the rated current [;V flows. Then Ug; is adjusted at each frequency
to produce a current amplitude of 1A or 0,056 - Iy. Applying this signal to the IM, the
following plot was obtained.

At a high DC-injection, the motor is highly saturated and thus leading to a much
smaller inductance than in the simulation. Further, the calculated inductance continues
to grow smaller even up till 200Hz. From 3x fy = 48 Hz the curve starts to become
almost linear. Thus it is believed that this is the result of frequency dependent effects
in the rotor bars.

Using the inverter measurements, results in a higher phase shift as the samples are not
taken at the same time. At 200Hz the phase shift is already above 90°. One controller

41



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 Results

T T T
—&— Measurement
—~o— Inverter

0.04

. 0.035
~ o003

~
© 0.025

0.02

= = o
I I I

0 20 40 60 80 100 120 140 160 180 200

Il
0 20 40 60 80 100 120 140 160 180 200
Frequency [Hz|

Figure 4.13: This figure shows calculated oLg in relation to the injection frequency
in the upper plot. The lower plot shows the corresponding phase shift
between the voltage and the current. The blue curves are computed from
DAQ measurements whereas the red ones are the result of the inverter
data. Due to the asynchronous current measurement of the inverter, the
calculated phase shift exceeds 90°at 200Hz.

cycle lasts 62,5us. When a certain voltage is set, it is applied one cycle later. After
another cycle the measured current is recorded. Thus leading to a minimum offset of
125pus. In addition the current is filtered which causes another delay. To increase the
methods accuracy, this dead time needs to be compensated. This delay is constant and
only dependent on the inverter. Using the delay at 1-200Hz the following plot can be
obtained. Figure 4.14 shows a linear curve of Ay which is calculated at each frequency
as:

ASO = PInverter — YMeasurement (46)

The fluctuations at the low frequencies come from the small time difference which makes
the phase shift detection more prone to error.

Using this observation a linear function that fits to 4.14 is used to compensate the
asynchronous sampling of the inverter. Hence figure 4.15 is drawn. It can be observed
that the phase shift now coincides much better the DAQ measurements. In numbers,
the error can be reduced from 4,7% to 1,14%.(calculated at 50Hz) The remaining
error originates from the difference between the reconstructed voltage and real one.
Nevertheless, the remaining deviation is small enough to be neglected.
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Figure 4.14: The difference between the measured DAQ phase shift and the inverter
phase shift Ay is depicted in relation to the injection frequency.
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Figure 4.15: Compensated inverter measurements and DAQ measurements.
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4 Results

Saturation Although the transient inductance is often considered as constant,
it also shows saturation effects. Two options are available to obtain the saturation
characteristic with this test. The first is to apply a SP voltage with a varying DC compo-
nent. In the second one, the DC component is set to zero while the amplitude is changed.

Applying the first method with a current amplitude of 1A(0.056 - I;V) at 48Hz, oLg is
calculated at differing Igy values. Figure 4.16 shows the result of this test. Where the
measurements were obtained using the DAQ.

0 5 10 15 Iv 20 25 30
Iso [A]

Figure 4.16: Transient inductance with DC-saturation at 48Hz.

The second method was also evaluated at an injection frequency of 48Hz. Figure 4.17
shows its outcome. With rising /g1, the saturation is also clearly visible.
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Figure 4.17: Transient inductance with AC-saturation at 48Hz.

Comparing the two methods is a difficult task, as the conditions in the IM are very
different. An observation can be made though, that the values of the DC-saturated
inductance are lower than those of the amplitude variation. This is the result of the
varying saturation level in method 2 whereas in method 1 the produced flux only
fluctuates with a much smaller amplitude.
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Space Angle Additionally the method with the DC-offset was tested for its dependence
on the chosen space angle ¢. With Igy = I;V and Ig; = 1A at 48Hz, the transient
inductance is calculated for ¢ = 0° — 360°. The result is shown in 4.18. Compared to
the mean value, the maximum deviation of the whole set is 1.34%. Therefore it can be
assumed that choosing a particular space angle is not necessary. This means that the
most convenient 9 can be used.

0.0183
= 0.0182
3 0.0181

&
0.018

0.0179
0 50 100 150 200 250 300 350

[0 °]
Figure 4.18: Dependence of the transient inductance on the space angle 9. oLg is

obtained using a single phase excitation at 48Hz with Igy = Iy and
Is; = 1A.

4.7 Magnetizing Inductance

4.7.1 Low Frequency Single Phase Excitation

Using the low frequency injection method in the simulation, and calculating the magne-
tizing inductance, figure 4.19 can be drawn. The small fluctuations are likely due to
errors produced by the FFT for amplitude and phase reconstruction. As the known
transient inductance and stator resistance are utilized in the calculation the outcome
is rather accurate over the whole frequency range. However, oLg is not constant in
the real IM and depends on the saturation level. Thus to validate this method, the
simplified simulation is not enough and the real IM needs to be considered.
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Figure 4.19: Simulation results from the low frequency single phase test
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4 Results

Experimental Environment

Identifying the magnetizing inductance with the proposed method proofed to be a lot
more difficult as seen with in the simulation. The saturation characteristic was obtained
by choosing the frequency according to condition 3.29. Inserting the parameters from
the nameplate estimation shows that f should be below 0.98Hz. Therefore, the frequency
was chosen to be 0.5Hz. The AC current amplitude is 1A and the DC component is
varied. For the determination of (1 — o) Lg the identified Rs = 1.9531€Q2 from 4.5 and
the corresponding values of the transient inductance at the different saturation states
from 4.17 are used. In figure 4.20 the result is illustrated. The typical saturation curve
can be observed. However the calculated value of the magnetizing inductance is far
below the values of the IEEE and the transient test.
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Figure 4.20: This figure shows the saturation curve of (1 — 0)Lg obtained with the low
frequency test by varying the DC current component.

A different approach was also tested. The DC current is kept at Iy = 0 and the AC
component Igg is varied. Whereas the same frequency (0.5Hz) as above is injected.
This test is proposed in [20] and also utilizes equation 3.28 to calculate the magnetizing
inductance. Figure 4.21 shows the outcome of the DAQ-measurements using Rg =
1.9531Q2 and again the corresponding values of the transient inductance at the different
saturation states from 4.17. As mentioned in literature the inductance is larger than
the actual one. In normal operating conditions, the flux level inside the motor is kept
constant whereas here the level keeps changing with the injected current. The drop at
low saturation levels is due to the inverter dead time which corrupts the measurements.
In order to get appropriate values using this method using the inverter, a dead time
compensation is required. This is also suggested in [20].

A major drawback of using equation 3.28 to calculate the (1—o)Lg is the reliance on
the estimation of other parameters. As the injection frequency is chosen very low, errors
due to a wrong transient inductance can be neglected. However the stator resistance
heavily influences the outcome. This is illustrated in figure 4.22 where the saturation
curve from figure 4.20 is redrawn for different stator resistances. Considering that
Rg = 1.99, a small error of +-5% in the stator resistance results in an error of -26%
or +32%. The stator resistance is further dependent on the temperature of the stator
windings which can cause errors at high DC currents.
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Figure 4.21: This figure shows the saturation curve of (1 — 0)Lg obtained with the low
frequency test by varying the AC current component.
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Figure 4.22: Error propagation due to a false estimate of Rg

4.7.2 Transient Test

For the evaluation of the transient test of the magnetizing inductance, no simulation
results are presented, as the method relies highly on the voltage drop over the IGBTs
and diodes after the null voltage vector is set. The test is conducted at a space angle
¥ = 90° and the currents and voltages are obtained trough the DAQ. Figure 4.23 shows
the voltage and current curves after the voltage is set to zero. It can be observed that
the voltage drops over the semi conductors are significant. Thus requiring accurate
knowledge of the voltages in order to calculate the inductance.

When choosing different current levels before the transient, a saturation character-
istic can be obtained. This is illustrated in figure 4.24 where the stator inductance is
calculated at currents ranging from 2-19A. When also using the voltage in equation
3.32 a realistic saturation curve is obtained. This curve is also in close agreement to
the one obtained with the classic IEEE test.[9] However using only the current results
in a much lower value with a huge error. For accurate results the characteristics of the
IGBTs need to be taken into account.
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Figure 4.23: The upper plot shows the current decay after the null voltage vector is
applied. In the lower picture the corresponding voltage is shown.
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Figure 4.24: The calculated inductance Lg is shown for differing DC current levels
before the transient. Leading to this saturation curve. The inductance is
shown with and without using the voltage drops over the semiconductors.
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4 Results

As the motor is supplied with at ¥ = 90° only phase 2 and 3 are conducting. After the
zero voltage vector is applied the path of the current goes through one switch and one
free wheeling diode. Hence, ug in equation 3.32 can be described as [21]:

_ Ug T Uy

> (4.7)

us

where u4 is the threshold voltage of the diode and u; the IGBT voltage drop. These
voltage drops can either be determined using the data sheets or by performing a test
once with additional measurement equipment and storing the data in a lookup table.[35]
also suggests a self identification of the non linearities using voltage steps. Here the
voltage drop is obtained using a one time measurement with the DAQ. Applying a
DC-current and then measuring the voltage and currents after the null vector is applied.
Figure 4.25 shows the result using a lookup table for the semiconductor voltage drops.
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Figure 4.25: The calculated inductance Lg is shown for differing DC current levels
before the transient. For the blue curve the measured voltage is taken
whereas for the red curve the stator voltage is estimated with a lookup
table.
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4 Results

4.8 Rotor Resistance

For identification of the rotor resistance, the low frequency test is evaluated. In the
simulation, R} could be determined with an error below 1%. Due to its dependence
on the frequency and temperature, identifying the rotor resistance in real is more
complicated. RY; is usually given at 20°. Therefore the measurement should be taken
at this temperature. If this is not possible due to the surrounding environment, the
temperature must be measured. Then the value at 20°can be estimated by using
the temperature coefficient o and the temperature difference AT. The temperature
coefficient must be chosen according to the material of the rotor bars which is mostly
copper or aluminium. /
/ o RR
RR(T_20)_1+04~AT (4.8)
In order to satisfy equation 3.33, the injection frequency was chosen at 0.5Hz. The DC
current component /gy should be just high enough so that the inverter non linearities do
not effect the superimposed AC signal. With the already identified Rg and the voltage
drop seen in figure 4.6, the minimum current can be calculated as,

AU  15.25V

TSomin = — — 765254 4.9
50, Rs  1.99280 (4.9)

Where AU is calculated using the current and the inverter voltage at the first step of
the Rg DC-test.
AU = Usy — Rs - Isg (4.10)

In addition the amplitude of the AC component must be added. Here Is; = 1A leads
to a minimum DC component of Ig5g = 8.6525A. To be on the safe side the test was
conducted at Igg = 10A and Ig; = 1A. Using this input, the estimated Rg value and
the value of the estimated transient inductance at 10A saturation R, was obtained as
0.87192 with DAQ-measurements and 0.654€2 with the inverter. According to the data
provided by the manufacturer, R} at 20°should be 0.889(2. Thus resulting in an error
of 2% or 26.4%.
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4.9 Rotor Time Constant

4.9.1 Single Phase Current Injection Strategy
Simulation

As the proposed method suggests, the model is supplied by a sinusoidal single phase
current with the amplitude being the rated current. (Ig; = I;V) After a couple periods
the signal with the frequency f, get switched to peak value of the rated magnetizing
current.(Igg = I;w) If at the switching instant the actual magnetizing current does not
equal Ig; a voltage transient appears. This transient is recorded directly at the output
of the current controller. By applying this signal to the simulink model and varying the
injection frequency, figure 4.26 can be drawn. It can be seen that Au of the voltage
transient is in the range of a couple volts. Hence, the use of the voltage time area
is recommended to reduce the influence of noise. The recording of the transient was
found to be accurate when starting at the point where the stator current reaches the
desired DC value. Taking into account any measurements before that instant, can lead
to errors due to the current controller overshoot. At the frequency where the transient
disappears (Au = 0,AA = 0), the rotor time constant is calculated. In the simulation,
the method proofs to be very accurate with an error below 1%.

AulV]

AA[Vs]

Frequency [Hz|

Figure 4.26: These curves were obtained in the simulation. For the varying frequencies
at the same amplitude, the top plot shows the difference Au between
the start and the end of the voltage transient. In the bottom plot the
corresponding voltage time area is displayed.

Experimental Environment

The same test as in the simulation was conducted through the inverter. By calculating
AA at different frequencies, the curves in figure 4.27 were obtained. Looking at the
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green and blue curves where the amplitude is Iy and the DC current value is I;w, a
difference can be seen at lower frequencies. At those lower frequencies, the magnetizing
current is to high at the switching instant. Therefore, the IM is in a saturated state.
Due to the saturation the actual magnetizing current cannot reach much higher values.
Thus, leading to the flattening of the transient at lower frequencies.

When the rated magnetizing current is unknown it has to be estimated with the
nameplate data. For this IM the estimated value is slightly lager than the value known
from the manufacturer. By conducting the test with the estimated I the red curve in
figure 4.27 can be drawn. It can be seen that the higher saturation state leads to a
smaller AA at low frequencies. Furthermore, the frequency with no transient is also
smaller.

Tg is then calculated by interpolating between the two points closest to AA = 0. This
leads to the rotor time constant estimates of 296ms using the manufacturers Iy and
278ms using the nameplate estimate. From data provided by the manufacturer 75
should equal 300ms. Hence using the correct DC current leads to an error of 1,33%.
Using the nameplate estimate, the error equals 7,33%. However it should be noted that
when the motor is operated at the estimated magnetizing current, the required 75 is
also different and most likely closer to the second value.
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Figure 4.27: A A of the voltage transient at different frequencies. In the simulation(green)
and the blue curve the DC current value equals the magnetizing current
from the manufacturers data whereas in the red curve its nameplate
estimate was utilized.

An interesting observation could be made when conducting the method with variable
frequencies, at Is; = I, Iy from the manufacturers data and at two different space
angles ¥ = 0° and ¥ = 90°. This is illustrated in figure 4.28. Applying the signal at
¥ = 0° results in a bigger voltage transient at low frequencies. However, the identified
Tg are the same for both angles. This behaviour could be explained by the different
pathways of the magnetic field. At ¥ = 90°, only two phases are conducting whereas at
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Y = 0° all three phases hold a current. As seen in the plot, a bigger transient means a
steeper zero crossing of AA(f). This reduces the difficulty of finding AA(f) = 0 and
increases the methods accuracy. Therefore, using ¥ = 0° is recommended here.

AA [Vs]

\
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency [Hz|

Figure 4.28: A A of the voltage transient at different frequencies. The two curves were
obtained using different space angles for injection.

To proof the concept of this method, the test was also conducted at the rated slip
frequency obtained from the nameplate data (f=1,366Hz) and a variable amplitude.
Figure 4.29 illustrates AA at these amplitudes. Here 75 calculates to 295ms, which is
almost the same as when the frequency is varied. Thus validating that both methods
are applicable. The drawback of this method is that when the slip frequency estimate
is high, a high amplitude is required. This excessive current could lead to heating of
the windings and corrupt the identification of the rotor time constant.
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Figure 4.29: AA of the voltage transient at different amplitudes and the rated slip
estimated from the nameplate. For comparison, the rated current Iy =
17.67A.
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4.9.2 Flux Observer based Strategy

The method described in 3.8.2 is first tested in simulink and then evaluated with the
experimental setup.

Simulation

The sequence described in 3.9, with the first step Igg = I;V, the second Igy = —I;V
and the third being Igy = — I was applied to the model. By varying the rotor time
constant estimate 7r and measuring AA, the figure below could be obtained. The
estimate of 7z directly influences the time, the negative current step is applied. At
high 7, the magnetizing current already equals the stator current before the last step
is set. Hence, the voltage transient will not get bigger. This can be seen in the figure
for 7 > 470ms. As the simulation is a very simplified model, the time constant that
was found via this method possesses an error below 1%. Another observation could
be made from the simulation. The higher the current steps, the steeper is the curve
shown in figure 4.30. This is logical considering that i,, is described here as a first order
delay or an exponential function. The slope of the exponential function is higher for a
lager difference between the fist and the second current step. Thus resulting in a larger
difference of 4,, — 7., for the same differing time constant estimate.

Experimental Environment

By injecting the same sequence as described in the simulation, the following plot could
be obtained.

0.5 4

AA [Vs]

—6— Simulation

—oe— Experimental

0.15 0.2 0.25 0.3 0.35 0.4

Figure 4.30: AA of the voltage transient using different 7z. Using the same input
sequence (In,—Iyn,—1Iys) in the simulation and the test using the inverter.

The identified time constant from the test (7p = 230ms) differs widely from the one in
the simulation(7z = 300ms). Since the test is short enough to rule out the influence
of the temperature, the huge difference must originate from the saturation of the IM.
Therefore the test was repeated using the following step sequence, using the RMS value

54



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 Results

of the rated current instead of the amplitude. Iy,—1I N,—I;w. This results in a time
constant at AA = 0 of 73 = 275ms. Nevertheless closer to the manufacturer value, the
estimate still has an error of 8.3%. After further study it was found that the height of
the first current step is responsible for the wrong estimate. As the magnetizing current
reaches the value of the stator current in the first step, the height of the first step
needs to equal the rated magnetizing current Iu. Doing otherwise, leaves the IM in a
higher saturated state than in real operations, leading to the smaller 7z. Hence the
step sequence needs to be changed to Ivi,—Iy,—I;. Whereas the second step does
not influence the outcome of the method. It effects the slope of the curves in figure
4.30. The higher the current, the steeper is the zero crossing point. Figure 4.31 shows
the outcome of the changed input sequence. The results of the simulation and the
experimental ones, are now comparable. As expected the transient or AA is lower at
high 7 due to the saturation of the IM. Nevertheless, the rotor time constant was
identified using interpolation as 7z = 308ms. This equals an error of only 2.7% in
comparison to the manufacturers data.

051

AA[V]

-051

—o— Simulation
—oe— Experimental

-1.5 I I I I I I L L L

0.18 0.2 0.22 024 026 028 03 0.32 0.34 036 0.38
7r[s]

Figure 4.31: AA of the voltage transient using different 7z. Using the new input
sequence (Ip;,—In,—1Iyr) in the simulation and the test using the inverter.
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CHAPTER b

Conclusion

In this thesis, identification methods for induction motors at standstill are studied. An
introduction on IMs is given with the mathematical model using space phasors. The
T and inverse-I" equivalent circuits are introduced and the general drive structure is
discussed.

A great number of standstill parameter identifications have already been developed and
are available in literature. A review of existing methods is provided. Several methods
which do meet the requirements of self-commissioning and can be implemented without
the need of excessive computational power, were chosen for further investigation. The
methods are first described in detail and then investigated using a simulation. In
addition, test were conducted on a 4,6kW IM using an inverter as power supply.

To identify the stator resistance, the well established two step DC test was conducted.
In both the simulation and the measurements the results were rather accurate. Hence,
no other method was considered.

In order to identify the transient inductance of the motor which is required for the
current controller in the field oriented control, two methods are studied. The first one is
based on applying a positive and then a negative voltage pulse to the IM. This method
proofed to be valid in the simulation. However, due to the inverter dead time effects
the current rise is slowed resulting in an erroneous parameter. In order to cope with
this error and to provide additional information about the saturation of the inductance,
a test using current steps is introduced. Several current controlled steps are applied
and the transient inductance is calculated with the CC parameters and the current
response. It was observed that the right tuning of the CC is crucial to the accuracy of
this method. Leaving the method to be very dependent on these settings. Additional
measurements need to be conducted using the proposed settings with an iterative
approach or by using only a proportional element. The second method is based on
a high frequency single phase injection. Thereby a DC component superimposed on
the AC signal is used to get different saturation states of the motor. In addition, the
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DC component reduces the effect of the error produced by the reconstructed voltage,
as only the AC signals are required for the calculations. Another advantage of this
method is that the CC does not need to be tuned beforehand. Furthermore, it was
shown that the asynchronous measurement of the current and the reconstructed voltage
can be compensated when the delay is known.

For the identification of the magnetizing inductance two methods were chosen for
investigation. Both require already estimated values of the transient inductance and the
stator resistance. In the first method a DC current is applied and then a null voltage
vector is set. Integrating the current and voltage transients provides the value of the
magnetizing inductance. Measurements with the DAQ-system showed that by applying
different DC currents an accurate value of the inductance can be determined. As the
voltage transient is cased by the voltage drops over the inverters semiconductors, ug(ig)
for the specific space angle needs to be obtained in order to conduct the test only with
the inverter. To obtain this curve, one measurement of the transient starting from a
high DC level with the DAQ-system was recorded and stored in a lookup table. The
lookup table is only dependent on the inverter semiconductors and if once determined
can be used to test any motor. It should also be mentioned that the ug(ig) is only
valid at a specific space angle. Using the lookup with the measurements of the inverter
provided an accurate result. In the second method, a sinusoidal single phase current is
applied and the inductance is calculated with the voltage amplitude, current amplitude
and their phase shift. Conducting the test with a superimposed DC signal resulted
in an estimate of the inductance that is much lower than the one that was obtained
with the IEEE or transient test. The reason for this could be that the motor is in
higher saturated state than in normal operation. Therefore, the test was also performed
without a DC component at various amplitudes. As already stated in literature the
identified inductance is larger than the actual one. It was also found that in the low
amplitude region, the estimate becomes erroneous due to the inverters non linearities.
Thus a dead time compensation is required to provide accurate results.

The rotor resistance refereed to the stator was identified with a low frequency single
phase test. It was found that a minimum DC offset can be calculated to be able to
neglect the inverter dead time effects. The result however still proved erroneous as the
temperature could not be measured during this test. To provide a reasonable statement
about the accuracy of this method, this needs to be taken into account.

At last two methods for the direct estimation of the rotor time constant are introduced.
Due to the possibly inaccurate determination of the rotor resistance and the magne-
tizing inductance, identifying the rotor time constant directly provides a considerable
alternative. Whereas both methods rely on the same physical principle, they differ
in there injection strategy. The goal is to reduce a seen voltage transient below a
detectable value. The first one applies a sinusoidal single phase current and after a
steady state is reached switches to a DC value which equals the desired magnetizing
current. Depending on the amplitude and frequency of the AC signal, a positive or
negative voltage transient appears after the switching instant. It was found that varying
the amplitude or the frequency both result in the same 7z estimate. However, varying
the frequency proofed to be the safer option. Setting the frequency too high can result
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5 Conclusion

in a very high current amplitude at the point the voltage transient disappears. In
second method first a positive DC current is applied which is then switched to the
negative rated current. A flux observer with a initial time constant estimate is used to
estimate the magnetizing current. When the estimated magnetizing current reaches
the negative rated magnetizing current, the injection is then switched to the negative
rated magnetizing current. If the estimate is right no voltage transient should appear.
The tests showed that setting the first DC current to the rated current saturates the
motor too much and leads to a false identification. Therefore, the value was changed to
the positive magnetizing current. Using this changed sequence, an accurate estimate
could be made. Both Methods provide an identified rotor time constant with an error
below 3% in comparison to the manufacturers data. The second method provides
a slightly larger estimate whereas using the first method results in a lower estimate.
An advantage of the sinusoidal test is, that the slope of AA is steeper at the point
where 7 is identified. This can result in better accuracy when the measurements are
evaluated using the inverters controller instead of MATLAB. In this thesis the rotor
time constant was determined by performing the methods at many points and then
interpolating between the two values where the transient is closest to zero. To speed up
the identification process an iterative approach could be used in future works.
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