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Synopsis:

Review induction and synchronous motor operation and effect
on starting method selection. Equivalent circuit for start and
operation. Reviews starting techniques for AC motors: direct-
on-line, captive transformer, autotransformer, capacitor start,
wye-delta, solid-state soft start, Adjustable Drive System
(ASD), “pony driver” starting, and adjustable V/f isolated bus
starting. Starting method selection (limited power and other
restrictions).
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Preliminaries

During seminar, we will provide background and
examples to answer following two questions:

How to start motor?
When motor is considered large for starting?

How to get data?

Something to think about...




Preliminaries

Typical motor starting circuit for IM.
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Preliminaries

» Operating Points

(or +X)

M
STARTING
PF=0.15

M
RUNNING
PF=0.90

@ » +kW (or R)
SM
RUNNING
PF=1.0

KVAR (or -X)

Preliminaries

Condition 1:

Typical diesel engine with “standard” synchronous

generator (SG) X", X'

Condition 2:

SG is Low Voltage Transient (LVT) type with “adjusted” X’




Preliminaries

= Calculations
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Preliminaries

= Calculations
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Motor Fundamentals

Motor Fundamentals

Large motor definition

Stator and Rotor Construction
Insulation and Temperature Rise
Mechanical/Torque Consideration
Driver Selection IM/SM




Motor Fundamentals

= Small Machine (Fractional) — in general for O&G,
continues rating <1 Hp

» Medium Machine (Integral) - in general for
0&G, < 500Hp (ng=3600,1800,1200rpm) etc.

» Large Machine — Larger than Medium Machine
size/synchronous speed

Motor Fundamentals

» |nsulation and Temperature Rise

Temperature Rise from 40°C

Temperature Rise [°C]

Method OF Class of fon System
Machine Part Temperature A B F H
Determinati Trar=105 Trax=130 Tra=155 Tnax=180
SF=1.0 | SF=1.15 | SF=1.0 | SF=1.15| SF=1.0 | SF=1.15| SF=1.0 | SF=1.15
Insulated Windings
1. All power ratings Resistance 60 70 80 90 105 115 125 135
2. 1500Hp or less Embedded detector 70 80 90 100 115 125 140 150
3. Over 1500Hp (1120kW)
3.a. <7000V Embedded detector 65 75 85 95 110 120 135 145
3.b. >7000V Embedded detector 60 70 80 90 105 115 125 135
Notes:

1. Embedded detectors are located within the slot of the machine and can be either resistance elements or thermocouples. For
machines equipped with embedded detectors, this method shall be used to demonstrate conformity with the standard.

2. The temperatures attained by cores, squirrel-cage windings, collector rings, and miscellaneous parts (such as

brushholders and brushes, etc.) shall not injure the insulation or the machine in any respect.

3. For successful operation of induction machines in ambient temperatures higher than 40°C, the temperature rises of the
machines given in above table shall be reduced by the number of degrees that the ambient temperature exceeds 40°C. Exceptions
apply to TEWAC and TEAAC machines, see current MG-1.

4. Table is based on assumption that well designed motor, the hot spot temperature is aproximately 10°C higher than the average
winding temperature.

5. Class A insulation is obsolete. No longer used.




Motor Fundamentals

» |nduction Motor - Cooling

Totally Enclosed
Self-cocled

IC411 (TEFC)

IPSS5(W) / IPSE(W) / IPE5(W)

Totally enclosed

Forced cooling

IC416 (TEBV)

IPS5(W) / IPSE(W) / IPES(W)

Motor Fundamentals

» |nduction Motor - Cooling

Totalty enclosed

Air-to-air heat exchanger
1C611 (TEAAC)

IPSS(W) / IPSB{W) / IPBS{W)
MGF, MAF

Totally enclosed
Air-to-water heat exchanger
ICEIW (TEWAC)

IPSS{W) / IPSB{W) / IPBS(W)
MGW, MAW




Motor Fundamentals

» |nduction Motor - Cooling

Totally enclosed
Independent cooling
Air-to-water heatl exchanger
ICBEW (TEWAC)

IPSS{W) / IPSB(W) / IPB5(W)
MGL, MAL

Totally enclosed
Independent cooling
Air-to-air heat exchanger
IC666 (TEAAC)

IPSS(W) / IPS6(W) / IPBS(W)
MGI, MAI

Motor Fundamentals

» |nduction Motor - Cooling

Open (Self-cooled)

ICO1 (ODP)

P23 (WP-1)

IP24(W) (WP-II)

MGA, MAA, MGF, MAP

Open

Independent cooling
ICO6 (OV)

IP23 without ducts
1C26 (OIV)

IP24(W) with ducts
MGV, MAV
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Motor Fundamentals

» |nduction Motor - Cooling
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Motor Fundamentals

= Code letters — Motor Inrush Characteristics

Letter Designation kVA per Horsepower* Letter Designation kVA per Horsepower*

A 0-3.15 K 8.0-9.0

B 3.15-3.55 L 9.0-10.0
Cc 3.55-4.0 M 10.0-11.2
D 4.0-45 N 11.2-125
E 45-5.0 P 12.5-14.0
F 5.0-5.6 R 14.0-16.0
G 56-6.3 s 16.0-18.0
H 6.3-7.1 T 18.0-20.0
J 7.1-8.0 u 20.0-22.4

Vv 22.4-and up

*Locked kVA per horsepower range includes the lower figure up to, but not including, the higher figure.
For example, 3.14 is designated by letter A and 3.15 by letter B.

11




Motor Fundamentals

= Code letters

In general it is accepted that small motors requires
higher starting kVA than larger motors. Standard 3PH
motors often have these locked rotor codes:

* <1 Hp: Locked Rotor Code L, 9.0-9.99 kVA
« 1-2Hp: Locked Rotor Code L or M, 9.0-11.19
* 3Hp: Locked Rotor Code K, 8.0-8.99

* S5Hp: Locked Rotor Code J, 7.1-7.99

« 7.5-10Hp: Locked Rotor Code H, 6.3-7.09

« >15Hp: Locked Rotor Code G, 5.6-6.29

Motor Fundamentals

» Design Type
Different motors of the same
nominal horsepower can have
varying starting current, torque D
curves, speeds, and other
variables. Selection of a particular
motor for an intended task must 200
take all engineering parameters into
account.
The four NEMA designs have
unique speed-torque-slip
relationships making them suitable
to different type of applications:

300

(2]

% Full Load Torque
@

100

* NEMA design A
* NEMA design B
« NEMA design C % Synchronous Speed
* NEMA design D

12




Motor Fundamentals

= Design Type

* NEMA design A
o maximum 5% slip
0 high to medium starting current
o normal starting torque (150-170% of rated)
o normal locked rotor torque
0 high breakdown torque
o suited for a broad variety of applications - as fans and pumps

* NEMA design B
o maximum 5% slip
o low starting current
o high locked rotor torque
o normal breakdown torque

o suited for a broad variety of applications, normal starting torque -
common in HVAC application with fans, blowers and pumps

Motor Fundamentals

= Design Type

* NEMA design C
o maximum 5% slip
low starting current
high locked rotor torque
normal breakdown torque
can’t sustain overload as design A or B

suited for equipment with high inertia starts - as positive
displacement pumps

O o0 Oo0O0o0oOo

* NEMA design D
0 maximum 5-13% slip
o low starting current
o very high locked rotor torque
0 Usually special order

o suited for equipment with very high inertia starts - as cranes, hoists
etc.

13




Motor Fundamentals

NEMA Desigh Type - Comparison

. Lock Rotor Lock Rotor Breakdown %
NEMA | Starting . o
St E t Current of Full | Torque of Full | Torque of Full | Nominal Example Application
esigh urren
. Load Current Load Torque Load Torque Slip
A Normal 600-1000% 70-275% 175-200% 0.5-5% |Fans, blowers, pumps, and machine tools
Fans, blowers, rotary pumps, unloaded
tal
B Normal 600-700% 70-275% 175-300% | 0.5-5% | O Pressors, conveyors, meta
cutting, machine tools, miscellaneous
machinery
Large centrifugal blowers, fly wheels,
C Normal 600-700% 200-250% 190-225% 1-5% crusher drums, piston pumps, compressors
and conveyors
1-5% Very high inertia and loaded starts. Choose
slip range to match application
Extra Punch press, sheers, and forming machine
D ) 600-700% 275% 275% 5-8% press. ’ €
High tools
Cranes, hoists, elevators and oil well
8-13% L
pumping jacks
Notes:
1. INSTANTANEOUS PEAK VALUE OF INRUSH CURRENT for 1/2 cycle in range (1.8 - 2.8) x Letter Designation Value (a function of the
motor design and switching angle) is not included in above table.

Motor Fundamentals

Type of Torques

Current Curve

/ Motor Torque Curve
—is §_

Full Load
Operating
Current

Break-
Down/Critical
Torque \‘:
Pull-up Torque
Al
Locked Rotor/ % i i
Breakaway ———=— "
Torque
FullLoad ~—  |... o
Operating f
Torque 0 0 300 [300

00

00 400

speed [rpm]

Load Torque Curve

Critical
Speed/Slip

Full Load
Operating
Speed/Slip
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Motor Fundamentals

Type of Torques (Both IM and SM)
= Locked Rotor or Starting or Breakaway Torque (Static Torque)
Lock Rotor or Starting Torque (LRT) is the minimum torque the electrical motor will

develop at rest for all angular positions of the rotor, with rated voltage applied at
rated frequency

= Pull-up Torque
The pull-up torque of an alternating-current motor is the minimum torque developed
by the motor during the period of acceleration from rest to the speed at which
breakdown torque occurs. For motors which do not have a definite breakdown
torque, the pull-up torque is the minimum torque developed up to rated speed.

= Break-down Torque

The breakdown torque of a motor is the maximum torque which it will develop with
rated voltage applied at rated frequency, without an abrupt drop in speed.

= Full-load Torque or Braking Torque

The full-load torque (FLT) of a motor is the torque necessary to produce its rated
horsepower at full-load speed. In pounds at a foot radius, it is equal to the
horsepower times 5252 divided by the full-load speed.

Motor Fundamentals

Type of Torques (Only SM)
= Pull-Out Torque
The pull-out torque of a synchronous motor is the maximum sustained torque which

the motor will develop at synchronous speed with rated voltage applied at rated
frequency and with normal excitation

= Pull-In Torque

The pull-up torque of an alternating-current motor is the minimum torque developed
by the motor during the period of acceleration from rest to the speed at which
breakdown torque occurs. For motors which do not have a definite breakdown
torque, the pull-up torque is the minimum torque developed up to rated speed.

15




Motor Fundamentals

The standard torque (implied; do not have to be
specified), with rated voltage and frequency applied, shall
be not less than the following:

Torques Percent of Rated Full-Load Torque
Locked-rotor® 60
Pull-up* B0
Breakdown® 175
Pushover** 175

“Applies to squirrel-cage induction motors or induction generators when
specified for self-starting

**Applies to squirrel-cage induction generators

The high torque (when specified), with rated voltage and
frequency applied, shall be not less than the following:

Torques Percent of Rated Full-load Torque
Locked-rotor 200
Pull-up 150
Breakdown 190

Motor Fundamentals

The custom load curve (when specified), with rated
voltage and frequency applied, may be lower than Normal
and High Torque requirements, but the motor developed
torque exceeds the load torque by a minimum of 10% of
the rated full-load torque and any speed up to that at
breakdown torque occurs.

Note: Since the torque developed by the induction machine at any
speed is approximately proportional to the square of the voltage and
inversely proportional to the square of the frequency it is desirable to
determine what voltage and frequency variations will actually occur at
each installation, taking into account any voltage drop resulting from
the starting current drawn by the machine. This information and the
torque requirements of the driven (or driving) machine define the
machine speed-torque curve, at rated voltage and frequency, which is
adequate for the application.

Note: A torque margin of lower than 10% is subject to individual
agreements between manufacturer and user.

16




Motor Fundamentals

For “Low Inrush Motors” i.e. motors with 4.5 pu and lower
lock-rotor current above values do not apply. Break down
torque shall be not less than 150% of rated full-load torque,
and break away torque and pull-up torque do not have any
restrictions.

Motor Fundamentals

= Operation of IM from Variable —Frequency or Variable-
Voltage power supplies, or both

Induction machines to be operated from solid-state or other types of
variable-frequency or variable-voltage power supplies, or both, for
adjustable-speed applications may require individual consideration
to provide satisfactory performance. Especially for operation below
rated speed, it may be necessary to reduce the machine nameplate
rating to avoid overheating. The induction machine manufacturer
should be consulted before selecting a machine for such

applications!

17




Motor Fundamentals

= Starting Conditions (MG-1).
IM with performance characteristics as described can
?ccelerate load without damage or injurious temperature,
or

« Standard Torque with load inertia (WK?2) not exceeding

HPO.QS Hp"s

Load Wk = Al ~0.0685 =
|RP_M| |m|
| 1000 ) | 1000 )

Where:

A = 24 for 300 to 1800 rpm, inclusive, motors
A = 27 for 3600 rpom motors

» High Torque with load inertia not exceeding 50% of above value.

Motor Fundamentals

= Number of Starts

Squirrel-cage induction motors specified to start and accelerate a
connected load shall be capable of making the following starts,
providing the WK2 of the load, the load torque during acceleration, the
applied voltage, and the method of starting are those for which the
motor was designed.

+ Two starts in succession, coasting to rest between starts, with the
motor initially at ambient temperature.

» One start with the motor initially at a temperature not exceeding its
rated load operating temperature.

Note: If additional starts are required, it is recommended that none be made
until all conditions affecting operation have been thoroughly investigated and
the apparatus has been examined for evidence of excessive heating. It should
be recognized that the number of starts should be kept to a minimum since the
life of the motor is affected by the number of starts.

18




Motor Fundamentals

» Selecting Driver
General areas of application of SM and IM

SYNCHRONOUS

20.000
18,000
10,000

HORSEPOWER

Motor Fundamentals

» Selecting Driver - Other factors:
* VAR support for start and reacceleration
» Current pulsation (reciprocating compressors)
» Power supply size, type, connection etc.
» Grid vs. Island
« Stability (start, faults, other motor starts)
* Harmonics

» Sub-Synchronous Resonance (SSR) torque
interactions

19




Motor Fundamentals

» Stator (ST) and Rotor (RT) configurations

ST: Cylindrical ST: Silent Pole ST: Cylindrical
RT: Cylindrical RT: Cylindrical RT: Silent Pole

Induction Motor

20




Induction Motor

Basics, type characteristics, load
characteristics, and modeling

* Motor modeling

» General construction and Cooling

* Induction motor - General data, principle of
operation and nameplate information describing
motor

* Motor types and characteristics, application
consideration

* Equivalent motor parameters
» Other consideration

Induction Motor

General-Non-linear Model — Squirrel-cage rotor IM
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Induction Motor

After Arbitrary Reference Frame Transform

d
+—Ags + 0Ags
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X d
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Induction Motor

Steady State Us=const
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- Induction Motor ing Characteristics
Induction Motor Caleulated at80% Line Volage
Deslgn D Customer
Bagincer Application  CENTRIFUGAL COMPRESSOR
» Typical Starting B 00 HAms Ry M0 Lok mpa) A
Pi 092  Frame B0IE  Load Wi 24338  Fl Torque(b-f) 17641
Curves lhl:;os Hertz 800 Moter WE* T208  Lock Torque(®) 49
- r_:"-;;i 1 -
o s W
4 e \ I
;‘ ,.‘ % %
-
i e ‘.
E’“ r" [ | ]
*40! 4 ---:v--~
3ol e
20 e e |
10 i reieed
i | I i
% 60 120 180 240 300% Torgue
0 160 320 480 640 800% Current

Induction Motor - Frames
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Induction Motor - Stator

» High Speed

= Low Speed

Induction Motor - Rotor

= High

Speed
4-6 Pole

= Medium

Speed
8-14 Pole
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Induction Motor - Rotor

= Double-cage rotor bar construction for low
inrush current motors

Outer Rotor Bar
{For Starting)

Inner Rotor Bar
(For running)

Induction Motor

General data

Motor electro-mechanical characteristics are described by:
* Nominal Voltage
*  Nominal frequency
*  Nominal Current
*  Number of phases
*  Number of poles
* Design class
* Code letter
*  Moment of inertia
» All others (rated power factor, efficiency, excitation current etc.)

25




Induction Motor

General data

CuBB & 136 C€ gm0y =
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Induction Motor

General data
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Synchronous Motor

Synchronous Motor
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Synchronous Motor

=  General-Non-linear Model

"cac - ,abc a.ac +: M:sbc l;wc + ; Mf?rl,{
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Synchronous Motor

=  Park’s Transform

4 1 B
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Synchronous Motor

= Steady State  Us=const
~ U, cos8$—E
’1“=\E(Id cosq — Ising) = —T
Y, cos9 — £ { sin8
= ——————sin(o ¢+ 9) — —=
X
d 4
U, 3 sin 3
=fv
|- el
L Uy cos8 = £
S FREE
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2Xx,
dzw P
S+ kd - =
ar TRy =L L
1 {3 Uakp 3 1
7= —— |22 Gng 4 S0 — - —
@2 X, a7y, X,

U, sin8
ELIPY (g7 +¢g) + ’"'X—sm(mot +1py)=

q

cos{wg t + 9)

! ] sin ZS}
X

Synchronous Motor

» Typical Starting
Curves
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Synchronous Motor

Stator

» High Speed = Low Speed

30




Rotors

High Speed Medium Speed Low Speed

4-6 Pole Solid 8-14 Pole Stacked >14 Pole Stacked
Rotors Rotors Rotors

Synchronous Motor

31




Synchronous Motor

Synchronous Motor
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Synchronous Motor

Synchronous Motor

General data
» Motor electro-mechanical characteristics are described
by:
* Nominal Voltage
*  Nominal frequency
*  Nominal Current
*  Number of phases
*  Number of poles
* Design class
*  Code letter
*  Moment of inertia
» All others (rated power factor, efficiency, excitation current etc.)
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Synchronous Motor

= Characteristic torque curves:
« 5kHp SM (1-PF=1.0)
* 5kHp SM (2-PF=0.80) -

* 5kHp IM / squirrel-cage (3) »v
20 | —7
=TV
- i
1.0 ,,J
s
05 =
[} A=

0 02 04 06 08°“10
n

Synchronous Motor

» SM Synchronization — Torque trajectory

T, (T4, 8) = Motor
torque

Acceleration
torque T,=T,+T4-T,

Successful

‘ Closing angle =0

Unsuccessful
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Mechanical Load
And
Train System

Load Types

= Constant Torque = Variable Torque

A
TORQUE

& TLO) = TLRy+ AT, fing 01 - 5)

TORQUE
Ty = Typp+ AT,0m*

/ k=12.3

T

T3

|

—tp—— e e o
] BCLEAARRRIGAUAHARRERS
!Eﬁiﬁ““siiﬁﬁﬁ_ AALRALL L §

v

SPEED
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Load Types

= Constant Power

»
TORQUE

= Constant Torque w/ High
Brake-Away

4
TORQUE

T \ |

SPEED

Ty(n) = A, + B@ + C@’ + D@’

Load Types

= Sub- and Super-Synchronous Applications

TORQUE 4

s
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Load Types

= ASD Application of Standard Motors

Thermal AN
Rating \__
f \
80 | \.\
50 %
|
4] 0.6 )8 1.0 1 16 18 2.0
Speed
u Load TypeS Load Torque as a Minimum
Applicati Percent Drive Torque
pplication
q Peak
Breakaway | Accelerating N
Running
Blowers, centrifugal:
Valve closed 30 50 40
Valve open 40 110 00
4 4 00
Centrifuges 4 6 25
ICompressors, axial-vane, loaded 4 1 0
ICompressors, reciprocating, start unloaded 0
Conveyors, belt (loaded) 50 0
Conveyors, screw (loaded) 75 00 00
Conveyors, shaker-type (vibrating) 50 50 75
Fans, centrifugal, ambient:
Valve closed 25 60 50
Valve open 25 110 100
Fans, centrifugal, hot:
Valve closed 25 60 100
Valve open 25 200 75
Fans, propeller, axial-flow 40 110 00
Mixers, chemical 75 75 00
Mixers, slurry 50 25 00
50 0 00
40 0 50
40 0 50
40 0 50
40 0 50
40 00 00
75 30 75
0 00 00
0 00 00
0 00 00
0 00 50
40 60 00
Pumps, vane-type positive displacement 150 150 75
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Inertia

Inertia
w n; 2 p Vi 2
Ip= z I ™ + z m; ™
i=1 i=1
w - numer rotating elements
p - number linera motion elements
Inertia
Inertia
J\
n,
[} J
MOTOR TV,
2 L
T
5
J, o L




Torsion

| Motor
Inertia

Torsion

T
_ L N\ (d 2
Tm— K + (JL+ ]'IIIDN )I{Etnm) + nmfﬁBL*’ BmDN )

N - gear ratio
J - inertia
B - dumping




Induction Motor

Starting Methods

Motor Starting — Induction Machine

= Motoring Operation

n<d a0 o<n<ny . nrng

&> (T3 {12820 a=l <0
— 1 —
Generator Motor Generator

Transformer Synchronous Speed




= Equivalent circuit of one phase of
induction motor
Zy£) = R, @j o ;
F(
R}
Zi(s,f) = — Xor
_ Re-Xaj ,
"7 Ret X j Ry 1._-5
Z(s.0) - Zu(D)
Z(s,£) := Z(f) + TCHILm 3 .
Modification for
U = U Variable Frequency
u(s,f) = E (1-s)
P
_um ) - Zn(D
I(s.f) == 7&-2(5,1‘) I'(s.f) = L(s,f)- 72',(s,f)+zm(f)
3-p 2
Te(s,f) == Tn T -(ll'r(s,f)l) -Re(Z',(s,f))
Motor Starting

= Direct On Line Starter (or DOL or FVNR)
* One Line Representation

B

b be 6o




Motor Starting

= Direct On Line Starter (or DOL or FVNR)
* One Line Examples

SUB 47213 13.8KV
i SUB 33-14 13.8KV
E} i izww mm
(L, (8] 6
f g i UNqIT g
e 24KV 480V 480V 423\1‘ cLp @
— 0%-1

Motor Starting

= Direct On Line Starter (or DOL or FVNR)
» Characteristics

LINE MOTOR
— STATOR
_—

0 30
60 = =
— e e R o e P
B ==l N
z [ S TR NG
g 40 = A\
& - - v N
] — - - W
2 P P T N
= - - W'I\ 10
— - PP S
0f — = - -
e W
______________ \
0
0 200 400 600 800

speed [rpm]




Motor Starting

» Reduce Voltage Resistor/Reactor Starter
* One Line Representation

1

]

RESISTOR R REACTOR

E}%

=

Motor Starting

» Reduce Voltage Resistor/Reactor Starter
» Characteristics

600 600

500 500

400 ™ 400

300 EMOTOR Ky d—J=sd I\ 300 |- EZOR Kva =
- -l —

200 I‘ pe o .f"""\\ 200 o l‘\\

TITITT CLErE LA (S O . Y [ Sy f— YL L
100 T =g 100 F o ToR TORAUE

—
0 20 40 B0 80 100 0 20 40 €0 80 100




Motor Starting

» Reduce Voltage Resistor/Reactor Starter
* Equivalent Diag.

Motor Locked-Rotor Resistance Quantities with the Starter In

Tap o value
Z; = Total input

impedance (.50 .65 (.80
Z, = Motor impedance
Rt  Starter resistance in percent /; 269.5 350.4 431.2
LI i percent I 1] 65 80
I g = Motor current with in percent T 12 54.1 819
the starter in. percem Tj 23 42.3 o
(b)

TABLE 5.3 Comparison of Resistance and Reactance Starting

No, Feature Resistance type Reactor type

Starting pf

Developed torgue around
75 to 85 percent n,

3 Heat loss (I"R)

4 Size

5 Cost

Higher Lower
Lower {15 to 20 percent T},)
Very high

Larger

Higher (15 to 20 percent T}
Very small

Smaller

Lower Higher

Motor Starting

Reduce Voltage Autotransformer Starter (RVAT or
Korndorfer Starter)

* One Line Representation
T

%R
:




Motor Starting

» Reduce Voltage Autotransformer Starter (RVAT or
Korndorfer Starter) — 2-Winding XFMR

* Characteristics

LINE 5 MOTOR
. | STATOR

€00 600
500 500
400 |- MOTOR Kva 400 - MoToR Rva T
200 —— ~ 300 - —
ot

200 LS\ 200 SN

IIIII sEmEw gena 'oo bt -
100 F4oTOR TORQUE [ MOTOR TORQUE

(1] 20 40 60 80 100

] 20 40 60 80 100

(a)

Motor Starting

» Reduce Voltage Autotransformer Starter (RVAT or
Korndorfer Starter) — 3-Winding XFMR

-
-2 iR '8
e N
-\ w
— '8 {5 'y 0 <4 ! = \
A e, i - g |
i A
sen o> <€ /
() =] LY
—Ly e == —— N
i 3

I

(b)
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Motor Starting

» Reduce Voltage Autotransformer Starter (RVAT
or Korndorfer Starter)
* Equivalent Diag.

Line current, f;;

Tap. Twa Three Maotor Starting
No " transformers  transformers  current, [, worgue, T,

I D5 275 165 25

2 065 448 208 423 254 65 30 423 55

3 0.4 665 399 64 334 B0 480 o4 832
oy mdy oy oly el wTy ol

10 50 300 25 325

a = voltage tap = VialVe
ILa = ol = motor current
Iy = ali, = o, = line current for (b)
= ol +0.15 I for (a)
T, = o’T = moter torque with autotransformer

Motor Starting

= Y/A (orDelta/WYE) Starter
* One Line Representation

ﬂm%
%mﬁﬁﬁ

%ﬁﬁ:ﬁ;‘g
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Motor Starting

= Y /A (orDelta/ WYE) Starter
» Characteristics

600
500

400 M
300 >
200 WMOTOR Kya —t-v- =N

100 FMOTOR TORQU
0 20 40 60 80 100

Motor Starting

= Wound-rotor Resistance Starter (Slip-Ring Starter)
* One Line Representation

I

g
{
&
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Motor Starting

= Wound-rotor Resistance Starter (Slip-Ring Starter)

» Principle

VYRR, > R, >R, >R=0

sEz2

Motor Starting

» Reduce Voltage Solid State Starter with V=var, f=const

(or RVSS)

48




Motor Starting

» Reduce Voltage Solid State Starter with V=var, f=const
(or RVSS)

1
|
1
i
|
|

zl

Ingn
]_aﬁ 3
1q | |
B
Llltlh
€

|

|

<

“

\

)

|
|
HOLOW

W

tHL

L

I

%
J%

|

L

{/

I

\

\\

—

Motor Starting

» Reduce Voltage Solid State Starter with V=var, f=const
(or RVSS)

» Caution...

49




Motor Starting

» Shunt Capacitor Starting
* One Line Representation

Start Only

1
Cap Bank fr\ {
¢

Motor Starting

» Principle

e IM3_2-GTG_LD
- L
GTGs - (2) GTG, LD - IM3 - Motor Speed GTGs - (2) GTG, LD - Main_Bus - Bus Voltage
— —
12 045, 12 2000 GTGs - (2) GTG, LD - IM3 - Reactive Power GTGs - (2) GTG, LD - IM3 - Motor Voltage
1.1 Eo1a4 E
0401 1750
10 g W F ] /t,
09f °FF oo 1500~ /
08F 030 08 F V /
E 1250
0.7 E o7 r
3 S025f35 = r
C) = Ca o r
So6E7 =206-£% 1000
e Co20L 2 = C
805E£3 ° ER05E F
S a S © 750
>04-£0015F> 045 C
5 £  EQ = =
g 5 = 5 r
o - -
2038, 202 3 500
@2 l=E E 02 F
r 250
01 °%5F o4 r
00 0.007: 00 0 C | | | | | | | | | | | | | | | |

0.0 25 5.0 75 10.0
Time (Seconds)
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Motor Starting

u PrOblemS IM3_2-GTG_LD_1CAP

10 @01, 0 G s od 1010 U CA - Hiain
TG ()GTG (1GP 1 GT6: 0)6T8 ()oe Ik

- Multiple steps N

required

cc
S
o
g

» Overvoltages £os 2 e
« Special control /\

(motor speed)

00- 00 00 0. Ll L L

« Not suited for o
e IM3_2-GTG_LD_1CAP
Islanded =

systems

Line Current (pu)
o

|G —

SQJ

L L
75 100

00 25 50
Time (Seconds)

Motor Starting

= Problems
» (3) steps (i.e. 3x CB)

Bk IM3_2-GTG_LD_CAP

G | VL AP B3 b et STV G T, R B e

—
ferns (.. Oy

G - T TV, SN I - et ot Py
1 030 1 i LN A M L e i G T A - e

@30 0 L

E gpk 025+
s i

r D& IZ

820+
oF

020 N
‘ Lo
2 BTS2
E015+- 805 B v
Wi
=] Y i
8 25 E g0 | S
oot [ 8
%% ThHas ks [
g TEa L&

“o2 ‘:§ I
085 i R

F o1l P
eoc! oef amc :

6.0
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Motor Starting

= Pony Motor (not Jacking Motor
* One Line Representation

&

nq P—
)
Ji ns f\ n,
] \’\_A/ ] LOAD
g Ja
- -
Motor Starti ng - Lomparison
Table - Motors Starting hods / C i
Load with | High Tersional Locked Fotor Maximum HMotor
ltem | Train Starting Stiff Woak High Stresses Not | System [ Line |\ " “[Duratio | Cost | Starts ot
® Method Network Network Breakaway | Allowed - Fast lssues  [Inrush | 70°9¢ | SELE | Ipul | Per oles
Ipu] Ipu]
Trogue Ipul [sec] Hour
Frofered T
P —— valtage drop [Fesultsin Prefereatle: oo | os | 50 | s | w0 | 1
excessiveuse  [unaceptable | otherwise use
278 voitsge crop___|4,5,6 ot recomendedt
Evaluste:
2 [Reactort Fesitor Start Oy is FVNRis  [regalive Lse 4,5, [Not 35 s | 35 | se | 1. | 12 070 Tep
ot ccceptatle |8 Prefered
Evaluste:
3 |AvaT Orlyis FVNRis  |negative use 4.5, [Not 25 |03 | zs | sm | w | 12 070 Tap
ot ccceptatle |8 Prefered
Capsators
used as Flesanance.
4 [Shurt Capacitor netierk eckloback |y | oee | w5 | 1e2 | 25 | 12 5032k VAR Correction
support may switching
Freferedncost [allow 3 FUNR overexcitatord
ot recornenced | basis start ded_|stabilty
No problems.
5 [WoundRoter IFsoftstar Quaranteed w | ew | s0 | 12 | 20 | 12 100% LAT lirit
required G start Prefered
NG staring
Use i capscit blern
6 |Fory Mator oo capaciter - problem tor 12 0% | zo | ma0 | 18 | muliple
startis Urioaded
Mot recormended _|unsucesfull | criven ecp
Evaluse:
7 |Avss IFsoftstart regative use 4, 5. [Not 35 [ o8 | 35 | w0 | w | 12
required s Prefered
Fveltage drop i
o \coptve Tromst e Uity network|Evaluate; if Use i valtoge
aptive Transfromer |, ogstobe negative use , 5, [Not stepdonn function s
mirirized recuiredt
Mo problems.
g |[reatenetVallage S e ot cian guerartesd I 13| e | 20 | A | 25 |Mukpe 45 pues
required Guarantesd start_|start Prefered esenance
o problems.
L el [ guerartesd I 13| e | 20 | A | 25 |Mukpe
required Guarantesd start_|start Prefered esenance
[E— o problems.
T e 95 if saftstan guararteed Specil \iF-cons!, Special Consiceration
solatedBue required Guararteed start_|start Prefered
A Proniovs Motor Sty 35 | 08 | @i % | & | 12 Brushiess Type

Cost and system pararters based on 10kHp molar selection needed for mechanical rain.
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Motor Starting

= Captive Transformer Starter
* One Line Representation

%ﬁ@www

Motor Starting

= Captive Transformer Starter
» Actual One Lines
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Motor Starting

= Captive Transformer Starter
» Actual One Lines

Motor Starting

» Reduce Voltage Solid State Starter with V/f=const,
Thermal Limitation
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Motor Starting

Variable Frequency Drive Starting and Control

I

-

Motor Starting — Special Methods

CONVERTER #1 CONVERTER #2

PHA PHE PHC FHA PFHE  PHC

PHA PHE PHC PHA PHE PHC

CONVERTER #3 CONVERTER #4

IREFRGERATION SRR FOR APTIAP-X

Genarator

Heiper
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Motor Starting

» Variable Generator / Isolated Bus Motor Starting

 Principle: use turbine/engine together with generator
as a “VFD” starter.

Starting Large AC Motors
Day 2

For

|IEEE Houston Section — CED Seminar

By:

Roy Cosse, P.E.
Robert Spiewak, P.E.

Presentation Code: 214

March 22-23, 2016

56




Motor Starting

= Typical Application - DOL

UTILITY SUPPLY UTILITY SUPPLY
138kV 138kV
SUBNO.1 SUBNO.2
[V T
5 Plant Boundary

T T2
138KV-13 8KV =l 138KV-13.8KV ui

25MVA A 25MVA A YY Y N

[U1]
2:=0.10pu J | [ Z=0.10pu
[M1]
M1

15 MVA, 13.8kV, PF=0
10kHp, 13.8KV, Xs'=1/6pu 5MVA, 13.8kV, 88

X/R= 30
PFgar= 0.15
PF,=0.90

Motor Starting

» Typical Application — Cont.
+ Condition 1 — S,;=4000 MVA, X/R=5
o Both T's On-Line
0 One T On-Line
+ Condition 2 — S,;=1000 MVA, X/R=5
o Both T's On-Line
0 One T On-Line
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Motor Starting

» Typical Application — Cont.

+ Condition 1 — S,;=4000 MVA, X/R=5
o Both TRs On-Line
o One TR On-Line

IM1_4000MYA_
fuds —
00 WA - TR - - Moo Spead A0 A - TR - 3 - Mk Sooud
T o
AT R, - VTR - XORY Enn - S W SO0 B - FTR - U3 Ba - B YoRags

Motor Starting

» Typical Application — Cont.

+ Condition 2 — S,;=1000 MVA, X/R=5
o Both TR’s On-Line
o One TR On-Line

k1 _1000MVA_ Comp
— =
TR - (TR 801 - Motor Speest VLG MASA - TTF: -7 Rtk 2enss
— —
100 WA - T TS B - B Velige 000 NIA - DTR - 15 BV B - B Velage
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Motor Starting

Typical Application — Comparison

e IM1_14CVA_V_Corp
— —
S0 WA T - - W Spamad AR R - T - - Rt €
o —
TO0G BHTA TR T ey Taeed. A3 TR - TTR - I - Ktetor Taesd
e :
NI LA - 4T - 13 Bk B - B it A0 WAV - FEFE- A B - B Wiogn
— —
A0 P - TR = TRSY B - Bun wnifage KA IV, - ZTR = 15.56V Fuss - Bus vierlaps
i.000+
F 103
575 |
LS
5092 [
2
o
gu,sm-g——ism_
Soars :E
-
m'f 02
oomzs |
= cog I L I
a 5 T
Motor Starting
= Captive Transformer
UTILITY SUPPLY UTILITY SUPPLY
138kV 138kV
SUB NO.1 SUB NO.2
}
Plant Boundary
T T2
138KV-13.8KV Al 138KV-13.8kV Al
25MVA AYYYN AT 2BWA YV AT
2=0.10pu } [ 2:=0.10pu ]
N 0~
Y 3PH, 3W, xxxxA, 13.8kV, 60Hz Y
T3
13.8kV-4.16kV  \AAAS H1
75MVA  AYYYN
2=0.075pu

SL1
15 MVA, 13.8kV, PF=0.88

™

M1
10kHp, 4.16kV, X4"=1/6pu
XIR=30

PFyar= 0.15
PFrur=0.90
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Motor Starting

= Captive Transformer — Cont.

+ Condition 1 — S,

o Both T’s On-Line
o One T On-Line

+ Condition 2 — S,

o Both T’s On-Line
o One T On-Line

=4000 MVA, X/R=5

=1000 MVA, X/R=5

» Condition 3 - Change voltage from 13.8 kV to 13.2 kV

Motor Starting

= Captive Transformer — Cont.
+ Condition 1 — S,;=4000 MVA, X/R=5

o Both T’s On-Line
o One T On-Line

IM2_CapTR_4GVA
P e S o oep ot e
i B g S e i

1500~ 10 [
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Motor Starting

= Captive Transformer — Cont.
+ Condition 2 — S,;=1000 MVA, X/R=5

o Both T’s On-Line
o One T On-Line

i
1600 | 10
N F
vams L E
Coarp-
0950 i
=3 L0
2 g8
§“ﬁ_§”{
2 oy I
i
goa00 2o,
DATE—

(e —

Bi-

R + CETAL- ST - e e
—
AR CanTR IR - 1AM G- Desiabge  PIENWA < TopTR- TTR - 1545 - B Vokage

INZ_CasTR_1GVA

TETEH, + DT - T WG - i Ty

e e

Motor Starting

= Captive Transformer — Comparison

=====

19T 978 [
1300 | spor
sso
18380+ 1260
= :m—:§
g E
g - 1600+
B 127501 E
E § TS0
S pasqn L@ L
g :E 50 [
122804 L
tmoaq 29

IM2_CapTR_1-4GVA_Comg

AR < Gart™T7 ETH N2 Mot L
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Motor Starting

» |slanded Systems

GTG1 GTG2 GTG3
30MW, 0.80PF, 30MW, 0.80PF, 30MW, 0.80PF,
13.8kV, X4"=0.18pu 13.8kV, X¢"=0.18pu 13.8kV, X4"=0.18pu
SG3
é@ —
IM1 St
15 MVA, 13.8kV, PF=0.88
10kHp, 13.8kV, Xy"=1/6pu ! ’
X/R= 30
PFean=0.15
PF.,=0.90
Motor Starting

» Typical Application — Cont.
« Condition 1 (TMS)

o Large IM start only, no other loads
0 (3) GTGs On-Line

» Condition 2 (TMS)
o Large IM start only, no other loads
0 (2) GTGs On-Line

» Condition 3 (TMS)
o Large IM start only with other loads
0 (2) GTGs On-Line

» Condition 4 (TMS/ISIM)
o Motor inrush 6x FLA
o Motor inrush 3x FLA
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Motor Starting

= Condition 1
« Large IM start only, no other loads
* (3) GTGs On-Line

i IM3_3-GTG_NolD

O & - (33 BT3, Mo T - IM3 - Moior Voliage

100
148 100
7 - BTE
TE o ATE o -
: =
A S
s
g —g §_9m
FLHO—FC0—n
-
3 ‘3 3
= i =
e2s5— oas— A
B- El0- B

Motor Starting

= Condition 2
» Large IM start only, no other loads
* (2) GTGs On-Line

_ Metee valtage fp)
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Motor Starting

= Condition 3

» Large IM start only with other loads

* (2) GTGs On-Line

1040

_q
R A
= o

e

Mo VOItage (o]
- £
b & ]
il T
Sus Vorege {0y

Motor Starting

= GTG Condition — Comparison

10+ 10—

B
&

Ll f-l";ﬂf.]?lf-‘-«?
Z
e
Bus Voltags [pu)
=
2
Meter Boesd [pu)
bl
@

i
5
o
w
o
£o)

T oo

&
g
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Motor Starting

= Condition 4
* Motor inrush 6x FLA
* Motor inrush 3x FLA

5T (IR ol 0 - 183 - Wt Sieret
i ()T L 361N Moo St
T - {3 T, ML) - M- s Vabugs

e D By VnEage

M5 GTG Gompz

T - VT, LD -0 - s B

b
[
—
—
TG - ) BTG, M
g
_ &
om  OF
z =
- z
E oz
Eam—2
s _E
3 Soa
(3
0z
a1 /
- ool A

Motor Starting

Motor Voltage (pu)

= Comparison — TMS vs. ISIM

Transient Motor Starting

aras- meTa o e
T8+ 2576 Notd -1 aage
2000 oTos-3 675, B a am
F = T
100+ 1.00—
1500
075+ 075— _125
5 =
12 &
fo  -Z1000
L
050 | 50.50 L
LS & 75
[z -2 E
2 g F
2 3
= 500
0251+ 025— -
250 [
0004 0.00- e L L o

0.0 25 75 10.0

5.0
Time (Seconds).

Dynamic Motor Starting

50
Time iBecamgs)
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Motor Starting

= Comparison -
System Element Models vs. Calculation Method

Power System TS-Ti ¥ ic Motor | Static Motor Notes
I ISIM - Ind ial Sil TMS - T Motor Startil
c " b i Model Constant Voltage Constant Voltage
enerator mamic ode!
v Behind Xd' Behind Xd'
Exciter/ .
Dynamic Model Not Modeled Not Modeled
Governor
Utility Grid/ Constant Voltage Constant Voltage Constant Voltage
Interties Behind X", or X' Behind X", or X' Behind X", or X'
Dynamic Model or
. Constant kVA Constant kKVA
Running Motors Constant kVA

(>0.90xRPMn)

Single Brach, Double Branch, or
Block Diagram

Single Brach, Double Branch, or
Block Diagram

Single Brach, Double Branch, or
Block Diagram

Starting Motors

Singlel, Single2, DBL1, & DBL@
Models

Single1, Single2, DBL1, & DBL@
Models

Locked-Rotor Z and
Power Factor

Single Brach, Double Branch, or
Block Diagram

Single Brach, Double Branch, or
Block Diagram

Single Brach, Double Branch, or
Block Diagram

Starters & Control
Models

Not Modeled

Modeled

Modeled

Modeled

Synchronous Motor

Starting Methods

66




Synchronous Motor Starting

Fivie L]
£ s @ guezer
r
L

— Akeastat
BRUSH-TYPE SYNCHRONOUS MOTOR
e B e [T L LR 7 | AC)
1 i ==
"_| r ] Reciifier 1
i [ rl iodts | Rectitier
| — TTT |
’cﬂ.ﬂr.rﬂf:' ] tlfn'l
™ % l Chrev : Ly Fal
| Gt 54
T e - TET ;
I 31'3?&" | e : Rheoatat
1
S S e l

BRUSHLESS-TYPE SYNCHRONOUS MOTOR

Synchronous Motor Starting

FREQUENCY OF FIELD-DISCHARGE CURRENT MOTOR SYNCHRONIZED
60 CYCLES 30 CYCLES 6 CYCLES 3 CYCLES

0% 50%
CORRESPONDING MOTOR SPEED

FIELD EXCITATIDN
APPLIED

INDUCED FIELD CURRENT

in

A

Rotor pulls promptly
in i

witlln:lt pole slippage

TIME (seconds)
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Synchronous Motor Starting

FREQUENCY OF FIELD-DISCHARGE CURRENT MOTOR SYNCHRONIZED
60 CYCLES 30 CYCLES 6 CYCLES 3 CYCLES

FIELD EXCITATION

0%
CORRESPONDING MOTOR SPEED APPLIED

(=45) Pull-n
Eectrical 0
Degrees 135 90 45 0 M5 270 0
Rotor Angle

Synchronous speed

Applied gy

Trapped Flux 2B
l)'/}\\r.ﬂsynl:hrcnuus spaad
b

Fioid Discharge
Loop Opaned

/ Excitation applied

13t
{Inducad)

Synchronous Motor Starting

Approximate speed | Load inertia =0 times mofor inertizy

from which pull-in { Lood inertia= motor inertioy ;'
will occur with | Zero Joad inertia £
0 == e —— T

08 2%
_
e
SO
a6 tarque load
'E_ (a motor with
v A
Eo4 :
:,_ { Motors for N\
o AR generol purpose

[ =]
3

R or for constant

(=]

Per Unit Torque
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Synchronous Motor Starting

Total
/
ZODFG.‘..-_‘ 7
| h"&-\L-
® |
2 150+
= Cage— "} 1
- i Contribution | \ l’
$ 100 | AW
%‘; | Salient Pole
o Contribution
SQL —_ / 4
—~ 17 It
| , b
| i
ol - ]
0 25 50 75 100
95

Percent Speed

High-Starting Torque

g8 8

Percent Torgue

wm
<

o

Cage
Contribution |

- -+
Salient Pole

Conltribution \}/1
e

b S

50

Percent Speed

| 100

Medium-Starting Torque

Synchronous Motor Starting

» Approximate starting torque in kVA of SM

700

600

500

\

.3
o
o

W
O
o

N

o

N\
S

Percent of rated kVA
-

o
=]

100% PF,
80% PF,

NEN

(@)

0o 8

16 24 32 40 48

Poles
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Synchronous Motor Starting

High
Discharge
Resistance
. /3\\\
g
£ 100 __.._—-/ f
: Low Discharge \J
& Resistance |
£ 50 i —
d I
I
0 i
0 50 85 100
Percent Speed
Starting Torque Control via Starting and Pull-In Torque
Discharge Resistor control by resistivity of

damper winding material

Synchronous Motor Starting

Example of damper and field winding interaction
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Special Consideration
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Special Consideration

= Harmonic Flux

Special Consideration

» Harmonic Torques
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Special Consideration

= Typical Slot Design

Special Consideration

= Typical Slot Design
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Special Consideration

= Others:
» Number of starts (or restarts)
» Process special requirements vs. thermal lockout
» System stability
» System harmonic resonances
» System sub-synchronous resonance

Calculations, Data, Simulation, Applications
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Calculations, Simulation, Applications

Software

= ETAP, SKM/PTW

+ Sufficient for DOL starting and reduce voltage discrete
calculations; not applicable for RVSS starters analysis

= SPICE, MATLAB, EMTP-ATP

» Applicable for motor starting analysis with control loops
considerations, can predict waveforms and effect on power
system

= Custom Software

» Write own software utilizing Compilers or high level language
(i.e. Matlab)

= Hand Calculations

+ Utilize MathCad or other mathematical analysis package; must
understand electrometrical theory

Calculations, Simulation, Applications

Equivalent Schematic Parameters — Calculations
Motor Data

P, :=1200Hp f, :=60Hz fs =1, p:=2
P, = 895.2kW

U, :=4kV my, = 1.8

PF,:=0.87 n, :=1789[RPM

N, :=0.9595

ip:=5.0

m.:=0.7
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Calculations, Simulation, Applications

Equivalent Schematic Parameters — Calculations
Nominal Parameters

Pn

L=—— I, = 154.79A
rI n B/—3 D’lll I}Fll
Py
T, = T, = 4778.38N [ T, = 3524.36ft-Ibf
nﬂn
30
2 O, 60, 1
W, = ng = w, = 188.5s ng = 1800RPM
p p
n, —n
§y1= — s, = 0.0061
nl’l
U,
Z,:= Z,=2.98Q
\/3 Dr Dl’l

Calculations, Simulation, Applications

Equivalent Schematic Parameters — Calculations
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Equivalent Schematic Parameters — Calculations

Iteration starting parameters:

R,:=0.001(Q X, =020
Given { From motor equivalent diagram }
z,= R+ %]
R,
2
m, [0, = — E( ] D—
Vi) R2ex

R,
[X ] = Find(R,. X,) R,=0.7Q X,=290Q
z
Design Class Wound
A [ C | 1] Raotor
% | 05 04 03 05 05
X% 05 0B o7 05 05

Calculations, Simulation, Applications

Equivalent Schematic Parameters — Calculations

R,0— =0350Q
Re=R.0O0 R¢
5 <
X=X, 0= X, =1.45Q
10
R, =R, X=X
1-n,
AP, =P, (—— AP, =37.79kW
Na
3.2
APuy= =00, R, APy, = 25.22kW
AP, :=0.01P, AP, = 8.952kW
APy, = AP, - APu, — AP, APy, = 3.61kW
2
Un
Rpei=—— Ry, = 4426.97Q
APye
Un
1= I = 0.52A
V3R
Ip:=20% OO, I) = 30.96A
L= y1o - 12 I, = 30.95A
Un
X' == Xy = 74.61Q
V3o,

7
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Equivalent Schematic Parameters — Calculations

Z() =R, + ?f 0 00X, Change "f" only when analysis with VSD

d R" f 4
Zi(s,0 = — + — G OX,
s h

£ 0.7 £
1) R X, G
1 fe
R, Xy [ iy h "
i (0=
Re+ X, O 0.7 R
— Ry, + — X,
25,9 () fn] ety Pl
Js D =740 +

Z'\{(s,f) + Zin(f)

U(t) = U, O
fn

n(s,ﬂ:=ﬂﬂl—s)
p

u®

I(s,f) = I'(s, D) = 1Is,
(s, ) (s,0) :=1(s, D

Zin(D)
D—
Z'(s, ) + Zin(H)

cpo= Py 2 ,
Tys, 0 Zm[fE(lIr(s,t)l) Re(Z(s.1)

Calculations, Simulation, Applications

Equivalent Schematic Parameters — Calculations

Nominal Slip Calcs

50=0.0100
Given
(s £) T[Ehz(; )=P + AP
A= Find(s) sp = 00228
o= [ )] I, = 147.59A
o= Tesut)

T, = 4908.38N [Om
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Equivalent th P Sl e G
Schematic a7 S W

Befors starting calculations, fill in following items, obtalned from previous tests.
= phase volts I a vy from Form F-2

also all the itams below which are marked with an asterisk.
arameters — mume  vas of » commepontag 0 sxpectad o pesd 05 1o poit and groperiona aesfo otz

loads. For motor operation ¢ is positive, as are all other numeric values below, Number In () represent item number,

I E E E 1 1 2 Ttem] Description 1 ) 3 4 5 [ [ 3
v, por oo

7 e
L
Y EAORIC
B |5, (/)
#re

g

6
7[g=®)+8)
8] - &= (3N
9| -bw=

0 [-b=(8)+(9)

V= (17 % (10F
g = (N1

+, = resistance per phase,
r=(12)+(18)

zg = QO)(11)

o
FIGENT)
Z=J{1ay +

= Vi(18)
4LV a1

atts Tnput = m + (19) - (14)
oo Tnput = m + (20)' + (2
tator 'R = m + (19 + (13)

re Loss = m - (18)* - {6)/(11]
Sec. 'R = (1) - (22)
26 | Friction and Windage Loas
27 Wep = Wy - (2002
28 | Losses=Ttems (23] through (27)
wotta Output = (21) - (28
EXE. (%)=100 * [1- (28)(21)]

PF (%)=100 - {14)/(18)

Fp Output=(29)/746

Speed= {1- (1)] - Sync. speed
Torque=X7 - (29Y/(33]

8
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Equivalent Schematic Parameters — Sensitivity
Calculations

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 25, KO, &, NOVEMBER/DECEMBER 1980 1035

Parameter Estimation for Induction Machines
Based on Sensitivity Analysis

SOMCHAI ANSUJ, sempeg, iee, FARROKH SHOKOOH, sesior MEMBER, IEEE, AND
ROLAND SCHINZINGER, SENIOR MEMBER, [EEF

Basis for ETAP Motor Estimating Calcs
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Equivalent Schematic Parameters — Sensitivity
Calculations

OCUME~1\ROBERT~1\LOCALS~1\Temp\TEMPOR~ 3. ZIPAINDSYNW.EXE

6 _ch. name + ext
enter w/s/d/b

= deep bar

[Power factor
[Full load slip
[Full load eff’y < 1-slip /B.75

Etarting current pa-u.
i H

no entry required pou.
W const. kWs/kUA
Kis/kURA or ft—1h"2 o g R*2 1b—ft~2
p- o

EMTP-ATP Group Software

Calculations, Simulation, Applications

Equivalent Schematic Parameters — Sensitivity
Calculations

Stator resistance p-u. -a088182
Stator leakage reactance x1 unsaturated * -a5775%
Stator leakage reactance xlsat saturated * p.u. .824852
Rotor x1’s same as stator

Magnet ng reactance xm no saturation -u. -523048
Rotor outer cage re tance I -

Rotor inner cage resistance »2

Rotor inner cage reactance x2.
Rotor type E

# these are the components of the leakage reactance
the total unsaturated value for bhoth_the sator and rotor is 2 » x1
uvhile the total saturated value i 1 where xls is based on
saturation at the value of the starti rrent
turation is taken for the rotor inner cage reactance

EMTP-ATP Group Software
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ul
Isc 3P 150.0 MVA
Ise SLG 36.0 MV

13800 V

auls  TRI
Size 3250.00 KVA
Pri Delta

Sec Wye-Ground
PriTap -2.50 %
%2 5.7500 %
XR11.0

B2
4160V

CB-001
[m]

CBL-0001
24410 MV

150.0 Meters
Ampacity 560.0 A

B3
4160V

o

M1
2500.000 hp
Load Factor 1.00
X"d0.17 pu

Calculations, Simulation, Applications

Pt D D8 s b G o e
BE SN Lk S0 AEe -

- W TLA L *
R ] ER N

& SKM Power*Tools
@ Project Document Edit Wiew Run
BO £3 0 B I MR L | M2
FEEEEY k.
i =G 5 7T O
EER
E=1f@ Transient Motor Starting
-

ER= L
_ M1
= C2RVAT @ ES%

1

T T These  Tiwiime

£3 RYSS U=var
M1
C4 AYSS I=var

) i e |

WH
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DOL Start 2500Hp
—

0.2

01

=
L

0.1

— J—
§1-C1D00L-B1 - Bus Voltage S§1-C1DOL- B3 - Bus Woltage §1-C1DOL- M1 - Motor Speed
e —
114 104 11 S51-C1DOL-M1-Line Current 51-C1DOL-M1- Acceleration Torgue
9L 1.04- = —
s 097 /
[ 084
.- B _7p/
207 E o7 f
3 (272 3¢
Sosfs [gosfyost
= 3 @ g C
- 2 sf2 FE F
s 5 Lo 5] C /
BOSED  [HOSLTOSL
& (2 5 psE
I R = e /
2oat [ oaf o4l
r o3t £ £
o3t Tr osf osf \
2’; 02+ F

00- 0~ 00~ 00

4
Time (Seconds)

Calculations, Simulation, Applications

. RVAT Start 2500Hp @ 65%
— —
S1- C2RVAT @ 65% - B3 - Bus Voltage S1- C2RVAT @ 65% - B1 - Bus Voltage
= =
S1- C2RVAT @ 65% - M1 - Motor Speed S1- C2RVAT @ 65% - M1 - Line Current
—

S1- C2 RVAT @ 65% - M1 - Acceleration Torque

10+ gf 10f 10 /
3 E 3 y
E L [ 1 o
£ i r /.
Fosf U0F 0% / /
08+ [ 08f o084
Pt E E 7/
3074 o7 07y
s (2% [E ¢ /
g = [zoefal
= :@5—3’) LY [
S [3Ee s F
205 Flost=o e
s 2T U
5 Fs F3 F
T =3 [m C
504 E oaf 04
< r E £ [
[ 3 £ £
[ 03f 03l
02 s 02+ 024 \
EOTE o1 o
0.04 0:00;00’”””””uuuuuuuuuuuuuw\guuu

4 5 6
Time (Seconds)
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son1 RVSS Start 2500Hp @ U=var
— —
$1- C3 RVSS Usvar - B1 - Bus Voltage $1-C3RVSS Usvar - M1 - Motor Speed

=) =)
51-C3RYSS Usvar - M1 - Motor Voltage 51- C3 RVSS U=var - M1 - Motor Stator Current
—

51- CBRYSS U=var - M1 - Acceleration Torque

1.1
10£ of 104 104 “ //
08t of osf 09 // /
08+ L ost 084 7
E 7T F E
207f2 [_o7f o B
s F5eTE f3 E
Sosf5 [30sf30 B
SRR SRS A £
5 Fg T2 For =
20548 [705f50
£ B fs F2 L
s Fs 418 2 =
204fs [ToafT0
< [z E £
£ 3t F £
03+ [ ooaf KRR ‘
02+ 2T 02+ £ - \
o1f 't ooaf -
Og,:g,’oo,: F. P T T T S T S T T O T A Y L

3 4
Time (Seconds)
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smom RVSS Start 2500Hp @ I=var
— —
S1-C4 RVSS |=var - B1 - Bus Voltage S1-C4 RYSS |=var - B3 - Bus Voltage
= =
S1- Cd RVSS |=var - M1 - Motor Speed S1-C4 RVSS I=var - M1 - Line Current
—

S1-C4 RVSS |=var - M1 - Acceleration Torgue

/
e

|
=

T

|

©

N

®

-

/
va

o
-
!
TTTT

=}
=
i

\

=}
o
i

Line Current {pu)

T
Bus
T

o
=
L

Acceleration Torque {pu)

0.3+

0.2+ 02

TTTT
R

01 0.1

e
o
o
T

=

of

0.0- 00- 00

3 4
Tirme {Seconds)
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7

Motor Speed {pu)
T

o Comparison
— —
S1-C2 RVAT @ 65% - M1 - Motor Speed S1-C3RVSES U=var - M1 - Motor Speed
[===] =
1 S1- C4 RVSS I=var - M1 - Motor Speed S1-C1DOL - M1 - Motor Speed
104

e

——
\

~.

AN
AN

=3
o

o
=

=} o
=) =
Frerr

5
Time (Seconds)
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248

Motor Torgue (pu)

o402 Comparison-Torque
— — =
S1- C2ZRVAT @ B9% - M1 - Line Current S1- C3RVSS U=var - M1 - Line Current $1-C1DOL- M1 - Line Current
=— — —
51-C4RVSS | 1 - Line Current 51-C1D0L - M1 - Motor Torque 51- C2 RVAT @ B5% - M1 - Motor Torque
— —
304 10 51- C3RYSS U=var - M1 - Motor Torque 51- C4RVSS |=var - M1 - Motor Torgue
251 r

—

N
—
B
T —
E————

[
[~

\.
)

&
——
Line Current {(pu)
T

g
r
P
K

05+

\\
=

\\\
\.
:

0.04 0 T T T Y Y A B B Y B A B

5
Time (Seconds)
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DOL Start 2500Hp (Gen)
— —
£1-C5DOL, Gen- B3 - Bus Voltage S1-C5DO0L, Gen - B1 - Bus Yoltage
— —
51-C5DOL, Gen - M1 - Motor Speed $1- C5DOL, Gen- M1 -Line Current
—

S1-C5DO0L, Gen- M1 - Acceleration Torgue

[ oF 10f 10f-H

*1 E ooy //
[ £ o84 /

1 T S = I

o B — |

= 3913 F

2 ta& & ra r

S L& [go6rgos)

e 5 .re e [

C15+E 5L 2 £

s |3 L@ I

O[S fg° E

5 2 Fs E

s roSdr= r £

g+ F 04+ 04

<104 E L / \
L 03+ 034

054+ C E ’______’__,/
L E S S R
I F

00: 0,’00:00’\HHHH\|HH\\\H\\\l\mm\qmum|

4 5 [ 7 8 9
Time (Seconds)
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Gl ul
8750 kVA Isc 3P 150.0 MVA
X"d 0.2 pu Ise SLG 36.0 MV,

Bl
13800 V

>
g
pER

B2
4160 V

CB-001
[I: CBL-0001

2440 MV
EPR
150.0 Meters
Ampacity 560.0 A
[ B3

4160V

o
M1
2500.000 hp
Load Factor 1.00
"40.17 pu
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R DOL Start 2500Hp, AVR1
— —
$2-C1DOL-AVRT - G1- Speed $2-C1DOL - AVR1 - M1 - Speed
[ m—] [ m—]
454 124 $2-C1D0OL - AVR1 - G1 - Terminal Voltage $2-C1DOL - AVR1 - G1 - Excitation Voltage {pu)
(- [4 |
[ 11E 47e0 — — [ e —
10+ E L
[ 10f [
a5 E 1500
[ o8t [ /
304 08l r
F Fo1zs0 /
2 FZ F r
2, .ol s L
g25T% g r
s 1305—1;1000 t
= z O[3 [
220+ (& L
Eolteste [
R R
15+ 04f r
F oosf 500
104 £ r
[ o2f [
057: E 250 i
C o1t [
00:00; 07” T T T T Y T M B
0 1 2 3 5 6 7 8 9 10
Time (Seconds)
Calculati Simulation, Applicati
alculations, Simulation, Applications
o DOL Start 2500Hp, AVR2
— —
$2-C2DOL - AVRZ - G1 - Speed $2-C2DOL - AVR2 - M1 - Speed
[ m—] [ m—]
454 124 $2-C2DO0L - AVR2 - G1 - Terminal Yoltage 52 - C2DOL - AVR2 - G1 - Excitation Yoltage (pu)
[ E N ——;
4.0+ [ 1750
[ 10+ r
351 E 15004 f
30 08l N /
z [z © 12504
a2 3
e .o’ s [
§25 5 Iz r
s I3 N
=
s r
£ [
%
w L
05t [ 2507
Lot [
0 1 2 3 7 8 9 10

4 5 6
Time (Seconds)
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11
Ub_1Gen_KCR

Ub_2Gen_KCR

Ub_1Gen_DECS !

WW

Ub_2Gen_DECS

—— Ub_1Gen_KCR
e I /22 N R —— Ub_2Gen KCR
—— Ub_1Gen_DECS
— Ub_2Gen DECS

0.8
0 5 10 15 20
Time
2000
I P R A 1506
1500
RPM
—1000 Ub
Amp 08
500 0.7
0.6
0
0 10 20 30 40 05 2% % P
Time Time
. . . . .
Calculations, Simulation, Applications
1.2
Ub_1Gen KCR | |
Ub_2Gen_KCR
Ub_1Gen DECS |~ | — J/~ |- |77 7
Ub_2Gen_DECS
- 08 —— Ub_1Gen_KCR
—— Ub_2Gen KCR
—— Ub_IGen_DECS
— Ub 2Gen DECS
0.6
0 5 10 15 20
Time
2000
1500
RPM
1000
Amp
500 [
0
0 10 20 30 40 05 2% m p

Time Time
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5000
Pipso 3500
prso
2000
I,tlp
Qtlp
500
~1000
0 20 40 60
Time
2000 12
—— Mot RPM —— Ub_fpso [pu]
———— Mot Amp ----- Ub_tlp [pu]
1500 1.1
RPM
1000
Am
500
0 0.8
0 10 20 30 40 0 20 40 60

Time

Testing/Protection
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Testing/Protection

Motar Analog Inputs

u LEATUET MOTOR STRITIG BATA
Acceleration Time 18s Actalerstion Tima 18
Starting Current 6068 Starting Curremn A
Starting Capacity 20% Used e | Siarting Capecity 2 % et
Last Acceleration Time 15s L T 8.
Last Starting Current 12564 Lawt Siarting Cuerent CoT
Last Starting Capacity 16 % Used Last Starting Capacity 1%t

L K LEAIBED MOTOR LOAD

{ pes———— o | Avoragn oL e

Motor RTDs Analog Inputs
o
u
Aeccloraton Time 20s
tarting Current T owa
tarting Capacity | nuUsed o |
Last Acceleration Time 5o ;
Last Starting Current T rinesreen |
Last Sarting Copacity | mnused

L L

Testing/Protection

8000 100
7000 T %
T8 Avg Phase Current (A
6000 —— Awg Phase Current (A)
T 70 |—— Ground Current (A)
5000 1 60 Awg Line Volt (V)
—— kW Power (kW)
4000 A T 50
—— kvar Power (kvar)
3000 1 T 40 T.C. Used (%)
+ 30 |—— Hottest Stator RTD (° C)|
2000 1 59 [——— MotorLoad (x FLA)
1000 = 1 10
0 — 0
0 200 400 600 800 1000 1200
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Testing/Protection

2000

1000

120
1 100
—— Aw Phase Current (A)
1lg |— Aw Line Volt (V)
Current U/b (%)
s | kW Power (kW)
—— kvar Power (kvar)
0 Hottest Stator RTD (° C)
T — T.C.Used (%)
—=— Ground Current (A)
T 20
0
1400

Testing/Protection

120

100

80

60

40

20

6
—— Hottest Stator RTD (° C)
5

—— T.C.Used (%)
Motor Load (x FLA)

J




Testing/Protection

LAST "BLOW- Phase B Current (Amps)

il
D

R

Testing/Protection

— LINE|

100 200 300 400 500
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