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Abstract

The thesis describes how a Direct Torque ContrdlGpPdrive technology has been
modified to provide improved control of a Crop CbBhear (CCS) system in a steel rolling
mill. During the CCS cobble cutting mode, the argiDTC drive experiences overcurrent
faults that cause production downtimes. A modethef DTC induction motor drive system
has been developed and this allowed the CCS operadi be analyzed and modified to
improve performance. The simulated DTC inductiontonadrive is compared with the
original existing system from a steel plant. Measugnt data from the original system in the
steel mill are favorably compared with simulatia@sults. This comparison shows that the
system has been successfully simulated to determiswgitable approach to improving the
CCS operation. The real world modification of th&€ % drive system is implemented

successfully and proved to the overcurrent faudliminated.
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Notations

T_Electromagnetic Torque

i, Stator Current

i,J-axis stator current in arbitrary reference frame
i, d-axis stator current in arbitrary reference frame

i g-axis stator current in stationary reference frame
is d-axis stator current in stationary reference frame
i, §-axis rotor current in arbitrary reference frame

i,, d-axis rotor current in arbitrary reference frame

is g-axis rotor current in stationary reference frame
is d-axis rotor current in stationary reference frame
v, d-axis stator voltage in arbitrary reference frame
v, d-axis stator voltage in arbitrary reference frame
v, g-axis stator voltage in stationary reference frame
v; d-axis stator voltage in stationary reference frame
¥, 9-axis stator flux in arbitrary reference frame

w, d-axis stator flux in arbitrary reference frame

g g-axis stator flux in stationary reference frame

w;, d-axis stator flux in stationary reference frame

a angle between stator flux and stator current
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y angle between stator flux and rotor flux

T Torque Reference

T Actual Torque Feedback

T,, Torque Error

w-'Stator Flux Reference

v, Actual Stator Flux Feedback

w,, Stator Flux Feedback

H, Torque Loop Controller Three Level Digital Output
H, Flux Loop Controller Two Level Digital Output
s,Inverter Output A Output Signal

S, Inverter Output B Output Signal

S. Inverter Output C Output Signal

s(k) Stator Flux Position (in Sector)

SCIM Squirrel Cage induction Motor
DTC Direct Torque Control

FOC Field Oriented Control

CCS Crop Cobble Shear

VFD Variable Frequency Drive

SBL SAF Block Language



Chapter 1: Introduction
1.1Purpose
The purpose of the thesis is to investigate howdémtify the root cause of the CCS
overcurrent issue. Through the simulation and eegigcess, identifies the proper method to
modify the existing DTC induction motor drive casitrsystem in order to improve the

performance of the CCS.

1.2Background

Figure 1: Crop Cobble Shear

A Crop Cobble Shear (CCS) is a system for cuttireglsbar and is used in a steel
rolling mill (Figure 1). In normal operation, thedS performs a single cut to chop each end
of the bar. One of the alternative but significhmictions of the CCS occurs when cobble is
required. In this mode, the shear will chop theibar small lengths. This operation is known

as cobble cutting mode (continuous cutting).



In normal cutting mode, accurately cutting the foaa specific length is crucial. This
means that high performance control is requirede TS control consists of three control

loops (Figure 2) and they are from outer to inrRwsition Loop — Speed Loop — Torque

Loop [28].
SAFphire SAFphire ABB DTC Drive 643hp Motor CCS
P?Siﬂon Position Sfpem Speed ch;rque Torgue / 77
R R R
eference eference p eference q m ><
Regulator Regulator Regulator \\/
Position Speed Current
Feedback Feedback Feedback

Figure 2: CCS Cascade Control Loop

The overall objective of the CCS is to accurataly the head or tail end of the bar
during normal rolling. In order to achieve accuret¢ length, continuous position control of
the blade is required (the outer loop of FigureT2)e output of the position loop is the speed
reference required to correct the position errohisTspeed reference is fed into the
intermediate speed loop. The responsibility ofg¢heed loop is trying to eliminate the speed
error of the motor. The output of the speed loopoigsjue reference which also changes
continuously and dynamically in order to achieveozepeed error. Since all three control
guantities are constantly changing, therefore, @0G8trol loop is classified as a highly
dynamic application.

Since CCS is a highly dynamic control applicatitimerefore, the Direct Torque
Control (DTC) drive is used. DTC was introducedtie 1980’s and adopted by industry

more readily than vector control [1]-[4]. DTC issagnificantly newer concept compared to



Field Oriented Control (FOC); DTC is the most adseth AC drive technology in the world
[26]. DTC uses the fastest digital signal procegdmardware available and an advanced
mathematical model of an induction motor, the resuhigh dynamic performance and fast
torque response [26]. In addition, it provides veast, accurate, reliable flux control. DTC
provides very fast response with a simple contireicsure compare to FOC, DTC control is
gaining popularity in industries more rapidly thiaé@C [1]-[4].

However, during the cobble cutting mode, dependinghe bar length, it has been
observed that the DTC drive frequently experienmesrcurrent faults that creates a fault
condition in the drive. If the drive fault occursirthg cobble cutting, the faults and other
repercussions may be serious and dangerous. It gmientially damage other equipment
and create safety concerns. In order to developanovement to the operation of the CCS
and to avoid the overcurrent fault issue, the DTéandrive system was simulated based on
the information available for the motor. A potahtsolution was identified that would
reduce or eliminate the overcurrent faults. The iffexdisystem was again simulated to show
how the improvement would impact the operationsaly this solution was implemented on
the production system and the result shows thantbdified method of CCS operation is

very successful.

1.3 Scope and Methodology
This research project is focused on how to imprthwe operation of the CCS DTC
control to resolve the overcurrent issue. The scopéhe research project includes the

following steps:



9.

Gathering data includes the field measurements GfS Qeal time operation
information, CCS motor parameters, CCS DTC drivehmécal specifications CCS
system control system configurations

Full analysis of the information and data in orderidentify the root cause of
overcurrent

Perform simulations of the existing DTC inductiontar drive system

Propose solution to reduce or eliminate the oveetuifaults

Perform simulations that include the proposed swmiuto predict the result and
impacts on the original system

Perform design of the real world modification

Perform the real world modification to record tlesult

Test the modified system to determine if the preplosolution resulted in a suitable
solution to the fault problems

Document the results and methods

In addition to the technical textbooks and mandeed in the references section,

information is gathered through a literature sedrclgain an in-depth understand how the

DTC induction motor drive system is applied to hidlgnamic control application. A

summary of the important points of this literataearch is found in Chapter 2.



Chapter 2 — Literature Search

In the past, Direct Current (DC) machines were usdénsively for variable speed
applications. The reason is because DC machingiatare and field current can be control
separately and hence, the torque and flux of thehmea can also be controlled
independently. However, the major drawback of usid motor is the presence of
commutator and brush assembly, which causing vigly maintenance cost, limited speed
range and applications. Therefore DC motors haasest to be replaced by more advanced
motor technology in industrial applications.

Due to the robustness, low cost of maintenance rapid evolution of power
electronics, the Squirrel Cage Induction Motor (8has become very popular in industrial
motor variable speed drive application. Inductioatons are widely used and are the most
common motor in many industries [5]. When desigrangelectrical motor drive system, the
motor usually is the starting point [10]. In modek@ motor drive controls, there are two
types of drives employed for high performance aggpions: DTC and FOC [14]. In the FOC
control strategy, the operation of the inductiontonacan be analyzed mathematically in a
similar way to a DC motor. In contrast, DTC maké®at use of physical interactions that
take place between the motor and supply. Theretiee,co-ordinate transformation and
intermediate current loop are not required. Thismsethat the torque is controlled directly
[1]. The DTC scheme provides excellent speed argutoregulation without speed feedback
[26]. The electromagnetic torque and stator fluiygmtude are estimated with stator voltages
and currents; therefore with the exception of stegeistance, motor parameter variations do

not affect the estimation.



There are many papers and textbooks published diegaDTC induction motor
drives theory and background [1]-[4], [10]-[14],2]A25], [36]. Researchers focus on
methods to improve DTC performance such as howdaae torque ripple [11]; using space
vector modulation to improve the DTC performancg]]Tomparison studies between DTC
and FOC [10]. In general, research suggests thewiolg key points regarding DTC [10]-
[14], [22]-[25]:

* DTC is one of the best control methods for motoredy

» It allows decoupled control of motor stator fluxdaglectromagnetic torque

* By selecting the appropriate voltage vector, hwlgte response can be obtained

« DTC needs stator flux and torque estimation; tlweefit is not sensitive to rotor

parameters

* DTC is inherently a motion-sensorless control mdtho
Because of the maturity of DTC theory, this thesilyy presents the classical DTC control in
Chapter 3. Then it focuses on how to improve th&@T C induction motor drive operation
to resolve the overcurrent issue by using a pralctiogineering approach.

Due to the uniqueness of the system and specifiicaions within the company,
there is very limited CCS information available. efé is neither documentation nor
institutional resources that indicate the existemfea specific solution to this CCS
overcurrent problem. During the literature seaitcis, apparent that CCS is a highly dynamic
load and a high performance AC drive such as DTi€gsired [15]-[21].

There are many industrial electromechanical systeeagiring precisely control
torque, speed, and position [2], [27] .The stebing mill is a highly demanding application

for a motor drive system. High performance drivesaways preferable for the main rolling



mill stands and shears equipment [15]-[21]. Morendeding drive applications used in
rolling mills have much more sophisticated requieats and must be able to handle the
dynamic requirements to allow for controlling ofnamber of variables, such as speed,
position, acceleration, and torque. Such high-perémce applications typically require
excellent steady state and dynamic performance edsas a wide speed range and fast
transient response [26].

The main functions of CCS are to provide front and tail end cut during normal operation
[16]. This function “crops” the unwanted poor qtylsections of the bar that are usually
located at the beginning and end. By removing tisesgions the quality of the rolling is
enhanced. Another function of the CCS is if an peexed event happens which cause the
bars cobble, then the CCS performs a continuousgufcobble cutting) such that the bar
will be cut in smaller pieces. Cobble is an incidesen bar that is being hot rolled either
jams in the entry of the mill stand, or comes duitonormal rolling path. In this case, the
rolling process has to stophe cobble cutting function of CCS can help for bandling and
prevent equipment damage. The speed at which a sheable to cut the steel bar is
dependent upon many variables including:

* the rotating speeds of the shear

the shear blade conditions

the grade and mass of the steel bar

the steel temperature

the linear speed of the bar at shearing
It may cause compression, or mill push into the ibane shear cut is too slow relative to the

bar linear speed. This may cause the bar to buagiknst the back of the shear blade. The



bar may even cobble at the shear to certain extea®es. On the other hand, if the shear cut
is too fast relative to the bar linear speed, tieass blade may impact with the tail of the bar
(“kick” the bar). This impact could cause a bendhe tail of the bar. This deformation result
in reduced quality or damage due to impact withiggent. Due to the above reasons, the
CCS position, torque and speed control is cru@altiie success of the system [15]-[21].
Therefore, a high performance torque control drsveequired. If the drive control system is
not tuned to operate at optimal performance, theedault is resulted.
In summary, because CCS is the complex and higlghyamiic application, a high

performance drive control is required and DTC idl waited for this application.



Chapter 3 — DTC System Overview
3.1 Overview and Background

When machine control techniques are consider fepexific application. There are a
number of approaches that can be taken. Some ahtine common approaches are FOC,
Vector Control and Direct Torque Control (DTC).

Unlike FOC or vector control techniques, in the DBEheme, there is no dg-axis
transformation needed. The electromagnetic torque the stator flux are estimated or
calculated and directly controlled by applying tq@ropriate stator voltage vector through
the optimum pulse selector [2].

This control strategy makes use of the physicaéradtions between the drive and
machine, such that it can directly control the terqand stator flux of a machine. This is
achieved by applying inverter voltage space vestection through a lookup table. The
DTC control unit is composed of two parallel closedps; one for the stator flux and one for
the torque [1]-[4]. The torque reference can beasaal directly if the control unit operates in
torque mode. Alternatively, the torque reference lsa delivered at the output of the speed
controller if the DTC operates in speed mode. Adicay to earlier work [1]-[4], this type of
control system shows significant differences whempgared to vector control. These
differences are:

* no coordinate transformation is required and tliRi@tion motor system is modeled

in the stator reference frame;

» direct control of the flux and torque;

» instead of knowing the exact position of statoxflinkage space vector, only the

sector containing the stator flux linkage spacdareds required;
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e current controllers are not required,

* since speed information is never required in tirgue mode of operation, DTC is
inherently sensorless;

» does not require a separate voltage modulatiorkbldus is usually required in
vector drive;

e minimum switching frequency.

Torque
Torque Torque ComparatarStat S
Reference . us

= Optimum Pulse| Switch Direct Torque Control
M Control Selector Position
Signals

Commands
T = . S
Flux Flux Comparatory  Flux #
Reference = Status _

[}
Flux
Torque Flux Sector

Feedback |Feedback | Switch
__ Positions

DC Bus
__ Voltage

Adaptive Motor
Model Motor
_ Current

Motor
L Current

L

N

The DTC Block diagram is shown in Figure 3 and sirtbe CCS DTC drive is

Figure 3: Basic Direct Torque Control Block Diagram

programmed in torque control mode, the torque esfee comes from an external high level
speed controller. The speed controller is basea Bhregulator and the output is a torque set

point applied to the DTC controller block. The atilag® motor model estimates the motor
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torque and stator flux with feedback to the torqne flux comparators. This allows for the
torque and flux control loop to be established[f]]-The torque comparator is a three-level
hysteresis controller and the flux comparator is-tewel hysteresis controller. The switching
output of inverter depends on the torque statusassgand flux status signals from torque and
flux comparator. Using torque and flux status signalong with the knowledge of the
calculated position feedback of the stator fluxdige space vector from the adaptive motor
model, an appropriate voltage vector is selectswiénthe optimum pulses selector. Note that
when compared to a vector control drive, the elvetween torque/flux setpoints and
feedbacks in DTC are used in a different way. Tagpuats of the controller are the d-q axis
current setpoints to the current controllers. Hosve®TC applies the error signals directly
to the optimum pulse selector to control the inewithout any intermediate current control

loops or co-ordinate transformation.
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3.2DTC Classical Control Strategy
3.2.1 Induction Machines Torque Production
The torque equation of induction motor can be esgwd in terms of stator flux / rotor

flux: [1]-[4]

e siny - (3.1)

e

_3P_L,
220 L,
The change of rotor flux is slow due to its relatwlarge rotor time constant. This means
that the rotor flux may be approximated to a camstar a short period of time. Also, the
stator flux amplitude is kept constant in a DTCesolk by using the two level hysteresis
controller. If instantaneous positions of the stélax space vector are changed rapidly such
that angleyis also changed rapidly, the rapid rate of charfgmue can be obtained and
fast torque response results. This is the coreeminaf DTC. The instantaneous torque can

be expressed in terms of the stator current andttter flux as follow:
3P, o1
T, =——Wi.sina . 3.2
=S (3.2)

If the stator flux is kept constant, then the otitfmuque depends on the magnitude of stator
current and the position between stator flux/statorrent space vectors. Therefore, in
general, if the output torque demand is higher, tiwgor will draw higher current. If the

stator resistance of the motor is neglected, th®istlux equation can be written as follow:
_d 3.3
V, _7(1/15) ( ) )

Ay, =VAt. (3.4)
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(S T |Torque Comparatpr H
Torque T,ef err T ) S .
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act =

i wsg . W, | Flux Comparato H % s {K

Reference = ™ M —— o
—1 I

Yo s(k)

Torque
Feedbac

Motor Voltage and Current

Adaptive Motor
Elux Model L Motor Voltage and Current .
Feedback

| Motor )

Figure 4: DTC Torque Control Loop Block Diagram

3.2.2 Torque Controller and Flux Controller

Referring to Figure 4 Step 1, the function of tbetie/flux loop control is to control
the torque/flux error, which resulted in the difece between torque/flux reference and
torque/flux feedback, within a preset bandwidthabhis called the hysteresis band width [3],

26]. The torque referencg] and stator flux referencg” are compared with the respective
Tef C&s

estimated values, that are calculated by the fatimator inside the adaptive motor model,
and the result is torque errgr and flux errog, . The errors are fed into 3-level torque loop

controller and 2-level flux loop controller whicleahysteresis band type controllers, where

2HB, is the total hysteresis band width of the fluxdammntroller.
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The stator flux reference space vector is showhigure 5 and it rotates in an anti-
clockwise direction. The actual stator flux is gotled within the hysteresis band by Flux

loop controller.

" Hysteresis

l//D Band

Figure 5: Stator Flux Vector and Sectors

3.2.3 Optimum Pulse Selector

The optimum pulse selector (also called inverteitchwng table or voltage vector
table) is shown in Figure 4 Step 2. It is a diggignal processor (DSP), together with ASIC
hardware that determines the switching logic ofittverter [26]. This configuration provides
the inverter's semiconductor switching devices veithoptimum switching frequency for the
motor torque. There is no fixed switching pattesnisa found in traditional PWM and the

switching pattern is determined by demand. DTCl$se &nown as “just-in-time” switching,
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and every switching is necessary and used. Afterojpptimum pulse selector receives the

input signalg,_ , ¢, and the flux position in term of sectors S(k), thergenerates the

appropriate control voltage vector (switching sdafer the inverter from a lookup table. The

sections of the plane for stator flux are all 6Qrées (Figure 6).

v,(010 V,(110) \/
Ay

v,(01) —=

V, gooo)

Vs(003) Vs(109)

Figure 6: Inverter Voltage Vectors

If the stator flux space vector lies in the kthteecwhere k=1, 2, 3, 4, 5 or 6, the flux
magnitude is increased by using K+1, K-1. Convgrgle flux magnitudes is decreased by
using K+2, K-2 and K+3 vectors. In other words, d&yplying either the voltage vector
belonging to the sector or any of the two voltagestors beside it, the stator flux value will
be increased. Not only the stator flux, howeveg, itiduction motor’s torque magnitudes and

the switching frequencies are all affected by theliad voltage vector. Therefore, the overall
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concept is to try to select the most appropriatéage space vector such that the following
three objectives are achieved
1. keep the switching frequency as low as possiblst{jutime concept) requires the
minimum amount of switching;
2. control the stator flux errors with the hysterdsasid width;
3. control torque errors within the hysteresis bandtlwi
From Table 1, the definition of inverter switchiatates are clearly defined in terms of a set

of binary signals. There are six non-zero voltaggcs vectors/ v, \V,V,.V,,V,and two zero
voltage space vectoss andy,. Figure 7, 8, 9 are the circuit diagrams for itgeswitching

states. For each of the six possible non-zero spact®rs, change from one to the other is
only required switching one inverter leg. For ex#&npf the inverter operation requires
switching fromv, =100 to the next voltage vector, then subsequent veet® eithey, =110,

V, =101 ory, =000. Minimum or just-in-time switching frequency ishaeved in this way.
The torque loop controller and flux loop controheitl determine which of the three possible
vectors will be applied depends on the flux anduererrors.

Voltage Space Vecto  Binary Definition

v, 100
v, 110
v, 010
v, 011
v, 001
v, 101
v, 111
v, 000

Table 1: Voltage Space Vector and Binary Definition
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S1 S S

Phase A

Vdc

Phase B Phase C
S4

Figure 7: Inverter and Induction Motor Schematiadgyam [4]

+ e ®
Phase A
S=1 =1 °=1
Vdc
(S;FO ﬁ (tsio Phase B Phase C

Figure 8: Inverter and Induction Motor with Switalyi State [4]



Ve

Ve

Ve

Phase C

Phase C

Phase C

V,=100
S=1 5=1 s=1 Phase A
S.=0 $=0 C(\sio Phase B
V,=110
-1 s=1 s=1 Phase A
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Figure 9: Eight Possible Switching States [4]
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V,=001
1 s=1 5=1 s=1 Phase A
S.=0 §=0 s=p Phase B
V,=101
5-1 5-1 s=1 Phase A
I S.=0 S=0 s=p Phase B
V,=111
5=1 5-1 s=1 Phase A
I S.=0 S=0 s=p Phase B
V,=000
5=1 5-1 s=1 Phase A
S.=0 $=0 O/gto Phase B

Phase C




19

Figure 10: Stator Flux Vector Trajectory [3]

A sample switching operation will be illustratedrigure 10. Assume the DTC drive
is operated below the base speed of the motor thatlthe stator flux reference is constant
and equal to rated stator flux. The actual stabox flirection rotates in anti-clockwise
direction and is only allowed to vary between atésesis bandwidth. It is assumed that at
certain times, the stator flux is located in sedtand reaches the outside boundary of the
hysteresis band (Point A). In order to reduce tla¢os flux magnitude, a different voltage
space vector has to be applied. Referring to Thplevoltage vectors 1, 2 or 6 apply to the
motor terminals, the stator flux is increased. dftage vectors 3, 4 or 5, reduction in stator

flux magnitude is resulted. Out of the three vexteector 3 requires switching only one of
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the inverter legs. Therefore, Vector 3 is appledite motor terminals and controls the stator
flux path toward to point B.

At Point B, the stator flux needs to reduce becatiseaches the outer boundary
again, the possible voltage vectors that will retg reduction of the stator flux are vectors
4, 5 or 6. In this case, Vector 4 is the one rexpuswitching in only single inverter leg.
Therefore, voltage vector 4 is applied to the mdeyminals and controls the stator flux
towards the inner boundary of the hysteresis bBath{ C).

At point C, the stator flux needs to increase bseati reaches the inner boundary.
The possible voltage vectors that will result icrease the magnitude of stator flux are
vectors 1, 2 or 3. Voltage vector 3 is the one thgtiires switching in only a single inverter
leg. Therefore, voltage vector 3 is applied toriaor terminals and controls the stator flux
towards the outer boundary of the hysteresis bBoth{ D) and the process continues.

So far, only two objectives of DTC control states/é been achieved as shown on Page
16. The selection of the voltage space vector bamsider torque error as well. There are
three conditions for controlling the torque error:

1. Stopping the rotation of stator flux space vectbe torque magnitude will stay

unchanged

2. Stator flux vector rotated to a forward positiomisTwill generate a positive torque

3. Stator flux vector rotated to a backward positibnis will generate a negative torque.



The flux loop controller has the following relatsin
If ,, >+HB,, thenH =1

If ¢, <-HB,, thenH , =-1

The torque control loop has the following relations

If T,, >+HB,, thenH, =1
If T,, <-HB,, thenH, =-1
If -HB, <T_, <-HB,, thenH, =0

And the operations to meet all three objectivessaramarized in Table 2

Sector 1 Sector2 Sector3 Sector4 Sector5 Sector6\

1 1 v, v, v, v, V, V,
1 0 v, v, v, v, v, v,
1 -1 v, V, v, v, v, v,
-1 1 v, v, v, v, V, v,
-1 0 v, v, v, v, v, v,
-1 -1 v, v, V, v, v, v,

Table 2: Inverter Voltage Vectors Switching Table

An example for flux and torque change for applynoffage vectors for the location gf is

shown in Table 3 and Figure 6.

Table 3: Example for Torque and Flux Variation dué\pply Voltage Vectors
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3.2.4: Adaptive Motor Model

Referring to Figure 4 Step 3, the measured infolnmatrom the motor, including
stator voltages and currents, are fed to the Adaptiotor Model (also called the Flux
Estimator). The adaptive motor model is essentalfjux estimator that is used to calculate
the torque feedback and the flux feedback thatsfeeth the torque and flux comparators
respectively. In addition, the flux estimator cdsoaprovide the stator flux space vector
position in terms of sector that feed to the optimpulse selector. Before the DTC drive is
put into operation, the actual motor parameterdedento the DTC drive and this process is
known as the motor identification run. Stator resise, mutual inductance and the motor’'s
inertia are extracted during the auto-tuning precg?28]. After the motor model is
established, then the flux estimator is ready téopen the calculations as described below.
Classical DTC control is modeled with a stationeeference frame and using dg modeling

[1], the first step is performing a three-to-twaaghk transformation shown in Eqg. (3.5)-(3.7).

1 1

1 —— ——
i;S 2 2_ia
Sl=20 -¥3 B (3.5)
°® 3 2 2 .
D

2 2 2|
. 2. 1, .
i>==i +=(i_)=i 3.6
o= gt k)= (3.6)
. 1. 1.
Ids = _ﬁlb +ﬁlc (37)



23

The stator voltage is then calculated with Eq.)389) and (3.10).

!
V;s Van
VS, :g 0 —g g Vi, (3.8)
I R S A

2 2 2 |

2 1 1

vi="v -2y —Zv 3.9
gs 3 an 3 bn 3 cn ( )

1 1
Vi=——"—v ——vV 3.10
gs \/é bn \/§ cn ( )

After stators voltages and currents are obtaingdardg model and stationary reference

frame, the stator flux can be calculated with Bgl1), (3.12) and (3.13).
v = [va -ris (3.11)

Yo = I(VZS - rsiis)dt (3.12)

) =Jlwef +lwsf (3.13)

The last step is calculating the developed torqitle &q. (3.14).

3P s:s s:s
Te = EE (l//dslqs _(//qslds) (3 14)
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3.3Matlab/SimPowerSystems Simulations
3.3.1 SimPowerSystems DTC Induction Motor Drive Blok
The SimPowerSystems DTC Induction Motor Drive bl¢Ekgure 11) is built from

six main blocks [9].

Figure 11: SimPowerSystems DTC Block [9]
The high-level schematic shown in Figure 12 istifudim six main blocks including:
1. Three Phase Diode Rectifier
2. Three Phase Inverter
3. Speed Controller
4. Braking Chopper
5. DTC

6. Induction Machines
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Figure 12: Overview of DTC Control Block [9]
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Within the DTC controller, it has five main bloclksd they are Torque & Flux

calculator, aB vector, Torque and Flux hysteresis, Switching tadohel switching control

(shown in Figure 13).

Torque
T N hysteresis
orque -
. o '1 ,;,::‘\ + —
Jf, pum
Flux Switching
Flux* hysteresis table
, o) L
¥ o4 F‘\_J E -
~ —s J i
[ab b aff 1\" Vi @fvector
—% » Torque &
Vabe of Flux Magnetization
— »| calculator il

Figure 13: DTC Controller Block Diagram [9]

Switching
control

Pu]ics

The Torque & Flux calculator block is also knownaaaptive motor model in Figure 13 and

it is used to calculate the motor torque, motox fund position of stator flux space vector.
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The Flux & Torque Hysteresis blocks contain a tewel hysteresis comparator for flux
control and a three-level hysteresis comparatotthertorque control. The Switching table
block is the same as optimum pulse selector inrEiguand the input are signals from the
output of the torque and flux hysteresis contrsller

A simulation is essential for studying advancedteie drive systems. After a careful
review of the available software, many users carsMATLAB/Simulink to be ideal for this
purpose [2]. The complex electrical drive contrgdtem is developed in SimPowerSystems.
The dynamic simulation is one of the key stepshavalidation of the system design phase
of the electric motor drive systems. It also eliates the drive control system design errors
and the resulting errors before the real world engntation and testing [7].

SimPowerSystems contains libraries and analysils oo modeling and simulating
electrical power systems [8]. The libraries offevdals of electrical power components, such
as electrical machines, electric drives, electrachines, transformers, power converters and
etc [8]. Application-specific libraries are alsoopided, it allows users to model specific
types of electrical drives. Under Electric Drive§/Alrives Library, a direct torque and flux
control induction motor drive model is included.igignificantly simplified the development
time of the simulation model. After the model isveleped, the dynamics system level
performance can be simulated and tested in a susglefriendly environment.

There are a lot of papers published that use SineP®ystems for their simulation
[22]-[25]. Therefore, the SimPowerSystems simulatsoftware is selected to perform the

analysis.
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3.3.2 Induction Motor Dynamic Models used in Simul&on

The induction motor is truly the workhorse of timelustrial world and the traditional
analysis of induction machines is presented in please equivalent circuits [5]. The
operating principle of the induction motor, deveddpin terms of per phase equivalent
circuit, is limited to the steady state analysish&f machine. It is very useful for studying the
machine steady state performance. Steady stat@tior application, means that all electrical
transients are ignored when frequency variationd audden load changes occur [7].
However, such variations happen very often in \deidrequency drives (VFD) application
[7]. The induction motor dynamic model is usuallgguired for electrical drive system
analysis. During the design stage, simulation is ohthe key steps in the validation of the
design process of the motor drive system. It idiestidesign errors and the any errors in the
prototype construction and testing. Hence he needdynamic models of the induction
machines [7]. The evaluation is needed so thatdyrmeamics behaviour of VFD can be
assessed. The instantaneous effects of varyinggedtand currents, stator frequency, and
torque disturbance are considered in the dynamuteino

The dynamic equations in arbitrary reference frami@duction machines in a matrix

formed as in Eq. (3.15) [5].

Vds rs + Ls p - aj—s Lm p - aLm idS
VqS - a‘Ls rs + Ls p a'Lm I‘m p iqs (315)
Vdr Lm _(w_a)r)l'm rr + Lr p _(w_a)r)l‘r idr
Var (a)—cq)Lm L.p _(w_wr)l-r r+Lp iqr

Replacing p b)dﬂ, equation (3.15) can be written in scalar form:
t

d l//ds

o W (3.16)

Vds = rsl ds +
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vy =ri+ diqs o, (3.17)

vV, =T, + dftd' - (w-w W, (3.18)
d

Vg =g +léjtqr+(a)—a)r W, - (3.19)

The flux linkages are shown in Eq. (3.20)-(3.23).

Wy =L+ Ly (3.20)
Wes = Lige + Loy (3.22)
Wy =L, + Ly (3.22)
Wy = Liig + Liig (3.23)

The equation of mechanical motion is

Te _TL =J dtr . (324)

Electromagnetic torque can be expressed in termtatdr flux and stator current as:
3P, . :
Te ziz(wdslqs _qulds)' (325)

DTC is expressed in a stationary reference franpieapto the squirrel cage induction motor

and the equations become:

Vas = Tdlgs + dfs (3.26)
Ve Eris+ dd‘/’fs (3.27)
0=ri; + dftj' + Qs (3.28)
O=r,ig + df’ -y (3.29)
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l//ds = LSI ds + Lmldr (330)
Yo = Lis + s (3.31)
l//jr = Lrldr + Lmlds (332)
wqr = Lrlqr + Lmlqs (333)

(l//SS (is _l//qs ds) (334)

Combining Equations (3.26) and (3.30) becomes

dlds L dljr . (335)

dt

Vds = rslds + L
Combining Equations (3.27) and (3.31) becomes

Vi = oo + L d(;‘f +1,, d(;‘;r - (3.36)

Combining Equations (3.28) and (3.32) becomes

S S

di

+alL i - (3.37)

r = tar

0=L di

m

s
C() Lmlqs I"rldr + I-r

Combining Equations (3.29) and (3.33) becomes

TS 1S

0= wLm|dS+me:|t—w Lis +ris +L, (3.38)
Substitute Equations (3.30) and (3.31) into Eque{834) becomes
da. _3PJ.. .
dtr = EE[Iqs( s'ds + Lmldr) Ids(leqs + Lmlqr )] T (339)

Equations (3.35) to (3.39) are a set of differdreguations are used to build the induction

machines model for further analysis.
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Chapter 4: Problem Definition, Solution and Simulatons

4.1 Problem Definition

In case of a cobble occurring, the shears starts rans continuously to cut the
material into small pieces. If the bar is very lptige requirement of shear cobble cutting
time will be long also.

By conducting field measurements it was identifieat, during cobble cutting mode,
the speed reference ramped up in a similar prtdilkhe normal cutting mode (Figure 14).
When the speed reference ramps up in a short anspeed error signal and a high torque
reference is created in order to minimize the sparear. This causes current spikes during

the acceleration and deceleration in a short pexidone.

ESBL Development System - shre3v34 - [scope] [_ 8] x]
*® File Project Edit Search Add Wiew Tools  Opti i Help 8] x|
a HE E g5k 3 el 4 X (al

EEEEEREIE IR EHl=h=

32767

SPD REF CS

5000 I

32767
SPDFB CE

-s000 I R

4000
POS FB DEG CS

b --
TORG REF CS
-32768 --

s
|

Figure 14: Real World System Result (Pre-Modificaji
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It was realized that position control is not neaggsluring cobble cutting because the
accuracy of bar length and the quality of the lsanat as important as with normal cutting.
The chopped bar is discarded after cobble cuttiBg.controlling the drive with a constant
speed reference, in cobble cutting mode, the torefigeence is not as high because the speed
error is much less. The current level is lower,cadmg to equation (3.2), and less heat is
generated.

The induction motor DTC model has been developetMatlab/SimPowerSystems

for simulation and it is shown in Figure 15.

9 <Student Version> DTC & - = - [PESPEHS)
File Edit View Simulation Format Tools Help
OesEd& =
i Spd Ref
- Spd Fabk
cony onv.
A Tra Ref
c ti .
= acs
. = demux Scope
=
TG Inducion Vistor Bive
C Induction Motor Drive - 643hp Motor
eeeeeeee
The Ts' parameter used in this model
is setto 2e-6 bythe hodel Froperties Callbacks
T €6 o CPN'SW'E . — T OO
- A | = | S B TR A a0

Figure 15: Simulation Model

The simplified DTC drive and motor block diagram shabeen used in
Matlab/SimPowerSystems software. The power inptitécDTC block is a three phase 660V
power supply. The speed reference is programme that it will produce the initial speed
ramp up and then automatically switch to speed aywdmotion in order to simulate the

speed profile of the CCS. The Demux block is Sim&&ystems prebuilt machine
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measurement demultiplexer that is used to splitsoveaent signal of machine models into
separate signals. In this case, it extracts spefedence, speed feedback, torque reference and
stator current from the DTC induction motor Dridedk. These separated signals are then fed
into the Scope (Figure 15).

Motor Nameplate Data and Parameters are inputlonodel as follow (Figure 16):

* Power =64%p
* Voltage=660/
e |, =549A

* @ =1200pm
* p.f.=080

* n=953%

* 71=381MN[m
e 1,=0023

e L, =0239H
* 1, =00087

* L, =0249mH

e L, =399mH
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08
Equivalent crcut values
Resistance Leakage Mutual Pole pairs:
(ohm}: inductance (H): inductance (H): 3
Stator:  0.0232 0.000239 0.00399
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is setto 2e-6 bythe Wodel Properties Callbacks

Figure 16: Induction Motor Information Parameters

After all the information is input into the systethe scope is set up such that it will run for
10 seconds with all y-axis data correctly scaledfeRing to Figure 17, the results of the
simulation are shown for the pre-modification cabBee speed feedback follows the speed
reference very closely. Since the speed refereneaging up/down frequently, the speed
regulator tries to keep the speed error to minimiln@refore, it results in a 300% (maximum)

torque. This graph agrees with the actual systehawer shown in Figure 14. When the

stator current trend is added (the Figure 17 —d¢&t it clearly shows that during the speed
ramp up/down, there are some current pulses gewdkdais these current pulses that creating

the excessive heat and exceed the drive therm#) tausing the fault condition in the DTC.
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Figure 17: Simulation Result (Pre-Modification)

The DTC drive provides ah’ overload protection and is based on a thermal miasi|
Figure 18 shows how the system provides overloateption [28]—-[31]. In this case, the
CCS motor has a full load current of 549A and theedallows for an overload conditions
for a short time defined as follow:

e 150% Overload — allow 1 min every 5 mins

* 200% Overload — allow 10 sec every 60 sec
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Current Level

350%0f ] = 1921.5A~

bas

200%of |__= 1098A—

base

150% of |, = 823.5A~

base

|, =549A —~

Time

o

3s 10s 60s
Figure 18: Output Current Overload Characteristiagh
The CCS DTC system is considered to be a heavy dpplication and during the
acceleration period since the torque will increbge300% of rated torque and current will
increase by almost 200% of rated current (Figure- IIitend #4). Therefore, in this case a

200% overload will be considered.

200% Duty Cycle (10s / 60s)

= 1098A —

2max

[, =549A —
2base T1: 10s ‘ T2: 50s
I

Figure 19: DTC Drive 200% Duty Cycle

As shown in Figure 19}, . =549A and |, =1098A for a duty cycle of 10s/60s. The

approximate average thermal limit of the DTC Inger$ection with 60 seconds interval is

calculated as follow:
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| () * e (T2)
= (1098A)*(10s) + (549A)° (50s) = 2713x10° A? [ec
Approximations for the average thermal dissipatdthe DTC drive during cobble cutting is
=1 o (1) + o (T2)
= (920A) (24s) + (450A)* (36s) = 2760x10° A? [Sec
The above calculations show that, during cobbléraytthe thermal dissipation exceeds the
thermal limit of the DTC drive and causes the dfaugts due to an overcurrent.
4.2 Solution and Simulations

The proposed solution is to reduce the width ofttrgue pulses or even eliminated
these pulses completely. This will result in therent drawn being lower and the current
spikes will be eliminated. It follows that the theal dissipation will be lower and should be
below the thermal limit of the DTC drive.

The simulation shows that after the speed referecbanged to a constant (Figure
20), the torque pulses are almost completely eheiah, except for the initial acceleration
and the minimum torque that is required to maintaenCCS rotation. Note that the current
spikes are also eliminated (Figure 20 — Trend #4)

After these modifications, the estimated averagantlal dissipation of the drive
during cobble cutting becomes:
=1 e 1)+ s (T2)
= (0A)* (0s) + (450A)? (60s) = 1215%10° A? [Bec
The calculation shows that the heat dissipatiaigsificantly reduced frome760x10° A? [Bec
to 1215x10° A’ 3ecafter the changes are implemented. The new cééclialue is well below

the thermal limit 2713x10° A% sec of the DTC drive.
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Figure 20: Simulation Result (Post-Modification)
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Chapter 5 — System Design

5.1 CCS System Overview

Following the successful simulation results froreious chapter that predicted the
proposed solution would correct the over-currenitfaondition in the concept, the actual
design and modification of the existing systemeiguired. In Figure 21, it shows the existing

CCS DTC motor drive control system block diagram.

Incoming Power

Programmable Logic Controller SAFphire Speed Controller Variable Frequency Drive
Direct Torque Control
PR W Cut Length Torque
=3 Reference C Reference
Position Feedback Speed Feedback
Encoder
Coupling
Gear Box
3
Resolver
; Crop Cobble Shear

Figure 21: CCS DTC Control Block Diagram
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Refer to Figure 21, the DTC acts as a torque araplds it is programmed in a torque
regulation or control mode. The input is the torgeference and this comes from the high
level speed controller. This speed controller narBédrphire is where the PI type speed
control loop is housed [32]-[34]. Therefore, thare no changes required in the DTC drive.
The only modification required is to the speed nerfiee generator within the SAFphire speed
controller.
5.2 SBL Programming

5.2.1 Introduction to SBL

SAFphire Programmable Linear Controller (Figure &2)a DSP based controller
designed for closed-loop drive control applicatiolhisan perform high-performance servo-
like tension and position control [32]. The Reahdi graphical "Control Block Concept"
Windows-based programming language called SAF Blaukguage (SBL) is used to make

the modification to the speed reference.

Figure 22: CCS SAFphire System
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Figure 23: SAFphire SBL Software [32]

5.2.2 CCS SAFphire Modeling

One of the main responsibilities of SAFphire is ttoling the position of the shear
blade. SAFphire models the CCS in terms of thedéaakition and the actual blade position
is constantly fed back to the SAFphire controllgr fesolver (Figure 21). Viewed from

directly in front of the shear (Figure 24), the Ckl&de position can be viewed as Figure 25.

Figure 24: Crop Cobble Shear Front View
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CCS Blade Position Definitions

28° - \ CCS Rotation

Acceleration
166°

Home
Reference Ang
0° or 360° ‘
Lock Bar coming direction
Braking -~ Spee
Cut
296°
270°

Figure 25: CCS Blade Position
The blade position angles are defined as follow:

* 0°or 360° - Reference Angle

* 0°to 28° - Home Range

* 0°to 166° - Acceleration Region

* 166°to 296° - Lock Speed Region (Constant Highe§dRegion)

o 270°to 296° - Cut Range

e 296° to 360° - Braking Region
Normally, the shear is rested at home range 08t@mfd waiting for the bar to arrive. When
the shear receives the start signal from Hot nogtdctor (HMD); the shear accelerates to a
high speed before the angle of 166° is reacheckl@@tion region 0° to 166°). After 166°,
the shear enters into lock speed region, whiclssemtially an overspeed region. The lock
speed signal is triggered and the shear acceldmtepreset higher speed. This higher speed

is required at the moment of cutting the bar simdggn the blade first hits the bar, the CCS
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blade will slow down due to the impact force. Theemwpeed acts as speed drop
compensation to ensure the CCS has enough spemd tbrough the bar without slowing
down significantly. If the shear blade slows down thuch during cutting, it may cause an
inaccuracy of the cut length or in the extreme,ldlagle may be stalled in the middle of the
cutting process which will create a cobble. In fca; the shear blade will strike the bar
between 270° to 296°, therefore, in the SAFphiregmam, it is defined as the cut range.
After the shear finishes the cut, the lock spegdaiwill release and the shear enters into the
braking (deceleration) region and stops at the hposéion.

During the cobble cut (continuous cutting), whea shear receives the cobble signal,
the shear accelerates to the reference speed withiacceleration region (0° to 166°). The
operation is similar to the normal single cut ddsmt above and the difference is after the
cut, the shear will not enter the braking regiarstéad, it will decelerate to the reference
speed until the angle reaches 166° again. Therothespeed signal is triggered and the
shear accelerates again. The cycle continuestbatdobble signal is no longer active.

5.2.3 SBL Program Modification

The objective of the modification is to focus dretlock speed signal. If the lock
speed signal is bypassed during the cobble cut mibée the speed reference becomes
constant. The modification will be accomplishedwo steps:

1. The signal is traced back from the ABB DTC DriveLtick Speed Signal (Figure 26

to Figure 29).

2. The modification on the Lock Speed Signal (Figuog 3
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SAFphire’s Pl speed control loop for CCS is showrFigure 27. The input to the speed
regulator is the speed reference and the outgbeisorque reference which sends a signal to
the ABB DTC drive (Figure 26). In Figure 28, theeed reference can be traced back to the
signal CLMP SPD REF CS. Then the signal CLMP SPIF RIS can be further traced back
to the speed reference signal SPD FB S7/8 (Figaye i Figure 29, it shows that the speed
reference is SPD FB S7/8 and it is controlled bthlmmbble signal COBBLE HEAD and the
lock speed signal LOCK SPD CS. Therefore, the nicatibn is performed such that during

the cobble condition (COBBLE HEAD), the lock spesgnal (LOCK SPD CS) is bypassed

(See Figure 30).
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Chapter 6 — Results from the Physical System
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Figure 31: Real System Result (Post-Modification)

After the modification is completed from previousapter, the testing is performed
and the recorded result is shown in Figure 31. filnege shows that the speed reference is
constant even when the lock speed signal is gilve The results from the operational
system show all torque pulses are eliminated, whigblies that the current pulses are also
eliminated during cobble cutting. This compares| wéth the simulation result (Figure 19).
Following the testing of the modified system, themges were permanently implemented
into the system and the DTC drive overcurrent fasdiue, during cobble cutting, was

resolved.
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Chapter 7 — Conclusion and Future Recommendation
7.1 Conclusion

The speed ramping up/down during CCS cobble cutttnged the overcurrent faults
in the DTC drive. This speed ramp is not requiredesthe length of the bar and the bar head
quality is not important. The improvement to thélale cutting control is to make the speed
reference constant. After gathering the practieé dFigure 13), a simulation was performed
to better understand why the fault current occiigure 16). In general, experimental data
from measurements on the system in the steel malicampared favorably with simulation
results. The comparison between simulated and mehsasults shows that the simulation
closely models the physical system. So the systambeen accurately simulated and this
provides a model that allows for the determinabba suitable approach for improving CCS
DTC drive operation.

The constant speed reference simulation is alsfonpeed (Figure 19). The result
shows that current spikes are eliminated. The fivadions were made to the system and
measurements are carried out to verify the imprargnirhe final implementation regarding
the reference torque profile shows that the toqmulses are also eliminated (Figure 31). This
significantly reduces the thermal dissipation witlihe DTC drive. The calculation shows
that the thermal dissipation of the modified systenbelow the thermal limit of the DTC
drive. Therefore, the modification of the CCS opierasuccessfully eliminated the frequent
faults previously encountered. The elimination lis tfault is understood to have saved
AltaSteel approximate $1,000,000 in capital expemdithat would have been incurred if
they had upgraded to a larger motor drive systehs Estimate does not include lost

production time as well as maintenance and repaé-.t
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7.2 Future Recommendation

In the existing CCS motor drive control system, sppeed regulator is housed inside
the SAFphire high speed controller (Figure 21). Ideer, this specific configuration is not
fully utilizing the capability of the DTC drive. Rearch should be conducted in this area to
investigate if the system can be configured tothsespeed controller inside the DTC drive.
Therefore, the SAFphire controller may not be respli The system would be less complex,

would potentially offer better performance and pdevbetter reliability.
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Appendices

A. Project Pictures

Figure 32: Rolling Mill Electrician during Commissiing

Figure 33: Rolling Mill Operator during Commissiogi
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Figure 34: ABB CCS DTC Drive
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B. ABB ACS600 Drives Model, Parameters and Ratings

Model: ACA 610-1385-6

99.01 Language ENG AM
99.02 Application Marcos Torque Control
99.04 Motor Control Mode DTC
99.05 Motor Nominal Voltage 660Vac
99.06 Motor Nominal Current 549A
99.07 Motor Nominal Frequency 60Hz
99.08 Motor Nominal Speed 1200rpm
99.09 Motor Nominal Power 643hp
10.01 EXT1 Start/Stop/Direction Not Sel
10.02 EXT2 Start/Stop/Direction Comm Module
10.03 Direction Request
11.02 EXT1/EXT2 Select Ext2
11.06 EXT REF2 Select Comm Module
16.01 Run Enable DI3
16.04 Fault Reset Select Comm Module
20.01 Minimum Speed -1200rpm
20.02 Maximum Speed 1200rpm
20.03 Maximum Current 200%
20.04 Maximum Torque 270%
50.01 Pulse Number 1200PPR
50.03 Encoder Fault Fault
50.05 Encoder Channel Ch2
50.06 Speed Feedback Select Encoder
98.01 Encoder Module Yes
98.02 Comm Module Link Fieldbus

Table 4: CCS Drive Parameters
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Ratings:

Ratings 690V The table below shows the nominal ratings for the 690 V range drive

sections.
Type Mariking Mominal Ratings ety E.",';:":] ey Cyde | Erame | Pos | Arnow |Nose| wiom | weignt | Notes
- ) ) ’ type leved
Sy Py En brasa| foman| febese| fomax
KA KW A A A A A KW mih | OBA mm kg
Duive sactions (525..680 W Range, Lk = 630 V)
ACH B10-0W0000-6 3 55 7.5 8.2 12 8.2 g |R= 0,14 60 48 400 170 A
ACE B10-DE0000-6 2xR3l 0,28 120 50 (400 or 600 HO 1.6
ACS B10-DE0009-6 axR3l 0,42 180 851|400 or &D0 220 1,8
ACE B10-11/0000-6 11 a 10 a7 17 a.7 12 |A3 o417 &0 48 (400 170 [
ACE B10-11411/00-6 2xR3l 0,34 120 50 |400 or &0 2o (1,8
ACA B1-11M11A1-6 axR3l 0,51 180 851|400 or &D0 220 1,8
ACE B10-160000-6 16 11 14 10 20 10 16 |A3 0,24 &0 48 (400 170 [
ACA B10-181800-6 2xRal 0,48 120 50 |400 or &D0 HD 1.6
ACSA B10-1618M8-6 axr3l 0,72 180 51 |400 or 600 220 1,8
ACE B10-2000000-6 20 15 20 16 b 15 22 |R3 0,30 60 48 |400 170 |1
ACE B10-2002000-6 2xR3l 0,60 120 B0 (400 or 600 MO 1.6
ACH B10-2002020-6 axR3l 0,90 180 51 |400 or &D0 220 1.6
ACS B10-025/000-5 25 19 25 20 40 20 an |A4 0,38 T B4 (400 240 (1,8
ACS B10-025/025-8 2Rl 0.76 140 B4 (400 or 600 190 1
ACE B10-000000-5 0 22 24 26 B0 25 38 |R4 0,45 100 54 |400 240 (1,8
ACS B10-080/0320-5 2Rl 0,90 200 B4 (400 or 600 190 |1
ACE B0 00005 40 0 38 2B BB 24 42 |AHE 0,80 260 B4 (400 240 4.6
ACSE B10-04D040-5 2¥R5| 1,20 52D 54 |400 or &0 190 |1
ACE E10-0E0000-5 50 a7 e 36 T2 28 54 |AE 0.75 260 541400 240 1.6
ACS B10-060050-8 2¥R5| 1,50 52D 54 |400 or &0 190 |1
ACE B10-DE0000-5 &2 45 B2 4 Ba a2 86 |AG 0,90 480 B4 (400 200 |1
ACE B10-DED0E0-5 2x Rl 1,80 560 B8 [g00 250 4
ACA B10-07T 00005 Ta 55 &5 52 104 52 7B |AG 1,06 480 &4 400 200 N
ACSE B10-07TDN0T0-5 2x Rl 2,10 560 B8 [g00 250 4
ACS B10-1000000-8,) 100 75 2] B85 130 ES 98 |A7 1,50 480 B4 |400 200 |1
ACE E10-1001 D0-8 2xR71 3,00 560 68 (g00 250 |1
ACE B10-1200000-8 120 80 105 ae 176 Bg 132 |An 1,80 480 B4 (400 200 N
ACE B10-120M1 20-8 2¥R71 3,80 550 68 |G00 250 |1
ACHE B10-IMBE-8 180 132 149 106 212 112 168 |AE 2,70 1580 &1 |&600 250 |2
ACSE B10-0206-8 210 160 178 127 264 132 198 |RE 3.15 1580 B |G00 250 |2
ACH B10-0255-8 250 200 210 150 300 158 236 |AE 3,76 1580 E1 |00 250 |2
ACS B10-215-6 30 280 264 178 358 158 297 |RE 4,85 1560 E1 [g00 250 (2
ACS B10-3T5-6 70 s a0 226 450 223 245 A9 5.55 1580 B1 |GO0 270 |2
ACS B10-D4B5-8 450 400 410 266 530 308 451 A 7,35 1550 &1 |00 270 |2
ACS B10-B00-6 600 500 502 340 Eal a7 B85 |A10I 9,00 3100 66 |1000 450 |2
ACS B10-07E0-8 750 830 830 428 BEE 473 g Al 11,25 3100 B |1000 480 |2
ACS B10-800-6 900 - 7B5 B04 | 1008 568 B3 A1 13,60 3100 B5 (1000 480 (2
Wl W LTt [ ] 040 Az Edd 132G SEE Sz lodal is B0 JAEED, Eg licon gop 1
r ACH B10-1385-8 1380 - 1166 T7EE | 1810 867 | 1301 |A121 20,70 4850 68 |1500 950 |3
ACE B1D-1710-8 1710 - 1435 | 1007 | 2014 | 10W 1614 | 2xR11 25,65 G200 68 [2x1000 1200 (3.5
ACHA B1D-2126-8 2120 - 1777 | 1283 | 2666 | 1333 | 1299 |2xR13 1,80 E300 T (21500 1900 |4
ACS B10-2645-8 2540 - | 2123 | 1611 | 3022 | 1557 | 2336 |2wxR1A 24,10 E300 71 (21500 1000 |4
ACS B10-2800-8 2800 - | 2344 | 1710 | 3420 | 17E8 | 2637 |4xR11 42,00 12400 71 |dwiD00 2400 |4
ACS B10-2350-8 3380 - | 20 | 2014 | 028 | 2107 | 318D |4xR11 50,25 12400 T (dx1000 2400 |4
ACH 610-28B0-8 3380 - | 3251 | 2664 | 5128 | 2438 | 3657 |4xRiA 58,20 18600 72 |dxi500 3800 |4
ACS B10-5140-8 E140 - | 4300 | 3020 | S0 | 3225 | 4838 |4xR1A 77,10 18600 T2 |dx1500 3800 (4

Table 5: ABB ACS600 Drive Rating [28]



C. Motor Information

Machine type code HXR 400LJ6
Machine type Squirrel cage motor
Mounting designation Horizontal
Protected by enclosure TEAO
Method of cooling TEAO
Insulation Class F
Service factor 1.15 @ 115 °C RES
Standards NEMA, CSA
Ambient temperature, max. 40 °C
Altitude, max. 3300 ft.a.s.l.
Converter Supply ACS
Duty type Continuous
Rated output 643hp
Voltage 660V
Frequency 60Hz
Speed 1200rpm
Current 549A
Connection of stator winding Delta
Direction of rotation Bi-directional

Sound pressure level (conv. supply, no load)

85,dBA+ 3 dBA, 3 ft

Inertia rotor

Approx. 590 Ib-ft?

Bearings

Antifriction

Table 6: CCS ABB Motor Information
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