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Abstract

This paper presents a simulation model for a large
chipper drive used in a paper mill. If the chipper
drive is a slip ring induction motor, several advan-
tages arise from using a rheostat in the rotor circuit.
This paper will investigate the impact of a rotor cir-
cuit rheostat with respect to starting behavior and
heavy duty load impulses. Furthermore an alternative
chipper drive with a speed controlled squirrel cage
induction machine will be presented. Both drives are
modeled in Modelica. Simulation results are com-
pared and discussed.
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1 Introduction

Chipper drives are used in paper mills for crushing
trunks and making wood chips. The nominal power
of a motor used for such applications ranges from
several 100 kW up to 2 MW and even more. A chip-
per drive is usually not operated continuously, be-
cause load impulse-arise only if a trunk is shredded.
After that, the motor is not loaded until the next
trunk is processed. The heavy duty load impulses
(double the nominal torque) give rise to large motor
currents which cause large voltage drops across the
mains impedance. To the regulations of the stan-
dards, and the actual configuration and structure of
the voltage supply, certain voltage drops (flicker ef-
fects) may not be exceeded during impulse load or
starting operation. Under some circumstances, the
chipper drive even has to start with some remaining
parts of a trunk loaded which is a heavy duty condi-
tion for the motor.

In the following, two possible chipper drive applica-
tions are presented. First, a slip ring motor with
rheostat in the rotor circuit and, second, a speed con-
trolled squirrel cage motor is investigated.

1.1 Slip Ring Motor with Additional Resis-

tances

Both, starting the chipper drive and heavy duty oper-
ating, cause large currents if no measures are taken.
For a motor not being supplied by an inverter, high
starting currents arise from the low locked rotor im-
pedance of the induction motor [1]. It is therefore
often useful to use a slip ring motor instead of squir-
rel cage motor. With a slip ring motor an additional
rheostat in the rotor circuit can be used to increase
the impedance. This gives rise to reduced starting
currents and improves the torque speed characteristic
with the effect, that reactions of the load impulses on
the motor currents and voltage sags are diminished,
too.

The significant disadvantages of a slip ring motor
with additional resistances in the rotor circuit is the
deterioration of efficiency due to additional losses in
the external rotor resistances and the high abrasion of
the brushes, which gives rise to an increased deposit
of brush dust in the motor. This brush dust subse-
quently increases the risk of isolation breakdown and
causes higher costs of maintenance.

1.2 Low Voltage Inverter Supplied Squirrel
Cage Motor with Speed Control

An alternative approach which gives rise to reduced
starting and load peak currents is a speed controlled
inverter drive with squirrel cage motor (Fig. 1).

power
supply

speed
control

current
controller

reference reference
squirrel

speed current
load
cage motor|

speed current | | power
+ controller | + controller controller
current feedback current

sensor

position
transducer

rotor
d/dt position

Figure 1: General diagram of a speed controlled drive
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The basic topology of a speed controlled drive con-
sists of the electric machine, the power converter, the
power supply, cascaded current and speed controller,
the mechanical load, the current sensor and the posi-
tion transducer respectively [2]. The speed controller
controls the reference stator current of the machine
according to the deviation of the actual speed from
the reference speed. The current controller has a
build in limitation of the current to avoid overloading
the machine. This leads to efficiency savings over a
wide operating range and indicates an advantage
compared to the realization with a slip ring motor.
The higher investment costs due to the additional
equipment — the entire speed control implementation
with all necessary sensors — are disadvantageous,
however.

1.3 Technical Data

Chipper drive with squirrel cage motor

Frequency 50 Hz
Number of pole pairs 2
RMS stator voltage, line-to-line 690 V
RMS stator current 1404.5 A
Warm stator resistance per phase 1.702E-3 Q
Stray stator inductance per phase 0.10835E-3 H
Main inductance per phase 4.063E-3 H
Stray rotor inductance per phase 0.10835E-3 H
Warm rotor resistance per phase 1.135E-3 Q
Motor rated power 1.5 MW
Motor rated rpm 1493.9 min™
Motor inertia 80 kgm’
Load inertia 20000 kg'm”
Gear unit 1500:300 min™

Grid
Frequency 50 Hz
RMS voltage, line-to-line 6000 V
Short-circuit apparent power 50 MVA
Short-circuit power factor 0.05
Transformer's nominal apparent power | 1.8 MVA
Transformer's short-circuit p.u. voltage 0.06
Transformer's copper losses 17.5 kW
Table 1: Grid data
Chipper drive with slip ring motor

Frequency 50 Hz
Number of pole pairs 2
RMS stator voltage, line-to-line 6000 V
RMS stator current 161.1 A
RMS rotor voltage, line-to-line 1500 V
RMS rotor current 5953 A
Warm stator resistance per phase 129.0E-3 Q
Stray stator inductance per phase 6.845E-3 H
Main inductance per phase 273.8E-3 H
Stray rotor inductance per phase 0.4631E-3 H
Warm rotor resistance per phase 8.729E-3 Q
Motor rated power 1.5 MW
Motor rated rpm 1490.8 min™'
Motor inertia 120 kgm®
Load inertia 20000 kgm®
Gear unit 1500:300 min™

Table 2: Data of the investigated chipper drive with slip

ring motor

Table 3: Data of the investigated chipper drive with low
voltage inverter supplied squirrel cage motor

2 Simulation Models

For performing the Modelica simulations [3] the
simulation tool Dymola is used. The behavior of the
chipper drive — except for the inverter and control —
can be modeled using the comprehensive Modelica
Standard Library (MSL).

The free MSL provides a collection of standard com-
ponents and component interfaces for many engi-
neering domains. In the current version of the MSL
all components for modeling the proposed chipper
drive are offered. For the proposed simulation mod-
els mainly the MultiPhase, the Machines (includes,
e.g., direct current, asynchronous induction and per-
manent magnet synchronous induction machines)
and the Rotational packages of the MSL are used.

Since the drive controllers are not modeled in the
MSL, controlled drives cannot be simulated with
components of the MSL, only. Based on the Ma-
chines library [4] the SmartElectricDrives (SED)
library [5] facilitates simulations of any electric drive
application using different control structures and
strategies.

The SED library contains models for the components
used in a state-of-the-art electric drive. Sources (bat-
teries and a PEM fuel cell), converters (ideal and
power balanced), loads, process controllers, sensors,
etc. are provided in this library. In the SED library,
two classes of drives simulations are provided. The
first class models quasi stationary drives, the second
class uses the transient models of the MSL. For fast
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simulations regarding energy consumption or the
efficiency of a drive, the models of the QuasiSta-
tionaryDrives can be used. They have been modeled
with the aim to neglect all electrical transients in the
machines. Mechanical transients due to the rotor in-
ertia are considered, however. A great benefit of the
QuasyStationaryDrives is the remarkable shorter
simulation time and the reduced number of input
parameters due to simpler controller configuration
and the neglect of switching effects. For the analysis
of current spikes due to converter switching the
TransientDrives have to be used. By choosing this
lower level of abstraction the user pays the price of
more computing time due to a high number of
switching events caused by the inverter.

Besides all elementary components that give the user
the freedom of building up an entire controlled ma-
chine, ‘ready to use’ models of drives are provided.
These models can be used to conveniently and
quickly arrange simulations [5]. The ‘ready to use’
models contain converters, measurement devices and
a field oriented control (FOC).

2.1 Slip Ring Motor with Additional Resis-
tances

A slip ring motor with an additional rheostat and an
external constant resistance in the rotor circuit can be
used to increase the impedance (Fig. 2). This gives
rise to reduced starting currents and improves the
torque speed characteristic (Fig. 3).

S
Rc\]I R

v

Figure 2: Three phase rheostat of a slip ring induction
motor

The total rotor circuit resistance R consists of the

actual rotor (winding) resistance R, and the external
resistance, which in turn consists of the variable re-
sistance of the rheostat R, and an external constant
resistance R.:

R'=R +R, +R.. (1)

During the start-up, the resistance of the rheostat R,
is reduced along a linear ramp. The duration of the
ramp has to be chosen according to the actual inertia
and starting conditions of the entire chipper drive.
After reaching nominal speed, the variable resis-
tance, R,, is short circuited.

If the motor is not loaded, the resistance R, does not
have a significant influence on the motor current and
speed. If the motor is loaded with a constant load
torque the stationary speed depends on the actual
resistance R, according to

R, _ R, +R, ’ @)

N N

c

where s denotes the slip for the case without external
rotor circuit resistance, and s, is the slip for the case
with the external rotor circuit resistance R, [6].

The total rotor circuit resistance leads to a scaled
torque-slip characteristic. Therefore, load impulses
can be covered partially by the stored energy of all
rotating masses. The stationary torque speed charac-
teristic of an induction motor is shown in Fig. 3, the
stator current versus speed is shown in Fig. 4. For a

short circuited slip ring rotor (R = R, ) the torque

speed characteristic shows a very low starting torque
and a starting current of approximately 5 times the

nominal current. For R =21R, the stationary char-
acteristics show a significant improvement. In this
case the locked rotor torque is close to the break-
down torque and the locked rotor current is less than
4.5 times the nominal current.
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Figure 3: Stationary torque versus speed of a slip ring mo-
tor with external rotor resistance
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Figure 4: Stationary current versus speed characteristic of
a slip ring motor with external rotor resistance
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Figure 5: Chipper drive with slip ring motor

Figure 5 depicts the Modelica model of the chipper
drive realized with a slip ring motor. The
6 kV /50 Hz voltage supply is modeled by three si-
nusoidal supply voltages (sineVoltage) which
are star (starG) connected. The overall mains im-
pedance including all transmission lines and trans-
formers, is modeled by a series connection of a three
phase resistor (resistorG) and a three phase in-
ductor (inductorG). For having the root mean
square (RMS) values of the voltages and currents in
the simulation results available, an RMS voltmeter
and amperemeter are connected into the circuit. In
addition to these instruments, a power sensor is used
to measure the characteristic power terms of the cir-
cuit. The stator winding of the slip ring induction

motor (AIM) is star connected, the stator terminals
are connected with the mains impedances, incorpo-
rating the instruments for voltage, current and power
measurement. The rotor circuit of the slip ring rotor
is also star connected. The slip ring terminals are
series connected to a constant resistor (Rc) and a
variable resistor (Rv). In the simulation model de-
picted in Fig. 5 the variable resistor is controlled by a
ramp during the start-up of the motor. The signal
inputs of the variable resistor, however, can be con-
trolled by any other strategy as well. The mechanical
shaft of the induction motor is connected with a
torque and speed sensor. The power is transmitted
through a gear (idealGear) to the load torque
(loadTorque) model. The signal input of the load
torque model is supplied by a time table (loadTa-
ble) modeling impulse loads.

2.2 Low Voltage Inverter Supplied Squirrel
Cage Motor with Speed Control

In Fig. 6 a speed controlled chipper drive with a
squirrel cage induction motor is presented. This drive
uses components of the SED library. The voltage
supply and measurement is the same as in the previ-
ous model, except that a transformer is used to pro-
vide 690 V to the low voltage drive.

S SEI® e resistorG  inductorG BT
=z -
2l oot Yoo Jo Y00
Ef_, m=3 sineVoltage m=3 mﬂ
starT2
o2 "™
roun
Vi ?

4
i

AC

speedRef

urftion=inverter 15Ra

k=-load i*motor. T

Figure 6: Modelica model of a speed controlled chipper
drive with a squirrel cage motor

The transformed supply voltage (transformer) is
rectified (diodeBridge) and provides the inter-
mediate circuit voltage for the inverter. The idealized
rectifier does not take into consideration the typical
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non-sinusoidal waveform of a diode bridge. There-
fore the supply current is rather comparable to that of
an IGBT rectifier. The squirrel cage induction motor
is supplied by a DC/AC-inverter which is imple-
mented in the field oriented controlled QuasySta-
tionaryDrive model (AIMfoc). The mechanical load
model of the slip ring motor and the inverter drive
are the same, however.

The components of the cascade control system an-
ticipated in Fig. 1 can be parameterized separately
[7]. Starting from the innermost to the outermost
closed loop, various parameterization methods can
be applied to achieve the desired dynamic behavior

[8].
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Figure 7: Full transient Modelica model of a speed con-
trolled chipper drive with a squirrel cage motor

In Fig. 7 the full transient Modelica model of a speed
controlled chipper drive with a squirrel cage induc-
tion motor is presented. This drive uses components
of the SED library, again. The voltage supply and
measurement is the same as in the quasi stationary
model, but using an ideal switching diode rectifier.
Additionally, the machine inverter is modeled in de-
tail, not being integrated in the drive model. The de-
tailed model of the ideal switching inverter leads to
high number of events during simulation, and gives
rise to significantly longer simulation time.

The dominant mechanical time constants are signifi-
cantly greater than the electrical time constants. Pro-
vided that current peaks due to inverter switching
may be neglected for this investigation, it is reason-
able to use the QuasiStationaryDrive model which
saves a significant amount of simulation time.

3 Simulation Results

In the presented results each load impulse has the
same duration (2 s), equal rise and fall times (0.1 s)
and the torque amplitude is twice the nominal torque.
The first load impulse starts at =30 s, the second
impulse starts at £ =40 s (cp. Fig. 8 and Fig. 12).

3.1 Slip Ring Motor

Simulation results for the chipper drive with slip ring
motor are depicted in Fig. 8—11, where R, =0 Q and
R. = 10R, were set consecutively. The duration of the
linear ramp for decreasing the variable resistor
(Rymax =40R,) is 10 s. From Fig. 8 and 9 it can be
deduced that the torque and current, respectively, get
reduced due to the additional resistances in the rotor
circuit. The supply current of the slip ring motor
drive equals the stator phase current.
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Figure 8: Load response of the slip ring motor (R.=0 Q
versus R. = 10R, and R, ... = 40R,) and wave form of the
modeled load impulses
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Figure 9: Stator phase current during start-up and during
periodic loading of the chipper drive with slip ring motor
(R.=0Qversus R. = 10R, and R, ... = 40R,)
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From Fig. 10 it is evident, that the additional resis-
tance in the rotor circuit decreases the maximum
voltage sag at the motor terminals. Figure 11 shows
that higher external rotor resistance leads to larger
speed drop during the load impulses.
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Figure 10: Stator phase voltage during start-up and during
periodic loading of the chipper drive with slip ring motor
(R, =0 Qversus R, = 10R, and R, ... = 40R,)
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Figure 11: Speed during start-up and during periodic load-
ing of the chipper drive with slip ring motor (R.=0Q
versus R. = 10R, and R, ... = 40R,)

3.2 Squirrel Cage Motor

Simulation results for the chipper drive with squirrel
cage motor are depicted in Fig. 12—-15. From Fig. 12
and 13 it can be seen, that the overloading of the ma-
chine is limited effectively by the current controller.
The diminishing of the supply current peaks shows a
significant improvement and the voltage drops are
less than 2 % (cp. Fig. 14). Figure 15 illustrates, that
the speed drop during the load impulses shows a
similar dynamic characteristic as the chipper drive
with slip ring motor (R, = 10R, and R, ... = 40R,).
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Figure 12: Load response of the speed controlled squirrel
cage motor and wave form of the modeled load impulses

stator phase current
supply current

[p.u.l]
=
—
<)

Y,
|

0 10

20 30
time [s]

40 50

Figure 13: Supply current and stator phase current during
start-up and during periodic loading of the chipper drive
with speed controlled squirrel cage motor
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Figure 14: Supply voltage during start-up and during peri-
odic loading of the chipper drive with speed controlled
squirrel cage motor
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Figure 15: Speed during start-up and during periodic load-
ing of the chipper drive with speed controlled squirrel
cage motor

4 Conclusions

In this paper two large chipper drives are modeled in
Modelica. The first drive is a slip ring motor with an
external resistance in the rotor circuit; the second
drive is a speed controlled squirrel cage motor. Both
drives lead to a satisfactory reduction of voltage dips
and current peaks during the start-up and the pulse
load operation.

Using a chipper drive with a slip ring induction mo-
tor, the investment costs for the motor are higher
than for an induction motor with squirrel cage. In
case of the slip ring motor the rather simple addi-
tional equipment — the rheostat and its control —
leads to low total investment costs.

Disadvantages of the slip ring motor are the deterio-
ration of efficiency due to additional losses in the
external rotor circuit and the high abrasion of the
brushes, which gives rise to an increased deposit of
brush dust in the motor. This brush dust subse-
quently increases the risk of isolation breakdown and
causes higher costs of maintenance.

Contrarily, the inverter drive has lower costs of
maintenance but higher investment costs. Although
the squirrel cage induction motor is cheaper, more
expensive additional equipment is needed: a trans-
former as well as a frequency inverter and the entire
speed control unit with all necessary sensors.

However, the efficiency savings over a wide operat-
ing range and the absence of brushes indicates the
main advantages compared to the slip ring motor.
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