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GLOSSARY OF TERMS 

Accelerating thermal limit: The time-current relationship limit based on the allowable 

temperature limit of the rotor during the accelerating (starting) process 

Accelerating time-current curve: The characteristic starting current versus time curve 

representing the motor acceleration at a given applied voltage 

Accelerating torque: The net torque difference between the motor capability torque and required 

load torque during the starting process, which accelerates the motor and load to operating 

speed 

Apparent power: The total power that is consumed by a load or produced by a source 

expressed in volt-amperes (VA). See also "reactive power" and "real power". 

Breakdown torque: The maximum torque that a motor will develop with rated voltage at rated 

frequency, without an abrupt drop in speed 

Field winding: The rotor circuit on an ac synchronous motor that produces the main 

electromagnetic field of the motor via a winding connected to a dc source 

High-inertia load: A load that has a moment of inertia that exceeds normal values, and for which 

the motor needs to be designed to allow acceleration of such loads to operating speed without 

exceeding its thermal and mechanical capability 

Induced voltage: The voltage that is produced across a conductor due to a change in the 

magnetic field surrounding it 

Load torque: The torque required by mechanically driven equipment across the operating speed 

range 

Locked-rotor current: The steady-state motor current with the rotor locked, when supplied from a 

source at rated voltage and frequency 
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Locked-rotor thermal limit (permissible locked-rotor time): The maximum permissible safe time 

for which a rotor stall condition may exist 

Locked-rotor torque: The minimum torque that a motor will develop at rest, for all angular 

positions of the rotor, at rated voltage and frequency 

Loss of synchronism (out-of-step): A condition that exists when the synchronous machine has 

lost synchronism with respect to the connected power system 

Motor torque capability: The torque capability of the motor when supplied with rated voltage and 

frequency across the operating speed range, during the starting and running processes 

Power factor: The ratio of real to apparent power that a source delivers or that a load consumes 

Pull-in torque: The maximum constant torque of a synchronous motor under which the motor will 

pull its connected load into synchronism, at rated voltage and frequency, when its field 

excitation is applied 

Pull-up torque: The minimum torque developed by the motor during the period of acceleration 

from rest to the speed at which breakdown torque occurs 

Reactive power: The part of the apparent power that produces zero work and is expressed in 

the unit of measurement called reactive volt-ampere (var). The reactive power must be 

minimised since it consumes useful capacity of electrical equipment in terms of current carrying 

capacity. 

Real power (also referred to as active power): The part of the apparent power that produces 

work and is expressed in the unit of measurement called watt (W). The real power is the product 

of apparent power and power factor. 

Rotor: The rotating portion of the magnetic circuit and its associated windings and leads 

Slip frequency: The frequency of an induction motor rotor's voltage and current when the rotor is 

rotating at some value of slip 

- - - - -  - -- 
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Slip: The rotating speed of the induction machine's rotor relative to the speed of the 

synchronous rotating magnetic field produced by the stator windings 

Squirrel-cage winding: A rotor circuit that consists of conducting bars connected with an end 

ring on each end. Interaction between the stator and rotor field creates the electromagnetic 

torque of the motor. 

Starting current: The current required by the motor during the starting process to accelerate the 

motor and load to operating speed. Maximum starting current at rated voltage is drawn at the 

time of energising. 

Starting time: The time required to accelerate the load to the operating speed 

Starting torque: The rated motor torque capability during start at rated voltage and frequency 

Stator: The stationary portion of the magnetic circuit and its associated windings and leads 

Thermal limit curve (cold): A plot of maximum permissible time versus percent of rated current 

flowing in the motor winding when the motor is started from ambient temperature 

Thermal limit curve (hot): A plot of maximum permissible time versus percent of rated current 

flowing in the motor winding when the motor is started from rated operating temperature 

Winding: An assembly of coils that acts to produce a magnetic flux or to link a magnetic flux 

~ 
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ABSTRACT 

Large synchronous machines are frequently utilised in industry and have several advantages 

and disadvantages. Although a synchronous motor is more efficient than an induction motor, it 

is also far more complex and sensitive in terms of starting and voltage dips respectively. It is 

therefore important to understand the impact and sensitivities of a synchronous motor. The 

impact that a large synchronous motor has on a power system network can be significant. The 

impact of the quality of supply of the power system on a large synchronous motor can also 

impact negatively on the operational availability of the motor and should be well understood. 

A synchronous motor will be installed in a production facility and as such, this investigation is in 

the form of a case study. This document entails the detailed study, modelling and simulation of 

the impact of a large low-speed synchronous motor on a power system network, as well as the 

impact of the power system network on the motor (in terms of voltage dips). 

Detailed machine and system parameters were gathered from the motor supplier and utility. The 

effect that the motor has on the network and the effect of the network on the motor were 

analysed with detailed actual system and motor data. These analyses included load flows, short 

circuits, motor starting and a transient stability. A comparison of the supplier-suggested stability 

limits was made with the outcome of an undervoltage stability study. The study revealed that the 

supplier was over-pessimistic about the voltage dip ride-through capability. Graph 3.28: Voltage 

dip scatter plot indicating different tripping areas indicates a significant improvement from what 

was initially offered by the supplier. The dip ride-through capability was increased almost 

threefold after the interaction of the motor with the power system was studied in detail. This 

increased dip ride-through capability will have a significant impact on the plant performance. 

This however must be achieved without any damage to the motor or the associated equipment 

of this machine. 

Proper control with a thorough understanding of the synchronous motor's behaviour will lead to 

an increase in the machine's operational availability (on-line time for a continuous process). 
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CHAPTER INTRODUCTION 

This chapter describes the general need for and background to this study. 

1 -1. Brief overview of this report 

This report is divided into four major sections or chapters, namely: 

INTRODUCTION: This chapter describes the general need for this study, the 

background to this study and the problem statement. 

LITERATURE STUDY: This discusses the background to and theory behind 

synchronous motors. The principles of the steady and transient state of a synchronous 

motor are explained, as are the different starting methods. Methods and procedures 

are also part of this chapter and describe the general method of obtaining data and 

other relevant research information. Also included are the methods and procedures 

used to calculate the load flow, fault level and stability analyses. 

RESULTS AND DISCUSSION: This chapter describes the results of the analyses. The 

presentation and discussion of the results build on the literature study. The results from 

the different models are available in this section. 

CONCLUSIONS AND RECOMMENDATIONS: This chapter describes the conclusions, 

which were obtained from the results. 

In terms of layout and set-up, this report was developed as an electronic book. The 

intention for the reader is to read this on a computer in terms of an interactive adobe 

(POF) file. There are therefore many links and references to other parts of the 

document; most of these links are indicated in italics. 
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1.2. Background 

Large synchronous machines are frequently utilised in large continuously operating 

chemical industries and have several advantages and disadvantages. Although a 

synchronous motor is more efficient than an induction motor, it is also far more 

complex in terms of starting and far more sensitive to voltage dips. It is important to 

understand the impact and sensitivities of a synchronous motor. 

Incorrect application of such a motor could lead to an increase in unnecessary trips of 

the motor and consequentially the interruption of the continuous plant process. An 

interruption in the plant process could mean a start-up time of several hours or even 

days in some instances. These off-line times will result in the plant not meeting its 

designed criteria for operational availability, which could be an operational availability 

of 98 % of the year. 

The impact that a large synchronous motor has on a power system network can be 

significant in terms of operational availability. This should be well understood and 

analysed. Prolonged voltages dips can be caused if, for example, an incorrect starting 

method is selected (also, the motor may not start if it is installed on a weak network). 

Similarly the impact of the quality of supply of the power system, on a large 

synchronous motor, is as sensitive and should be well understood, otherwise it can 

have a negative impact on the operational availability of the motor. This negative 

impact can occur when a supplier is over-pessimistic about the voltage dip ride-through 

capability of the motor. 

A thorough understanding of the synchronous motor's behaviour and application will 

lead to an increase in the machine's operational availability; this will increase the on- 

line time for a continuous process, and will thus increase production or facility 

availability. 

Analysis and Effect of Large Synchronous Motors on Power Systems 



Page 4 

1.3. Problem statement 

The aim of this project is to gain a better understanding of the machine's general 

operational limits and specifically the limits towards the under voltage ride-through 

capabilities. The ultimate purpose of this study would be to use this understanding to 

optimise the synchronous motor's performance, thereby maximising the continuous 

process on-line time or plant production. This machine is critical to this process, which 

is stopped if this motor is not running. 

Optimising the synchronous motor's performance, equipment however must be 

achieved without any damage to the motor or the equipment associated with this 

machine. 

1.4. Objectives 

The major objectives were expressed as the following questions: 

Can this motor operate on the intended network in terms of load flow? 

0 Can this motor operate on the intended network in terms of fault-level and 

fault-level contribution? 

Will the motor start with the chosen starting method and can the network 

accommodate it? 

Is the safe critical fault clearance time established? 

0 Will the number of voltage dips affect the continuous process severely? 

0 Is the load flow solution optimum in terms of motor operation? 

Analysis and Effect of Large Synchronous Motors on Power Systems 
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CHAPTER 2. LITERATURE STUDY 

This chapter describes the literature study, which investigated literature dealing with the 

concepts expressed in the Objectives page 4. The principles of steady and transient states of 

a synchronous motor are explained in this chapter, as are the different starting methods. The 

methods and procedures used in this study are also outlined. 

2.1. A comparison between synchronous and induction motors 

Although a synchronous motor is more efficient than an induction motor, it is also far more 

complex in terms of starting and far more sensitive in terms of voltage dips. 

2 . 1 .  Advantages of using a synchronous motor 

a The power factor can be controlled 1 optimised for the total point of supply 

1151. 

a The machine operates at a constant speed 1161. 

a It has a lower starting current (if started as an induction motor) 141. 

a The air-gap in a synchronous motor is usually larger than that of an 

induction motor and this leads to an increase in the pullout torque 141, as 

well as an increase in installation options. 

Synchronous motors can be used in situations where constant speed drive 

is required 1271, because the rotor speed is proportional to the system 

frequency. 

2.1.2. Disadvantages of using a synchronous motor 

Synchronous motors can start in a similar manner as induction motors, but 

will have a pulsating torque of twice the slip frequency [4], 151 during 

acceleration. This pulsating torque can excite the torsional natural 

frequencies 121. 

Synchronous motors contribute more current to a fault than induction 

motors. 

Generally, synchronous motors are more complex in terms of the 

excitation and excitation control if compared to induction motors. 
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· Special precautions and methods must be adopted to start a synchronous

motor and therefore it is more complex to start.

· The advantages of the synchronous motor make it more expensive, if the

cost is compared to an induction motor. The reasons for the added

expense are the rotor design, where an excitation and damper winding

must be fitted, and starting control equipment if the design is a brushless

design. The overall life cycle cost would be lower for the synchronous
machine.

2.2. Background theory

2.2.1. Synchronous motor construction

A synchronous motor consists of a stator and a rotating rotor (Photograph 2-1:

Typical synchronous stator and salient pole rotor). The stator is shown on the

left-hand side of the photograph and the rotor on the right-hand side of the

photograph.

Photograph 2-1: Typical synchronous stator and salient pole rotor

The stator is normally wired into a three-phase arrangement with a certain

number of poles per phase, depending on the speed requirement (see

Analysis and Effect of Large Synchronous Motors on Power Systems
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equation (2.1)). The rotor can consist of either a round or either a salient pole 

rotor, with the same number of poles as each phase on the stator (same 

number of poles as in the resultant magnetic field). These poles are connected 

to an external direct current power supply either via slip rings and brushes, or 

some type of brushless arrangement. The synchronous motor does not 

operate like an induction motor although it can be started as an induction 

motor provided the rotor is constructed with squirrel cage rotor bars (Appendix 

F, page 11 4, Photograph 5-1: (Damper) Squirrel cage-winding pole connection 

and Photograph 5-2: (Damper) Squirrel cage-winding pole only). It is also 

possible for a synchronous motor to start like an induction motor if the poles 

are constructed with solid castings; the eddy currents within the pole shoe 

assist with the starting. 

The type of rotor construction depends on its design and various other 

parameters, which fall outside the scope of this study. When a synchronous 

motor is started, an alternating current is applied to the stator and the 

synchronous motor then starts like a squirrel cage induction motor. Direct 

current is applied to the rotor coils when the motor approaches synchronising 

speed (typically 95 % of synchronous speed). The field current produces a 

strong constant magnetic field in the rotor, which then locks onto the rotating 

stator magnetic field. The magnetic field (which is the resultant field set up by 

the three windings) created by the stator rotates at a speed equal to that of 

equation where; 

N =  
120x f 

P 
N = Motor Rotor Speed 
f = Frequency 

P = Number of polepairs 

The rotor turns at the same speed as the mechanical synchronous speed 

(speed of the stator magnetic field). There is no slip between the stator and 

the rotor of a synchronous machine. A synchronous machine is actually an ac 

rotating machine whose speed under steady state condition is proportional to 

the frequency of the current in its stator. There is a relationship between 

mechanical and electrical speed. 
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Synchronous machines are commonly used as generators, especially for large 

power systems such as turbine generators and hydro-electric generators in 

the commercial power supply systems. Synchronous machines can be used in 

situations where a constant speed drive is required, because the rotor speed 

is directly proportional to the frequency of the supply voltage 1271. 

The so-called squirrel cage rotor bars are also referred to as damper or 

amortisseur windings (see bars (Appendix F, on page 114, Photograph 5-7: 

(Damper) Squirrel cage-winding pole and Photograph 5-2: (Damper) Squirrel 

cage- winding pole ). 

These windings not only assist in starting the motor, but can also influence the 

stability of the machine. There are two main types of squirrel cage 

connections. One has all the individual pole windings connected to form one 

continuous winding while the other has the individual winding on each pole left 

open circuited. The former is superior in performance while the latter is 

common on generators [6], because damper windings are only required to 

improve the generator's stability. 

The main benefits of squirrel cage windings are [6]: 

Provision of starting torque for motors; 

Damping of hunting oscillations; 

Prevention of the distortion of the voltage wave shape; 

Balancing of the terminal voltages; 

Prevention of overloading of the pole pieces; 

Provision of braking torque to a generator during an asymmetrical 

fault; 

Provision of additional torque for synchronisation. 

The main effects of a damper winding on stability [6] are outlined below. 

Positive sequence damping causes the oscillations of the rotor to 

decrease in amplitude. A lower resistance value of the damper 

- - - - - - 
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winding increases this damping. Positive sequence damping is 

present both during and after a fault condition and can prevent a 

machine from going out of step in the first swing. 

Negative sequence braking results from a torque caused by the 

interaction of the damper windings and with the negative phase 

sequence torque, which can only occur during an asymmetrical fault. 

This negative sequence torque always retards the rotor, which is good 

for generators, but bad for motors. The higher the resistance of this 

damper winding the higher the breaking torque. 

0 The effect of negative sequence impedance upon an asymmetrical 

fault results in lower negative phase sequence impedance, which is 

detrimental to stability during fault conditions. 

Damper windings will affect the machine time constants as listed Table 2.1 [6]: 

Table 2.1 : Summary table showing the effect of damper windings on motor 

time constants 

Connected damper 

comments 

Sub-transient 
Decrease 

reactance both axes 

Xq" Decrease two thirds 

Xq" More equal to Xd" 

Ratio XqV/Xd" Much lower than 1.35 

X2 X2 will decrease when 

(mean of Xd" and I damper windings are 

Xq") 

Lower or higher 

Depends on the 

I resistance and equivalent 
Td" and Ta" / inductance of the 

dampers 

Non-connected damper 

comments 

Decrease 

Decrease 06e third 

As low as 1.35 

X2 will decrease when 

damper windings are 

used 

Lower or higher 

Depends on the 

resistance and equivalent 

inductance of the 

dampers 
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2.2.2. Steady state theory and model

Magneticaxis
of phose b

Magnetic axi s

of phase c

Graph 2.1: Presentation of synchronous motor flux lines

The electrical circuit equations for the three stator phase-windings can be

written by the Kirchhoff's voltage law where Va, Vb,and Veare the voltages

across the windings, Ra,Rb,and Reare the winding resistances, and la,Ib,and

Ieare the currents that link to the total flux (1) of the windings of phases a, b,

and c, respectively.

jX~

Figure 2.1: Simplified synchronous equivalent circuit diagram
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Equation (2.2) refers to the Kirchhoffs equations for Figure 2.1: Simplified 

synchronous equivalent circuit. 

For a symmetric three-phase stator winding, we have: 

The flux linkages of phase-windings a, b, and c can be expressed in terms of 

the self and mutual inductance as the following: 

A A +A +A +A = L  i + L  i +L i + L  i a aa ab ac af aa a ab b ac c af f 
=,I + 1  +,I +,I = L  i +L i +L i +L  i 

b bb bc bc bf a a bb b bc c bf f 

1 = I .  +ACb+1 +A = L  i +L i +L i +L0 i c cc cc cf ca a cb b cc c cf f 

L = Lbb = Lcc = Laao + La/ aa 
L aao L = L  = L  = L  =-- 

ab ba ac ca 2 

L = L  c o s ( 8 )  
af afm 

0 

L = L  cos(0-120 ) 
bf afm 

0 

L = L  cos(0+120 ) 
cf a !  

For a balanced three-phase machine (F ) is the flux that links all three 
aao 

phase-windings and F is the flux that links only the a winding, the sum of 
a/ 

the currents are zero in a balanced three-phase circuit): 
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F aao L  =- 
aao i  

a  

L i L i  
+ L  )i - .I, ='Laao a/ a  

a a o b -  a a o e + ~  i cos(wt+BO) 
2 2 afm f 

3L 
A ~ = ( ~ + L  )i + L  i C O S ( W ~ + ~ ~ ~ )  

2 a1 a  afm f 
I = L i  + L  i c o s ( ~ t f f 9 ~ )  a  s a  a f i f  
I b = L i  s b  + L  afm i f  cos (wt+~0+1200)  

R  = L i  + L  i  c 0 s ( w t + 8 ~ - 1 2 0 ~ )  c s c  a&f  

L, is known as the synchronous inductance. In this way, the three phase- 

windings are mathematically de-coupled, and hence, for a balanced three- 

phase synchronous machine, we just need to solve the circuit equation of one 

phase. Substituting the above expression of flux linkage into the circuit 

equation of phase a, we obtain: 
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The circuit equation (2.7) was derived under the assumption that the phase

current flows into the positive terminal; i.e. the reference direction of the phase

current was chosen on the assumption that the machine is a motor.

Mech.
Load

Motor

Figure 2.2: Motor model with load

When a synchronous machine is operated as a motor to drive a mechanical

load in steady state, the mechanical torque of the motor should balance the

load torque and the mechanical loss torque because of friction and windage

losses; that is:

T=T
[ d

+T
[oa oss

(2.8)

T = Mechanical torque on shaft

Multiplying by synchronous speed on both sides of the torque equation results

in the motor power balance equation (2.9):

p =p +p
em load loss

(2.9)

P = Electromechanicalpower to the motorem

Where:

P =Tm
em syn

(2.10)

P = Electromechanicalpower to the motorem
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P =T OJ
load load syn

(2.11 )

P'oadrepresents the power delivered to the mechanical load, and

P =T OJ
loss loss syn

(2.12)

equation (2.12) represents the mechanical power loss of the system.

As in the case of a generator, electromagnetic power is the amount of power

being converted from electrical into mechanical power, that is:

P =3E I cos(qJLE I )=TOJ
em a a syna a

(2.13)

Figure 2.3: Synchronous motor phasor diagram with Ra=O

When the stator winding resistance is ignored, the per-phase circuit equation

can be approximated as:

v = E + jX Ia a s a (2.14)

From the phasor diagram (Figure 2.3: Synchronous motor phasor diagram

with Ra=O),equation (2.15) can be readily obtained:

V sin(t5)= X I COS(qJLV I )
a sa aa

(2.15)
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Therefore: 

and 

P pem= 3E V 
a a sin(6) 

W w x  syn syn s 

Graph 2.2: Motor 1 generator electromagnetic torque as a function of load 

angle 

The Graph 2.2: Motor / generator electromagnetic torque as a function of load 

angle indicates the load angle S against torque. When the stator winding 

resistance is ignored, 6 can be regarded as the angle between the rotor and 

stator rotating magnetic fields. In motor mode, the stator field is ahead of the 

rotor. 

The electromagnetic torque of a synchronous machine is proportional to the 

sine function of the load angle, as plotted in Graph 2.2: Motor / generator 

electromagnetic torque as a function of load angle above. The curve in the 

third quadrant indicates the situation when the machine is operated as a 

generator, where the electromagnetic torque is negative because the armature 

current direction is reversed. The motor load angle will change when the 

machine load, voltage or excitation changes. 
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2.2.3. Synchronous motor power factor 

The assumption is that the synchronous motor is driving a constant torque 

load and that the active power converted by the machine is constant, 

independent of the value of the field current, since the motor speed is a 

constant. 

Thus: 

3E V 
T = a a sin(@ = constant 

w x  syn s 

E sin(6) = constant a 
P = 3V I cos(p) =constant em a a 
I cos(p) = constant a 

The phasor diagram (see page 17, Figure 2.4: Synchronous machine phasor 

diagram for power factor) can be analysed to determine the variation of the 

power factor angle of a synchronous motor when the rotor direct current field 

excitation is varied. For a certain rotor field current a certain emf is induced; 

for example, as shown by the phasor Eal. This creates a lagging power factor 

angleyl] r 0 . 

As the excitation current increases, the current increases and the lagging 

power factor angle is reduced. (Follow Eal, EaB €a3.) 

At a certain rotor current, the induced emf phasor Eap falls on a line 

perpendicular to the terminal voltage phasor, and the stator current phasor will 

be in phase with the terminal voltage. This will result in a zero power factor 

angle. If the emf increases further, the stator current leads the terminal 

voltage, which is then called a leading power factor angle. 
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If the synchronous motor is driving a constant torque load and the active

power converted by the machine is constant, Eaand facan only vary along the

horizontal (blue) and the vertical (red) lines, respectively, of Figure 2.4:

Synchronous machine phasor diagram for power factor.

1a COSq>

Figure 2.4: Synchronous machine phasor diagram for power factor

A case of relatively small reactive power requirement or reactive power import

is known as under-excitation. In the case of large reactive energy

requirements the machine will then be overexcited, which will then produce

large amounts of reactive power.

The Graph 2.3: Synchronous motor V curves on page 18 illustrates

schematically the power factor compensation for an inductive load (the

synchronous motor is supplying some of the reactive energy required by the

load). An inductive load is common in factories, which use large numbers of

induction motor drives.

If the motor is connected to an infinite bus, it can then supply this excess

reactive energy to the connected electrical load. In this case, the overall power

factor of the inductive load and the synchronous motor would be close to unity

and the overall line current would be at minimum magnitude.

Analysis and Effect of Large Synchronous Motors on Power Systems
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The power factor at the point of common coupling can also be optimised for a 

certain electrical tariff. By plotting the magnitude of the stator current (I,) 

against the rotor excitation current (if), families of "V" curves can be obtained. 

I (See Graph 2.3.) Graph 2.3 indicates that a larger rotor field current (if) is 
I 

required for a larger active load to operate at unity power factor 

4 
Stability 

limit - 

\ ; /  
h # h g  Leading 

Graph 2.3: Synchronous motor V curves 

The Graph 2.3: Synchronous motor V curves indicates a family of "V" curves. 

The field current (i,) is indicated on the X-axis and the stator current (I,) on the 

Y-axis. The operation of a synchronous motor is explained further with the aid 

of Figure 5.1: PQ diagram in Appendix C: PQ diagram (Power 1 reactive power 

capability diagram), which is used to indicate the steady state operational 

limits of machine components like the stator, rotor and excitation system. 

Figure 5.7: PQ diagram indicates five separate points namely: 

(1.) The blue arc indicates the stator current at rated load that reflects a 

constant apparent power where the real and reactive power can vary 

according to the applied excitation. The relationship is that of the power 

triangle, and the mathematical relationship can be seen in the following 

equation where: 
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s = J P ~ + $  

S = Apparent power 

P = Active power 

Q = Reactive power 

(2.) The black line represents the nominal working line or point. This line also 

indicates a constant power factor line. The reactive power contribution will 

increase as the real power demand is increased and vice versa. The point 

where this line intersects with line number one is called the designed 

operation point. When the machine operates at this point, it delivers rated 

power at the rated power factor. 

(3.) The red line indicates the rated rotor current arc. The current within the 

rotor changes as the excitation changes. The nominal or designed rotor 

current is indicated where the arc intersects line number two. The rotor 

current limit is normally first reached when the motor is overexcited. 

(4.) The green arc indicates the minimum excitation limit at which the machine 

will still stay in synchronism; the machine will lose synchronism if the 

excitation is decreased beyond this point. 

(5.) The purple line indicates the steady state stability limit of the machine. If 

the machine is operated to the left of this line, it will become unstable and 

lose synchronism; as such this line is similar to line number four. 
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2.2.4. Transient state theory and model 

Power system stability is the ability of a power system to regain a steady 

state after being subjected to a disturbance. A power system is a non- 
I 

linear system, which constantly changes 161. 

Power system stability can be classified into three types namely: 

Rotor angle stability: The ability of interconnected synchronous 

machines of a power system to maintain synchronism after a system 

disturbance. The rotor angle stability involves the study of 

electromechanical oscillations, which are inherent to power systems. 

Frequency stability: The ability of the power system to maintain a 

steady frequency range after a system disturbance. A frequency 

response can vary from a few seconds to a few minutes and these 

times correlate with the response time of devices like prime mover 

and voltage regulators [6]. 

Voltage stability: The ability of the power system to maintain a steady 

voltage range to all the buses after a system disturbance. System 

faults and loss of generation result in disturbances that can affect 

voltage stability. Voltage stability also needs to take small voltage 

disturbances like the voltage drop from load changes into account. 

The time frame for voltage stability may vary between a few seconds 

and several minutes 161. 

Transient stability can be explained in terms of the swing equation and 

the load angle relationship. The equations presented below are derived 

for a synchronous generator 161: 
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Swing equation 

Tm is the mechanical torque on the shaft of the machine and T, is the 

electromagnetic torque. 

T, will accelerate the machine, which has an inertia constant J consisting 

of the machine's and, the prime mover inertia. Where Wm is the angular 

velocity of the machines rotor in radls, 

It is a common practice to express (2.27) in terms of H of the machine. If 

is the rated angular velocity in mechanical radls then J can be written 

as: 

2 H  
J = -  

W 
2 base 
Om 

And therefore: 

If w, is the angular velocity of the rotor in radls then (2.23) can be written 

as: 

It can finally be shown that: 

Where S is the angular position of the rotor in electrical radls. The 

combination of (2.24) and (2.25) results in the swing equation (2.26). 
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A machine is stable in terms of a transient if the load angle returns to an 

equilibrium point; if not the machine will pull out of step or pole slip. 

An additional term can be added to (2.26) to include a damping factor. 

Load angle relationship 

The relationship between the load angle and the machine power can be 

described by: 

Graph 2.4: Motor / generator motor load angle electromagnetic torque 

versus load angle 

It can be seen from Graph 2.4: Motor / generator motor load angle 

electromagnetic torque versus load angle that the maximum power is 

delivered at S = 90' for a generator or a motor. The power will increase 

with an increase in S up to 90°, at which stage it will decrease to zero for 

further increases of 6 .  The same can be seen from equation (2.27), 

where the maximum value of a sinusoidal function is one and it therefore 

relates to S = 90'. 
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. Equal area criteria

When the swing equation and the load angle relationship are combined, a

graphical explanation of the transient stability can be derived in the form

of equal areas (see Graph 2.5: Equal area criteria). Graph 2.5 indicates

three power equations: the pre-fault equation, the during-fault equation

and the post-fault equation. This relates to the fact that the energy before

an incident should be sufficient to overcome an incident (A1 ~ A2); if not,

the machine will lose synchronism. The areas can be calculated with

integration and the equations can be rewritten to solve for the critical

angle. The basis for stability is that the two areas should be equal.

8
c mO

AI = f -(P -P )d8
8 H m e

1

(2.28)

-P )d8e (2.29)

Pre-fault e .sinliea

electrical
output

- mechanical input

during fauk

~

pebsin~ --. --.--.

--.
--. ,,

o lie:

load angle

180

Graph 2.5: Equal area criteria for stability
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Set A 7 = A2 and solve as: 

P (6 -dl)- P cos( d4)- Peb cos( 6 )  
Cos (6) = 1 4  e (2.30) 

' ec  - 'eb 

Factors influencing transient stability [6] are: 

0 The fault clearance time should be as fast as possible. It will ensure 

stability if this clearance time is below the critical fault clearance time. 

0 A synchronous motor will tend to de-accelerate during voltage dips 

while a synchronous generator will accelerate. The severity of this 

speed change will depend on the inertia of the mechanical system 

1161. Therefore, the higher the inertia the more stable the machine. 

Machine stability will generally improve with the application of higher 

terminal voltages. The P-curve will increase with an increase in 

system voltage. (See equation (2.27).) This will result in a higher pre- 

fault area. The higher the voltage the more stable the motor. 

The P-curve will increase with a decrease in internal reactance. (See 

equation (2.27).) The lower the internal reactance the more stable the 

motor. This will result in a higher pre-fault area. Thus, the lower the 

motor internal reactance the more stable the motor. 

The dynamic response of the automatic voltage regulator (AVR) may 

help with the machine stability; the only draw back is the long time 

constant of the field, which will limit the initial response. This time 

constant includes the time constant for the pilot exciter and main 

exciter. The dynamic response of the AVR may help with post-fault 

recovery. 

Increasing the pull-out torque will increase machine stability. This is 

the same as lowering the motor internal reactance of the motor. 

An overexcited motor will be more stable. The P-curve will increase 

with an increase in internal voltage (E). (See equation (2.27)) This 

will result in a higher pre-fault area. 
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2.3. Motor starting 

This section describes the general starting methods available and presents a brief 

discussion about excitation principles. A summary of the objectives of this study is 

given at the end of this section, as well as an overview of the contents of this report. 

The conversion of synchronous motor parameters to induction motor 

parameters 

When a synchronous motor starts as an induction motor, its parameters are the 

same as those of an induction motor in terms of starting methods [3]. This is 

valid as long as the excitation is not applied [ I ] .  It is therefore essential to 

convert the synchronous motor values into induction motor values. These 

values would then enable the modelling of the start-up of the machine [9], [lo], 

11 11. 

Methods of starting 

The general idea of any starting method is to minimise the magnitude and 

duration of the voltage dip on the power system, in order to leave the motor with 

enough voltage to accelerate itself and the load to synchronous speed. 

When a synchronous motor starts the major component of the current will be 

reactive. This current is directly proportional to the applied voltage on the motor 

terminals. Thus, a reduction of the motor terminal voltage will result in a 

reduction in the start-up current and this is the basis for the different starting 

methods. 

The motor starting torque will be reduced by the square of the remaining 

terminal voltage. A reduction in the motor terminal voltage can be achieved by 

inserting some impedance between the source and the motor [14]. It is also 

possible to alter the starting characteristics of a motor to suit a specific starting 

method. 
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As the result of the rotor asymmetry, a pulsating torque component is present 

when a synchronous motor is started. Care must be taken not to excite the 

natural oscillating frequencies of the mechanical system that may damage the 

drive [2]. The value of this pulsating torque will also vary according to the 

applied motor terminal voltage. 

This effect and the values are evident in Graph 5.1: Asynchronous staffing at 

700 % voltage, Graph 5.2: Asynchronous starting at 90 % voltage, Graph 5.3: 

Asynchronous starting at 80 % voltage, and Graph 5.4: Asynchronous starting at 

75 % voltage. (See Appendix 8: Synchronous motor starting data on page 110.) 

The starting of any large motor is guided by the driven load or equipment. If this 

equipment needs a high breakaway torque then the motor will need full voltage. 

Excitation principles for successful motor start 

The excitation must be applied at the correct moment and polarity [78]. A 

high-induced voltage appears in the field winding during start-up and the 

field winding should be shorted out with a discharge resistor. The field 

winding can also be short-circuited, and some designs make use of this. 

This discharge resistor is automatically removed when the induced voltage 

falls below a certain value. A lower resistance produces a higher 

synchronising torque. 

The actual speed is sensed by the frequency of the induced current and the 

actual angle by the induced voltage. For the correct polarity, the induced 

voltage must pass from negative to positive when the positive voltage field 

is applied [18], [13]. This will result in a smooth transition from starting to 

synchronous operation. 

When loss of synchronism occurs and the motor is not separated from the 

system on the first pole slip, field excitation must be disconnected and the 

field winding should be connected to the discharge resistor immediately. 

This minimises the current that flows until the motor can be isolated. 
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Direct-on-line starting or full voltage starting 

Motor 

This is the most frequently used method for the 

starting of a synchronous motor 1141. The 

direct-on-line method for starting a synchronous 

motor is the simplest and most economical method. 

However, the source impedance must be low. This 

"stiff [I41 supply will also result in higher fault levels. 

The fast acceleration torque must be taken into 

account when this method is used. 

Figure 2.5: Direct-on-line starting or full voltage starting 

The higher stresses and fault currents associated with this starting method 

require higher busbar and fault-current ratings for switchboard 131. 

Reactor starting 

With this method, an inductor is inserted in series 

with the motor. This results in a voltage drop over the 

inductor and reduces motor terminal voltage, which 
C2 results in a lower starting current 1141. The motor 

starting torque will be reduced in proportion to the 

square of the remaining terminal voltage. 
Motor 

Figure 2.6: Reactor starting 

To start the motor using the reactor starting method, the circuit breaker C1 

is closed. As soon as the motor reaches approximately 95 % of full load 

speed, circuit breaker C2 will be closed, and the excitation will be applied; 

this will effectively short out the inductor and synchronise the motor. 
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Captive transformer starting 

ynchronou '8 
Captive transformer starting is relatively similar to 

reactor starting, with the difference that the 

transformer is always energised. A step-down 

transformer would be used with this starting method 

1141. The impedance of this transformer ensures that 

the correct starting current is obtained. If a low 

breakaway torque is required, a captive transformer is 

usually preferred [14]. 

Figure 2.7: Captive transformer starting 

Auto transformer starting 

The auto transformer, which is inserted, reduces the 

terminal voltage of the motor and, hence, the 

starting current. The voltage depends on the 

selected tap. The typical values are 50 %, 65 %, 

and 80 %. A two-stage auto transformer is also 

possible, which will reduce the initial inrush current 

even more 131. A reduction in voltage will prolong the 

starting time. 

Figure 2.8: Auto transformer starting 

To start the motor using the auto transformer starting method, C1 and C3 

are closed first. As soon as the motor reaches 95 % of full load speed, C2 

will be closed and C3 opened, and the excitation will be applied; effectively 

this will open circuit the transformer and synchronise the motor. 
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Capacitor start 

The capacitor bank is energised as soon as the 

motor is started [14], and therefore provides the 

I I reactive energy needs of the motor (typically up to 

I I, - half of what is required [141). With this starting 

method, capacitors can compensate for as much 
S~olronous 

as half the voltage drop that can be expected from 

a direct-on-line start. 

Figure 2.9: Capacitor start 

The capacitors can be switched out once the motor is running. This starting 

method can achieve similar results to the other starting schemes, but needs 

careful system resonance calculations 131. 

Variable voltage variable frequency starting of motors - Variable frequency starting can be applied to 

& CI & 3 induction and synchronous motors and is often the 

most technical viable option [3]. The major 

advantage is the smooth acceleration of the motor. 

r The obvious disadvantages are the complexity and 

the cost of this method 1.141. To start the motor, C3 

w is closed and the motor is accelerated with the 

variable voltage variable frequency (VWF) drive. 

Figure 2.10: Variable frequency starting of motors 

As soon as the motor reaches synchronous speed, it is transferred to the 

normal supply through C1. 

- 
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2.4. Methods and procedures 

This section generally describes what computer software was used for analyses and 

where the data was obtained. 

Materials for the literature surveys: 

Materials for the literature surveys were obtained from the Institute of Electrical and 

Electronic Engineers (IEEE), the lnstitute of Electrical Engineers (IEE), Science 

Direct and search results from World Wide Web, and books as per the reference list. 

s High-level analyses packages 

PSAF software 1201: The Power Systems Analysis Framework (PSAF) is a suite of 

modular analysis programs with a common database and network editing facility. 

The suite includes programs for load flow, short circuit, harmonic and transient 

stability analyses of electrical networks. The graphical interface allows one to draw 

the network One-Line diagram and to define the parameters of its components. 

ETAP software 1211: The Power Station Transient Stability Analysis Program is 

designed to investigate the stability limits of a power system before, during, and 

after system changes or disturbances. The program models dynamic characteristics 

of a power system, implements the user-defined events and actions, and solves the 

system network equation and machine differential equations interactively to 

determine system and machine responses in the time domain. From these 

responses, users can determine the system transient behaviour, make stability 

assessments, find protective device settings, and apply the necessary remedy or 

enhancement to improve the system stability. 

DlgSlLENT 1251: The calculation program DlgSlLENT power factory is a 

computer-aided engineering tool for the analysis of industrial, utility, and commercial 

electrical power systems. It has been designed as an advanced integrated and 

interactive software package dedicated to electrical power system and control 

analysis, in order to achieve the main objectives of planning and operational 

optimisation. 
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Low-level analyses package 

MATLAB@ [19]: MATLAB@ integrates computation, visualisation, and programming in 

an environment where problems and solutions are expressed in mathematical 

notation. Typical uses include: 

Math and computation; 

Simulation and prototyping; 

Data analysis, exploration and visualisation; 

Scientific and engineering graphics; 

Application development, including graphical user interface building. 

SMTS (Synchronous Machine Transient Simulator) [22] 

This program, the Synchronous Machine Transient Simulator, allows the user to 

simulate synchronous machines in a relatively short time and a relatively easy way. 

Simulation method 

The simulation was done with all the supplier's equipment data and modelled with 

the motor model within the above-mentioned simulation packages. These models 

are used as standards throughout the industry and they conform to either an IEEE 

or an IEC standard. Comparisons or checks were done to verify the results from the 

different computer packages. All the packages mentioned in 2.4 were used. 

Graph 3.28: Voltage dip scatter plot indicating different tripping areas (see 

CHAPTER 3) was obtained with several simulations where the fault impedance was 

altered to obtain a voltage dip of between 100 % and 0 % (used for the y-axis). The 

fault duration was increased until the machine was unstable (used for the x-axis). 

Data from utility 

Utilities record relative performance and quality of supply data. Voltage dips affect 

customers severely and are therefore monitored the most in terms of quality of 
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supply. A typical method of recording voltage dips is reflected in Graph 2.6: Voltage

dip scatter plot reflecting the network performance. Every dot on this scatter plot

represents a single or a multiphase system fault on the 88 kV distribution that

resulted in a voltage dip. The fault willlook different on the 11 kV side, because of

the star-delta transformation. Graph 2.6 indicates the scatter plot for the last ten

years.

The vertical axis indicates the voltage dip depth in percentage and the horizontal

axis indicates the voltage dip duration in milliseconds. It is important to note that the

graph is not necessarily indicative of the number of faults, but rather shows typical

voltage dips that can be expected from the utility. The graph data does not

differentiate between three-phase and single-phase faults.

A continuous process willoften be offlineif it cannot tolerate, for example, class X

type voltage dips, because these are the most frequent. The class X type voltage

dip is caused by faults that are cleared by unit protection. Longer duration faults are

typicallycleared by back-up protection that is slower than unitprotection.

Graph 2.6: Voltage dip scatter plot reflectingthe network performance
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The depth of the voltage dip is dependent on the fault location and the impedance 

between the fault and the instruments that measured the voltage. It is also 

interesting to note the extremely fast operating speed of some of the unit protection 

schemes, including breaker-operating time (40 ms to 100 ms). There are some 

vertical trends (indicated by the dots) indicated by Graph 2.6. This indicates a 

certain overhead line performance where the time duration is constant, but where 

the depth of the voltage dips varies depending on the location of the fault. 

2.5. Summary 

At the beginning of the chapter, it was shown that a synchronous motor can have more 

advantages than an induction motor, but that the comparison depends on the specific 

application of the synchronous motor. 

The complexity of a synchronous motor was indicated and explained in 2.2.1, 2.2.2 and 

2.2.3. This complexity can be largely attributed to the excitation systems for the rotor 

and the starting methods. 

Machine stability can be mathematically explained in terms of the swing equation, load 

angle relationship, and the equal area criteria. All these relationships were discussed in 

2.2.4. The load angle will be used as a criterion to evaluate machine stability. 

In 2.3 various motor starting methods were discussed. The direct-on-line method is by 

far the simplest and cheapest but it is also the starting method that imposes the most 

mechanical stress on the motor. Selecting the best method is highly dependent on the 

capability of the utility network, the synchronous motor start-up voltage requirement 

and the costs. The direct-on-line starting method was chosen for this study case motor, 

because of the low source impedance. The variable voltage variable frequency is the 

most complex starting method. 

Detailed machine and system parameters were gathered from the motor supplier and 

utility. The effect that the motor has on the network and the effect of the network on the 

motor were analysed with detailed actual system and motor data. 
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These analyses included load flows, short circuits, motor starting and a transient 

stability. 

The simulation packages, as discussed in 2.4, were mainly used to compare the order 

of magnitude results. The ETAP [21], PSAF [20] and DlgSlLENT [25] computer 

software packages were mainly used to calculate the system loadflows and the system 

fault levels. The low-level analyses packages MATLAB@ [19] and SMTS (Synchronous 

Machine Transient Simulator) [22] were used for the transient analyses. 

A comparison of the supplier-suggested stability limits will be evaluated against the 

outcome of an undervoltage stability study in CHAPTER 4. 
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CHAPTER 3. RESULTS AND DISCUSSION 

This chapter discusses: The description of the load driven by the motor, the lmpact of 

the motor on the power system, the lmpact of the power system on the motor and the 

Generalised motor protection philosophy. The discussion and results use the literature 

study as a basis and build on it. The results of the analyses from the different models 

are available in this section. 

The problems and literature research topics are presented under the main headings 

and sub-headings of this chapter (the results and discussion are also presented in the 

same format). 

3.1. The description of the load driven by the motor 

The 17 MW slow-speed (28 pole pairs) synchronous motor will drive two 

six-cylinder-reciprocating compressors, which are installed on both sides of the motor. 

Each compressor will compress a gas to extremely high pressures (pressure in excess 

of 3000 bar). The starting torque of the unloaded compressor is around 22 % of the full 

load torque. Because of the two six-cylinder-reciprocating compressors, the load torque 

will oscillate three times per revolution, which equates to a 10 Hz load 

oscillation/pulsation. (See Graph 3.1: Pulsating /oscillating load torque.) On the Y-axis 

of the graph, per unit, torque is indicated and, on the X-axis, the rotor mechanical 

position in terms of mechanical degrees. It is evident from Graph 3.1 that the load 

torque pulsates (the difference between maximum torque and minimum torque is 28 Oh) 

at 10 Hz. 

3.5714 reds * 3 Oscillations / revolution = 10.71 42 Hz 
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Graph 3.1 : Pulsating 1 oscillating load torque 

3.2. Impact of the motor on the power system 

Power system layout and load flow 

The power system layout consists of two independent 88 kV overhead line feeders 

(which are approximately 4 km long), feeding into an 88 kV substation with a 

bus-coupler, which is normally closed (refer to Figure 3.1: Power system layout). 

Two 40 MVA transformers were chosen to feed a high fault level 1 1  kV busbar, and 

were operated in parallel. One unit transformer is traditionally installed on a large 

motor feeder; however, the second transformer was added to increase the overall 

reliability of the 1 1  kV system. No clear reference on performance prediction was 

found. The Institute of Electrical and Electronic Engineers (IEEE) reliability indices 

were used for evaluating the merits of using one or two transformers. The two 

transformers scheme was found to be significantly more reliable. The high-level 

analyses package with IEEE recommended values for reliability indices was used 

to evaluate the proposed power system performance. 

The voltage and power factor at the point of common coupling can be controlled or 

manipulated by adjustment or control of the synchronous motor excitation. Various 

methods of excitation control can be employed. 
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There are three modes of excitation control of a synchronous motor 1751. The 

excitation can only vary the reactive energy of the motor if the motor is connected 

to an infinite grid. All of the three modes below are applicable to the power system: 

Constant power factor: In this mode, the motor will operate at a 

pre-determined power factor. The reactive power will change in accordance 

with the real power change and thus keep the motor power factor constant 

and not the power factor of the point of common coupling (pcc) 1751, 1781. In 

this mode, the voltage at the pcc will vary or fluctuate according to the 

amount of reactive energy at the pcc. 

Constant reactive power: The amount of reactive energy absorbed or 

delivered by or to the motor will stay constant on the basis of the motor 

capability. The power factor and real power can change [75], 1781. The 

reactive energy contribution will keep the voltage constant at the pcc. 

Constant voltage: A synchronous motor can control a bus voltage by 

increasing or decreasing the amount of reactive energy delivered or 

absorbed by that bus 1751, [78]. The voltage at the pcc will stay constant 

irrespective of the varying load when this mode is used. 

Synchronous 6 

I Line one: 4 km at 88 kV 

Figure 3.1: Power system layout 

Llne two. 4 km at 88 kV 
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I Table 3.1: Bus voltages for normal condition load flow 

Description r Single contingency 

Busbar voltage 

I I I I 

1 Table 3.3: Bus voltages for -7.5 % regulation 1 

Normal 

configuration 

transformer taps 

set 

Busbar voltage 

Busbar 

rated 

voltage 

(kV) 

Table 3.2: Bus voltages for +7.5 % regulation 

Normal 

configuration 

nominal taps 

Busbar voltage 

1.015 Utility 

The information in Table 3.1: Bus voltages for normal condition indicates the 

1.00231 

1 .00527 

1.03095 

Utility 

88 kV 

11 kV 

Utility 

different bus voltages for the different transformer tap positions for the nominal 

system loading. Voltage regulation for a utility can vary by k 7.5 %. This impact is 

illustrated in Table 3.2: Bus voltages for +7.5 % regulation and in Table 3.3: Bus 

voltages for -7.5 % regulation. The transformers are either tapped up or down on the 

basis of what is needed, which depends on the utility or the contingency; for 

example, to start the motor on one transformer. The tap changer on the 

1.019 88 

88 

transformers will also assist the machine to control the voltage on the pcc in terms of 

voltage and reactive power once the machine is reaching an operational limit. A 

1.017 

1.00626 

1 .(I0231 

1.02700 

88 

88 

11 

voltage regulation of 0.25 % can be expected on the 88 kV side if the excitation of 

the large motor is changed between unity and 0.95 leading power factor. This 

corresponds to a 2.6 % regulation on the 11 kV side. 

1.092 

1 .083 

1.066 

0.942 
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. The effect of the load pulsation

This section will determine the effect of the pulsating load torque on the motor. The

assumptions here are as follows:

. The load varies according to an offset sinusoidal wave, which is a good

assumption if one compares Graph 3.1: Pulsating / oscillating load torque to an

offset sinusoidal wave.

. The excitation remains unaIterated and constant.

The type of load and the load behaviour were discussed in Section 3.1: The

description of the load driven by the motor. References to the oscillating I pulsating

torque were not found in the literature and was evaluated with the Matlab [19Jmodel

(Appendix G: Graphical display of the Matlab / Simulink model, Figure 5.4: Graphical

display of the Matlab / Simulink model). A sinusoidal load with an offset was used in

the model to mimic the load. Refer to Graph 3.1: Pulsating / oscillating load torque

for the graphical interpretation of this pulsating load torque. Load or power changes

as discussed in the previous section will result in a load angle change. This can be

explained with the aid of equation (2.16) on page 15.

1 1.5 2
Time in seconds

2.5 3

Graph 3.2: Load angle oscillation due to load pulsation

The assumption is that the terminal voltage and the internal generated voltage will

stay constant and that the load angle will change.
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This change in the load angle will subsequently result in a change in the motor

power factor, which will change the motor current and apparent power. All of this is

evident in the apparent power, speed, current and torque, and indicates the effect of

a pulsating load. (See the following: Graph 3.2: Load angle oscillation due to load

pulsation; Graph 3.3: Apparent power oscillation due to load pulsation; Graph 3.4:

Cu"ent oscillation due to load pulsation, and Graph 3.5: Motor speed oscillation due

to load pulsation.)

Graph 3.2: Load angle oscillation due to load pulsation indicates the motor load

angle both magnified, which shows the oscillation in detail, and zoomed out, which

shows less detail. Graph 3.2: Load angle oscillation due to load pulsation indicates

the relative movement of the rotor in terms of the load angle and is a three-second

snapshot of motor load angle in degrees versus time. The graph indicates an

increase in the load angle when the motor load increases and vice versa. The load

angle oscillates with the same frequency as the pulsating load frequency (10Hz,

see equation (3.1)). The angle varies between -32.11° and -32.53°; this relates to a

relative change of 0.58°.

This relative movement of the rotor can be observed with the aid of a stroboscope.

This movement will be relatively small because of the large number of poles. The

fewer the poles the larger the movement.

20
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Graph 3.3: Apparent power oscillation due to load pulsation

Analysis and Effect of Large Synchronous Motors on Power Systems



Page 41

Graph 3.3: Apparent power oscillation due to load pulsation indicates the relative

oscillation of the apparent power consumption in MVA and is a snapshot of motor

apparent power versus time. The graph indicates an increase in the apparent power

when the motor load increases and vice versa. The apparent power oscillates at the

same frequency as the pulsating load frequency (10 Hz) and varies between 17.55

MVA and 17.75 MVA; this relates to a relative change of 0.41 MVA.

This percentage change in apparent power is far lower than the percentage change

in load and is due to the rotational inertia, which is reluctant to change quickly.
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Graph 3.4: Current oscillation due to load pulsation

Graph 3.4: Current oscillation due to load pulsation indicates the relative oscillation

of the motor current in per unit values and correlates with the motor apparent power.

The motor current varies between 0.95 per unit and 0.97 per unit; this relates to a

relative change of 0.02 per unit.

Exactly the same behaviour as in the apparent power oscillation is noted here. The

percentage motor current change is far lower than the percentage change in load

and is due to the rotational inertia, which is reluctant to change quickly.

The rotor and compressor inertia behaves like a damper for the oscillating load

torque. The larger the inertia the larger the damping effect. Flickering of plant

lighting might occur if the current fluctuation were larger as the result of the load that

fluctuates at around 10Hz, where flickering is usually noticeable.
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Graph 3.5: Motor speed oscillation due to load pulsation

Graph 3.5: Motor speed oscillation due to load pulsation indicates the relative

oscillation of the motor speed in per unit values and has the same basic shape as

Graph 3.2: Load angle oscillation due to load pulsation; Graph 3.3: Apparent power

oscillation due to load pulsation. and Graph 3.4: Current oscillation due to load

pulsation. The motor speed varies between 99.89 % of nominal speed and

100.11 % of nominal speed. This relates to a relative change of 0.219 % of nominal

speed.

During the oscillation. the speed increases when the load torque decreases and the

speed decreases when the load torque increases.

The excitation system will control the motor according to the set mode (Constant

power factor, Constant reactive power and Constant voltage). A change in control

will occur as soon as the voltage or power factor changes. The automatic voltage

regulator (AVR) will continuously change the set point to the motor excitation in

order to meet the set mode requirements.

The pulsating load should not have any noticeable effect on the power system.

Analysis and Effect of Large Synchronous Motors on Power Systems



Page 43

· Power system layout and fault level

The fault level of a traditional industrial power system is generally high. The fault

levels are even higher when transformers are connected in parallel, which requires a

high performance switchboard.

The following factors contribute to a high fault current:

. Low source impedance;

· Parallel transformers;

· Synchronous motor contributions;

· Induction motor contributions.

This substation is fed from an 88 kV utility substation via two overhead lines (see

Figure 3.2: Network diagram indicating substation names). These lines are

connected in an 88 kV substation where the tiebreaker is closed during normal

operation. The voltage is then transformed to 11 kV via two parallel-operated

transformers. The large synchronous machine is then connected to this 11 kV

substation. The overall distribution diagram is not limited to the above only and is

simplified for this study.

The following tables indicate the relevant fault levels in kA and MVA:

Table 3.4: Bus fault levels for normal conditions in kA;

Table 3.5: Bus fault levels for one utility line open in kA;

Table 3.6: Bus fault levels for one transformer not connected in kA;

Table 3.7: Bus fault levels for normal conditions in MVA;

Table 3.8: Bus fault levels for one utility line open in MVA;

Table 3.9: Bus fault levels for one transformer not connected in MVA.

The values in the above tables were calculated using the PSAF software.
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The use of large rotating equipment often results in relatively high peak current

withstand values. This is also evident in Table 3.4: Bus fault levels for normal

conditions in kA where a peak value of 103.52 kA is calculated. This value is also

higher than the designed peak current withstand value for the switchboard.

All the motor's contributions were taken into consideration when this value was

calculated. This value will be lower in practice as not all the motors are operated

simultaneously.

Line one 4 km at 88 kVLine one 4 km at 88 kV

Utility

188 kV substation 1

Transformer 1

Apparent power = 40
MVA

Z % = 10 %
Yd1

111 kV substation 1

Figure 3.2: Network diagram indicating substation names
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Table 3.4: Bus fault levels for normal conditions in kA

I I Max.
Rated Max

Max Max.
Steady

Substation Voltage Initial rms Peak Breaking State Switchgear

(kV) (I"k)
Current Current (lb) Rating Rating
(lp) @ 100 ms (lk)

Utility 88 26.45 74.80 25.91 25.50 100 kA (peak)
40 kA for 3 s

88kV 88 19.75 55.86 19.23 18.99 125 kA (peak)
50 kA for 3 s

11 kV 11 36.71 103.52 34.84 34.16 100 kA (peak)
40 kA for 3 s
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Table 3.5: Bus fault levels for one utility line open in kA

Max Max. Max.
Rated Max Steady

Substation Voltage Initial rms
Peak Breaking State Switchgear

(kV) (I"k)
Current Current (lb) Rating

Rating
(lp) @ 100 ms Uk)

Utility 88 26.16 67.95 23.87 23.80 100 kA (peak)
40 kA for 3 s

88kV 88 8.50 24.03 8.15 8.02 125 kA (peak)
50 kA for 3 s

11 kV 11 30.13 84.91 28.18 27.46 100 kA (peak)
40 kA for 3 s

Table 3.6: Bus fault levels for one transformer not connected in kA

Max Max. Max.
Rated Max Peak Breaking Steady SwitchgearSubstation Voltage Initial rms State
(kV) (I"k)

Current Current (lb) Rating Rating
(lp) @ 100 ms Uk)

Utility 88 26.17 74.02 25.70 25.47 100 kA (peak)
40 kA for 3 s

88kV 88 19.64 55.56 19.17 18.95 125 kA (peak)
50 kA for 3 s

11 kV 11 23.30 65.60 21.46 20.78 100 kA (peak)
40 kA for 3 s

Table 3.7: Bus fault levels for normal conditions in MVA

Max Max.
Max.

Rated Max Steady
Substation Voltage Initial rms Peak Breaking State Switchgear

(kV) (I"k)
Current Current (lb) Rating Rating
(lp) @ 100 ms Uk)

Utility 88 4031.52 11401.05 3949.21 3886.72 100 kA (peak)
40 kA for 3 s

88kV 88 3010.30 8514.21 2931.05 2894.46 125 kA (peak)
50 kA for 3 s

11 kV 11 5595.36 15778.57 5310.33 5206.68 100 kA (peak)
40 kA for 3 s
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Table 3.8: Bus fault levels for one utility line open in MVA

Max Max. Max.
Rated Max Peak Breaking

Steady SwitchgearSubstation Voltage Initial rms
Current Current (lb)

State
Rating(kV) (I"k) Rating(lp) @ 100 ms (lk)

Utility 88 3987.32 10356.97 3638.28 3627.61 100 kA (peak)
40 kA for 3 s

88kV 88 1295.57 3662.66 1242.23 1222.41 125 kA (peak)
50 kA for 3 s

11 kV 11 4592.43 12942.02 4295.21 4185.47 100 kA (peak)
40 kA for 3 s

Table 3.9: Bus fault levels for one transformer not connected in MVA

Max Max. Max.
Rated Max Peak Breaking Steady SwitchgearSubstation Voltage Initial rms State
(kV) (I"k)

Current Current (Ib)
Rating Rating

(lp) @ 100 ms (lk)

Utility 88 3988.84 11282.16 3917.21 3882.15 100 kA (peak)
40 kA for 3 s

88kV 88 2993.54 8468.48 2921.90 2888.37 125 kA (peak)
50 kA for 3 s

11 kV 11 3551.40 9998.78 3270.94 3167.30 100 kA (peak)
40 kA for 3 s
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. Dynamic response of the motor due to load changes

This section discusses the stability limit of the motor due to a sudden increase in

load. To test the stability limit the motor will be fully loaded and then subjected to

load step changes of varying duration.

The assumptions are:

. Load is linear at the step change value;

. Load step changes are instantaneous;

. The excitation remains unaltered and constant.

The following graphs:

Graph 3.6: Motor cUffent changes due to maximum load changes,

Graph 3.7: Motor maximum load versus time characteristic,

Graph 3.8: Motor load angle versus motor load step, and

Graph 3.9: Motor load angle versus motor load step (maximum time).

illustrate the dynamic response of the motor due to load changes and each graph is

discussed separately. The legend within Graph 3.6: Motor CUffentchanges due to

maximum load changes indicates the applied load in percentage as well as the

increased load application time. The increased load was applied at 115 ms.

280% Load applied for 115 ms

1.5
Time in seconds

2 2.5 3

Graph 3.6: Motor current changes due to maximum load changes
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Graph 3.6: Motor current changes due to maximum load changes indicates the

current drawn when the motor is subjected to a maximum load change of 280 % for

115 ms. The vertical axis indicates the motor current in per unit values and the

horizontal axis indicates the time. The combination of 280 % for 115 ms was chosen

because it is close to the stability limit for variations in step response. For more

details see Graph 3.9: Motor load angle versus motor load step (maximum time) for

other combinations.

When the load increases the current increases correspondingly, oscillates and

returns to unity when the load returns to normal. This behaviour is similar for the

load angle and the speed.

Load changes will result in a load angle change. This can be explained with the aid

of equation (2.27) on page 22. The assumption is that the terminal voltage and the

internally generated voltage will stay constant and that the load angle will change.

This change in the load angle will subsequently result in a change in the motor

power factor, which will then change the motor current and apparent power. The

speed decreases when the additional load is applied and the speed increases when

the additional load is removed. The motor will lose synchronism if the load is applied

longer than the indicated time.

100
o 200 400 600 800 1000 1200

Time in milli seconds
1400 1600 1800

Graph 3.7: Motor maximum load versus time characteristic

Analysis and Effect of Large Synchronous Motors on Power Systems

-- -

260
:is

.5 220
!
.e
OJ.c 180'0
1\1
.Q
*' 140x
1\1
:!

\

--- -----------

-

---

-

- ---....-



Page 49

Graph 3.7: Motor maximum load versus time characteristic indicates the motor's

ability to withstand a momentary application of a step change (increase) in load. The

vertical axis indicates the motor loading in percentage and the horizontal axis

indicates the time that the motor would be stable for. The motor will lose

synchronism if the load that is applied lies anywhere above the curve.

These values indicate the short-term or transient values and cannot be compared to

sustained long-term overloading.
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Graph 3.8: Motor load angle versus motor load step

Graph 3.8: Motor load angle versus motor load step indicates various plots of the

motor load angles in terms of different loading and loading durations. The y-axis

indicates the load angle in degrees while the x-axis indicates the time. The graph is

a three-second snapshot of motor load angle versus time, where the legend within

the graph indicates the applied load in percentage value.

A step change, which varies from 120 % to 220 % of the load, is applied to the

motor and then removed after 2 s. It can be seen that the motor is not stable for the

200 % and 220 % loading, as the load angle does not return to a steady state value

(motor lost synchronism).
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The load angle increases as soon as the step change is applied, and the modelling

indicates that the load angle should be less than 1500to ensure transient stability.

When an applied step load of between 120 % to 180 % is applied, the load angle

experiences a transient oscillation (the load angle increases as a result of the

increased load), which returns to a steady state value.

After 2 s, when the step load is removed, the load angle experiences a transient

oscillation (the load angle decreases as a result of the decreased load), which

returns to the original steady state value.
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Graph 3.9: Motor load angle versus motor load step (maximum time)

Graph 3.9: Motor load angle versus motor load step (maximum time) indicates the

different load angle responses to the different load step (Increase) changes. The

vertical axis indicates the motor load angle in degrees; the horizontal axis indicates

the time. The legend indicates the load change values and the associated load step

periods. When the load increases, the load angle increases correspondingly; it

oscillates and returns to a steady state position. These plots relate the different load

angles and loads. The different plots are similar in appearance and the differences

are the durations and amplitudes.
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. Dynamic response of the motor due to excitation changes

In this section a positive voltage pulse is supplied to the motor excitation (Graph

3.10: Positive voltage pulse on the motor excitation) and the following graphs

indicate the detailed motor response:

Graph 3. 10: Positive voltage pulse on the motor excitation;

Graph 3. 11: Motor apparent electrical power change due to excitation step change;

Graph 3. 12: Motor reactive electrical power change due to excitation step change;

Graph 3. 13: Motor load angle changes due to excitation step change;

Graph 3. 14: Motor terminal voltage changes due to excitation step change;

Graph 3. 15: Motor current changes due to excitation step change;

Graph 3.16: Motor power factor changes due to excitation step change.

The assumptions here are as follows:

. Load is linear and constant;

. Excitation field voltage step changes are instantaneous;

. Excitation can accommodate the excitation changes.
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Graph 3.10: Positive voltage pulse on the motor excitation

The Graph 3.10: Positive voltage pulse on the motor excitation indicates the per unit

voltage supplied to the excitation system. The left-hand graph indicates the per unit

voltage over a period of 3 s.
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The right-hand profile shows a close-up view of the left-hand profile and shows the

per unit voltage. The vertical axis indicates the motor per unit excitation voltage and

the horizontal axis indicates the time. This step change is a 12 per unit pulse, which

is applied for 400 ms.

Graph 3.11: Motor apparent electrical power change due to excitation step change

indicates per unit apparent electrical power of the motor (left-hand graph) and the

right-hand profile shows a close-up view of the left-hand profile. The vertical axis

indicates the motor per unit electrical power and the horizontal axis indicates the

time.
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Graph 3.11: Motor apparent electrical power change due to excitation step change

After the application of the excitation pulse the motor apparent electrical power

increases to a per unit value of 1.8 as the excitation increases and it returns to the

pre-disturbance value after 2 to 4 s, once the pulse is removed. A time delay that

correlates to the time constant of the excitation system is evident.

The Graph 3.12: Motor reactive electrical power change due to excitation step

change indicates per unit reactive electrical power of the motor (left-hand graph) and

the right-hand profile shows a close-up view of the left-hand profile. The vertical axis

indicates the motor per unit reactive electrical power and the horizontal axis

indicates the time.
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Graph 3.12: Motorreactive electrical power change due to excitation step change

After the application of the excitation pulse the motor reactive electrical power

increases to a per unit value of 1.4 as the excitation increases and it returns to the

pre-disturbance value after 2 to 4 s. An increase in excitation current willoverexcite

the motor and this willlead to the export of reactive energy. (Refer to Section 2.2

Background theory for a detailed discussion.)
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Graph 3.13: Motorload angle changes due to excitation step change

Graph 3.13: Motor load angle changes due to excitation step change indicates per

unit load angle of the motor (left-hand graph) and the right-hand profile presents a

close-up view of the left-hand profile.The vertical axis indicates the motor per unit

load angle and the horizontal axis indicates the time. After the application of the

excitation pulse the motor load angle changes from -340 to -200 and returns to the

pre-disturbance value 3 to 4 s after the pulse is removed.
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Graph 3.14: Motor terminal voltage changes due to excitation step change

Graph 3.14: Motor tenninal voltage changes due to excitation step change indicates

per unit terminal voltage of the motor (left-hand graph) and the right-hand profile

presents a close-up view of the left-hand profile. The vertical axis indicates the

motor per unit terminal voltage and the horizontal axis indicates the time.

The motor exports more reactive power when it is overexcited, which is the case

when one exposes the excitation system to a pulse.
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Graph 3.15: Motor current changes due to excitation step change

The opposite of a voltage drop then occurs, which means that the voltage drop is

then added to the nominal voltage; this then results in a general motor terminal

voltage increase. During the application of the excitation pulse the motor terminal

voltage changes by 3 % and returns to the pre-disturbance value 3 to 4 s after the

pulse is removed.
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Graph 3.15: Motor current changes due to excitation step change indicates the unit

current of the motor (left-hand graph) and the right-hand profile presents a close-up

view of the left-hand profile. The vertical axis indicates the motor per unit current

and the horizontal axis indicates the time.

The motor current increases because of the reactive power output increases with an

increase in the excitation. After the application of the excitation pulse the motor

current changes from 1 per unit to 1.65 per unit and returns to the pre-disturbance

value 3 to 4 s after the pulse is removed.
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Graph 3.16: Motor power factor changes due to excitation step change

Graph 3.16: Motor power factor changes due to excitation step change indicates per

unit power factor of the motor (left-hand graph) and the right-hand profile presents a

close-up view of the left-hand profile. The vertical axis indicates the motor per unit

power factor and the horizontal axis indicates the time. The motor power factor

increases because of the reactive power outputs increases, with an increase in the

excitation. After the application of the excitation pulse the motor power factor

changes from 0.96 leading to 0.55 leading and returns to the pre-disturbance value

3 to 4 s after the pulse is removed. The time constant needed for the motor to react

when applying the pulse is far less than the time constant needed for the motor to

react when removing the pulse.
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0 The chosen method of motor starting 

Direct-on-line starting or full voltage starting. 

This section is included for completeness, as this section has 

already been discussed in Section 2.3 Motor starting. This is 

the most frequently used method for the starting of a 

synchronous motor [14]. The direct-on-line method of starting 

a motor is the most simple and economical method of 

starting a large synchronous motor. However, the source 

impedance must be low and therefore "stiff' [14]. The fast 

acceleration torque must be taken into account when this 

method is used. 

Figure 3.3: Direct-on-line starting or full voltage starting 

The higher stresses and fault currents associated with this starting method 

require higher busbar and fault-current ratings of the switchboard [3]. The 

synchronous motor must also be equipped with squirrel cage windings. (See 

Appendix A: Photograph 5-1: (Damper) Squirrel cage-winding pole .) 

The starting principle can be explained with the aid of Figure 3.4: Principle diode, 

rotor and thyristor layout on page 57. This method can only be used if there is a 

squirrel cage-winding present. Photograph 5-1: (Damper) Squirrel cage-winding pole 

indicates the starting winding configuration on each pole, where as Photograph 5-2: 

(Damper) Squirrel cage-winding pole indicates the interconnection between the 

poles in terms of the starting winding. 

During the asynchronous start of the motor an ac voltage will be induced in the field 

winding; the frequency of this induced voltage will be at the slip frequency. This 

induced voltage will switch on 11  and T2 and will thus short-circuit the diode bridge 

and the excitation should not be switched on. High reverse voltage levels are 

prevented this way. When the rotor reaches 95 % of rated speed the thyristors (TI, 

12) will stop firing. 
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The starting resistor is connected in series with the field winding and this increases 

the pull-in torque, especially at the end of start-up. The starting resistor will be 

short-circuited as soon as T3 switches on. This is achieved after switching on the 

excitation system. Power is supplied to the field from a rotating main exciter. The 

position of these diodes can be seen in Appendix J: Diagram for the rotor diode 

arrangement. 

Figure 3.4: Principle diode, rotor and thyristor layout 

The Table 3.70: Summary table for motor starting below summarises the starting 

options and indicates certain limits to these options. There are basically four options 

for starting this synchronous motor as indicated in the first column of Table 3.70 

namely: one transformer high system fault level, two transformers high system fault 

level, one transformer low system fault level, and two transformers low system fault 

level. 

The second column indicates the relative starting time of the four options. It is 

evident that the two transformers high system fault level option is the best with a 

time of 3.32 s. This makes sense because the "stiffer" the supply the better the 

starting capability and, according to Table 3.4: Bus fault levels for normal conditions 

in kA, this is also the option with the highest fault level. It is interesting to note that 

the influence of the source fault level was not as severe as the influence of one as 

opposed to two transformers. 

The third column indicates the pre-starting voltage on the top cell, the starting 

voltage on the middle cell and the maximum percentage voltage drop during the 

motor start on the lower cell. 

- -~ ~ 
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High voltage drops are evident when the fault level is at its lowest (one transformer 

low system fault level) and the voltage drop is lower, with a high fault level (two 

transformers high system fault level). Special care should be taken that the motor 

terminal voltage must not fall lower than the absolute minimum voltage that can still 

accelerate the motor, in our case 75 %. For these limits refer to Table 3.11: 

Summary table for motor terminal voltage limits during starting. 

The fourth column indicates the speed at the end of the starting cycle and is only 

indicated for information. 

bable 3.10: Summary table for motor starting I 
Column 1 

Starting options 

(see column 

description in the 

text) 

One 

transformer high 

system fault 

level 

Two 

transformers 

high system fault 

Analysis and Effect of Large Synchronous Motors on Power Systems 

One 

transformer low 

system fault 

level 

Two 

transformers low 

system fault 

level 

level 1 /11.47%] / 1 1 . 4 7 %  / / 

2 

Start-up 

time in 

seconds 

4.00 

3.32 

4.03 

3.35 

3 

Terminal 

voltage 

(kV) 

11.04 

9.00 

18.49 % 

11.04 

9.77 

11 .09 

8.96 
. 

19.18 % 

11 -09 

9.73 

12.28 % 

4 

Motor 

speed 

(rpm) 

212.5 

212.6 

212.5 

212.6 

5 

Motor 

current 

(W 

3.33 

0.92 

3.33 

0.94 

3.35 

0.92 

3.35 

0.94 

6 

Terminal 

voltage 

(PU) 

1.00 

0.81 

18.49 % 

1.00 

0.88 

1.00 

0.81 
A 

19.18 % 

1.008 

0.884 

12.28 % 

7 

Motor 

speed 

(PU) 

0.992 

0.992 

8 

Motor 

current 

(PU) 

3.47 

. 
0.96 

3.47 

0.98 

0.992 

0.992 

3.49 

. 
0.96 

3.49 

0.98 
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Motor starting current is indicated in the upper cell in the fifth column and nominal 

current in the lower cell. The effect that the fault current level has on the motor 

starting current is also noticeable in the following graphs (higher fault levels result in 

faster start-up times): 

Graph 5.10: Motor cutrent for starting with low fault levels and one transformer; 

Graph 5.7: Motor current for starting with high fault levels and one transformer; 

Graph 3.21: Motor speed for starting with high fault levels and two transfonners; 

Graph 3.19: Motor current for starting with low fault levels and one transformer (for a 

visual comparison). 

The sixth column indicates the pre-starting voltage in per unit on the top cell, the 

starting voltage in per unit on the middle cell, and the maximum percentage voltage 

drop during the motor start on the lower cell. The description is the same as for 

column three. 

The seventh column indicates the speed in per unit at the end of the starting cycle 

and has only been included for information. 

The eighth column indicates the starting current in per unit, where the motor starting 

current is in the upper cell in the f i h  column and nominal current in the lower cell. 

A utility supply normally regulates the system voltage between 92.5 % and 107.5 % 

of a contractual value. It is therefore important to review the upper and lower 

boundaries of the motor terminal voltage during starting. These options are reflected 

in the first column of Table 3.1 1: Summary table for motor terminal voltage limits 

during starting. The second column of this table indicates the modelled voltages, 

where the pre-starting voltage is on the top cell, the starting voltage on the middle 

cell and the maximum percentage voltage drop during the motor start on the lower 

cell. 

The third and fourth columns were calculated with 92.5 % and 107.5 % of the 

nominal voltage and the voltage drop from the modelled values. A calculation like 

this is not totally correct but is indicative of this certain situation. 
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A critical motor terminal voltage of 75 % is required to accelerate the motor for a

successful start. There is a possibility that the motor will not start or synchronise if

the motor terminal voltage is lower than this. This relates to a 25 % voltage drop.

The possible problem areas are indicated in red in Table 3.11: Summary table for

motor terminal voltage limits during starting.

Analysis and Effect of Large Synchronous Motors on Power Systems

Table 3.11: Summary table for motor terminal voltage limits during starting

Column 1 Column 2 Column 3 Column 4

Terminal +7.5% -7.5%
Starting options

voltage (pu) voltage voltage

1.004 1.075 0.925

0.818 0.890 0.740

One transformer high system fault level

Modelled voltage drop value 18.50 %

1.004 1.075 0.925

0.889 0.960 0.810

Two transformer high system fault level

Modelled voltage drop value 11.48 %

1.009 1.075 0.925

0.815 0.883 0.733

One transformer low system fault level

Modelled voltage drop value 19.19 %

1.008 1.075 0.925

0.885 0.952 0.802

Two transformer low system fault level

Modelled voltage drop value 12.28 %
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Graph 3.17: Motor terminal voltage for starting with low fault levels and one

transformer indicates the motor terminal voltage in kV (left-hand graph) and the

right-hand profile indicates the motor terminal voltage in per unit value.

o
o 0.5 1 1.5 2 2.5 3 3.5

Time in seconds

Graph 3.17: Motor terminal voltage for starting with low fault levels and one

transformer

The vertical axis either indicates the motor terminal voltage in kV or in per unit value

and the horizontal axis indicates the time. This is also the worst possible starting

condition and Table 3.11: Summary table for motor terminal voltage limits during

starting indicates that a possible failure to start could exist. Table 3.10: Summary

table for motor starting indicates that the motor would take 4.03 s to start and would

experience a voltage dip of 19.18 %. Special care should be taken to mitigate other

devices that might feed from the same switchboard against these types of voltage

dips. This voltage dip would not reflect back a significant voltage dip to the 88 kV
side.
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Graph 3.18: Motor speed for starting with low fault levels and one transformer
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Graph 3.18: Motor speed for starting with low fault levels and one transformer

indicates the motor speed in rpm on the left-hand graph and per unit speed on the

right-hand graph. The vertical axis indicates either the motor speed in rpm or the per

unit speed value and the horizontal axis indicates the time. The speed profile of the

motor changes as the start-up time changes and this will be illustrated later in terms

of a comparison between the best and the worse case. These speed graphs are

indicative and were obtained with the aid of a motor model.
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Graph 3.19: Motor current for starting with low fault levels and one transformer

Graph 3.19: Motor current for starting with low fault levels and one transformer

indicates the motor start-up current in kA on the left-hand graph and in per unit

current on the right-hand graph. The vertical axis indicates the current either in kA or

per unit value and the horizontal axis indicates the time.

The start-up current profile of the motor changes in correlation with changes to the

motor terminal voltage. Start-up times will increase with lower terminal voltage and

the start-up current will decrease with higher terminal voltages. These changes will

be illustrated later in this section in terms of a comparison between the best and the

worse case. Lower motor terminal voltage might be a type of a "soft start" for the

motor in terms of the lower current, but the available starting torque is reduced in

proportion to the square of the voltage.
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Graph 3.20: Motor terminal voltage for starting with high fault levels and two

transformers indicates the motor terminal voltage in kV (left-hand graph) and the

right-hand profile indicates the motor terminal voltage in per unit value.
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Graph 3.20: Motor terminal voltage for starting with high fault levels and two

transformers

The vertical axis indicates the motor terminal voltage either in kV or per unit value

and the horizontal axis indicates the time. This is also the best possible starting

condition and Table 3.11: Summary table for motor terminal voltage limits during

starting confirms this. Table 3.10: Summary table for motor starting indicates that

the motor would take 3.32 s to start and would experience a voltage dip of 11.47 %.

This voltage dip would not reflect back a significant voltage dip to the 88 kV side.

The explanation for this is the same as for the worst case and this information has

been included for completeness.

250

:::I 0.8
ci.
c
:c 0.6
CD
CDa.
en 0.4....o
'0
~ 0.2

Motor Speed (p.u)

~ 200
0.,
0::
.5 150
~
~ 100en....
.s
~ 50

o
o 0.5 1 1.5 2 2.5 3 3.5

Time in seconds

o
o 0.5 1 1.5 2 2.5 3 3.5

Time in seconds

Graph 3.21: Motor speed for starting with high fault levels and two transformers
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Graph 3.21: Motor speed for starting with high fault levels and two transformers

indicates the motor speed in rpm on the left-hand graph and per unit speed on the

right-hand graph. The vertical axis indicates either the motor speed in rpm or the per

unit speed value and the horizontal axis indicates the time. The explanation for this

is the same as for the worst case and this graph has been included for

completeness.
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Graph 3.22: Motor current for starting with high fault levels and two transformers

Graph 3.22: Motor current for starting with high fault levels and two transformers

indicates the motor start-up current in kA on the left-hand graph and in per unit

current on the right-hand graph. The vertical axis indicates the current either in kA or

per unit value and the horizontal axis indicates the time. The explanation for this is

the same as for the worst case and the graph has been included for completeness.
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Graph 3.23: Motor starting terminal voltage comparison between best and worst

case
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Graph 3.23: Motor starting terminal voltage comparison between best and worst

case indicates the motor terminal voltage in kV (left-hand graph) and the right-hand

profile indicates the motor terminal voltage in per unit, where each graph represents

the best and worst case condition. The vertical axis indicates the motor terminal

voltage either in kV or per unit value and the horizontal axis indicates the time. It is

evident that the voltage profiles are similar, but are different in term of magnitude

and duration.

Graph 3.23: Motor starting terminal voltage comparison between best and worst

case, Graph 3.24: Motor starting speed comparison between best and worst case,

and Graph 3.25: Motor starting current comparison between best and worst case

illustrate graphically the differences between the best and worst case motor starting.

They indicate that the lower the fault current or the higher the source impedance the

deeper the voltage dip and vice versa.

Data in Table 3.11: Summary table for motor terminal voltage limits during starting

indicates that the source impedance does not have as large an impact as one or two
transformers.
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Graph 3.24: Motorstarting speed comparison between best and worst case

Graph 3.24: Motor starting speed comparison between best and worst case

indicates the motor speed in rpm on the left-hand graph and the right-hand graph

indicates the speed in per unit value. The two plots on each graph represent the

best and worst case condition. The vertical axis indicates the motor speed either in

rpm or per unit value and the horizontal axis indicates the time.
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It is evident that the voltage profiles are similar, but are different in magnitude and

duration. Therefore, the higher the fault current or the lower the source impedance

the faster the motor will start-up and vice versa. Appendix H: Graphs for motor

starting contains other graphs for the different start-up combinations.
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Graph 3.25: Motor starting current comparison between best and worst case

The Graph 3.25: Motor starting cu"ent comparison between best and worst case

indicates the motor start-up current in kA on the left-hand graph and in per unit

current on the right-hand graph. The vertical axis indicates the current either in kA or

per unit current value and the horizontal axis indicates the time. The two plots on

each graph represent the best and worst case condition.

The start-up current profile of the motor changes in correlation with changes in the

motor terminal voltage. Start-up times will increase with lower terminal voltage and

the start-up current will decrease with lower terminal voltages. (These changes are

reflected in the graph.) This means that the lower the fault current or the higher the

source impedance the larger the start-up current and the quicker the start-up time

and vice versa. The effective area under the start-up current curve remains the

same. When the start-up current reduces, the start-up time will increase and when

the start-up current increases the start-up time will decrease. This is evident from

the data presented in Table 3.10: Summary table for motor starting, which indicates

that a source of low or high impedance do not have such a large impact as do one

or two transformers. Appendix H: Graphs for motor starting contains other graphs for

the different start-up combinations.
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3.3. Impactof the power system on the motor

· Effectof voltage dips as the result of faults on the network

Inthis section, the transient stabilityof a synchronous motor, during voltage dips, is

determined. The major items that influence the stability of synchronous machines
are:

. The inertia of the machine and connected load;

· The operating of the motor at a higher than nominalvoltage level;

· The dynamic response of the automatic voltage regulator;

· An increase in the pull-outtorque [16J;

· An increase in the fault level [16J;

. Anoverexcitedmotor[16].

A synchronous motor will tend to de-accelerate during voltage dips, while a

synchronous generator will accelerate. The severity of this speed change will

depend on the inertia of the mechanical system [16].

The motor willtolerate a disturbance equal to the critical angle in order to stay in

synchronism.
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Graph 3.26: Motor load angle variation after a disturbance
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A fault longer than the critical time would make the machine unstable. The load or

torque angle is an indicative measure of the stability of a synchronous machine.

Graph 3.26: Motor load angle variation after a disturbance illustrates a machine that

returned to stable operation after voltage dip.

Different types of faults will have different impacts on the critical clearance times and

therefore the different faults will have to be evaluated. Voltage regulation may

improve the transient stability of the machine to a small extent.

As mentioned in an earlier chapter, machine stability will generally improve with the

application of higher terminal voltages. The P-curve will increase with an increase in

system voltage. (See equation (2.21).) This will result in a higher pre-fault area. The

higher the system voltage the more stable the machine.

Graph 3.27: Variation in motor load angle after disturbances of different durations

Graph 3.27: Variation in motor load angle after disturbances of different indicates

various motor load angle graphs for a 100 % voltage dip with different durations.

The first voltage dip duration was 75 ms, as indicated, with the machine remaining

stable. The voltage dip duration was then increased until the motor was unstable. It

is evident from the Graph 3.27: Variation in motor load angle after disturbances of

different durations that the longer the voltage dip duration the larger the load angle

deviation. This continuous until the maximum transient load angle is exceeded. The

values for the red line in Graph 3.28 were obtained by modelling the absolute

stability for several voltage dips and depths.
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· Evaluation of the effect of the number of voltage dips (reliability of supply)

Graph 3.28: Voltage dip scatter plot indicating different tripping areas

Graph 3.28: Voltage dip scatter plot indicating different tripping areas indicates the

relative performance of the network. Every dot on this scatter plot represents a

system fault, that resulted in a voltage dip from a single or a multiphase system fault

on the 88 kV distribution. The fault characteristic is different on the 11 kV side

because of the star-delta transformation. The voltage graph is not necessarily

indicative of the number of voltage dips, but is representative of the performance of

the specific network.

Graph 3.28: Voltage dip scatter plot indicating different tripping areas uses green

and red colour markings to indicate different offers. The green area represents the

initial ride-through offer in terms of undervoltage settings from the supplier.

Because of the motor's voltage dip sensitivity, another offer was submitted which is

the red area. All the dots outside the green or red areas would result in a motor trip

and an interruption to the on-line process. This extreme sensitivity would impair the

on-line time of the process.
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The synchronous motor's safe ride-through capability is indicated graphically in the

scatter plot by the red line. The values of this red line were obtained by modelling

the absolute stability for several voltage dips and depths. Dots underneath the red

line area would not result in a motor trip. Dots above the red line area would result in

a motor trip. A visual comparison of the different curves in Graph 3.28: Voltage dip

scatter plot indicating different tripping areas indicates a significant improvement.

The number of voltage dips that will affect the continuous process are summarised

in Table 3.12: Summarised trips due to voltage dips. The table indicates a

percentage trip based on a certain protection setting. The motor will trip on 47.32 %

of the voltage dips if the undervoltage protection settings are set as option one;

45.53 %, 23.06 % and 15.11 % as options two, three and four respectively. The

advantage of the correct setting is evident if one considers a reduction in trips from

47.32 % to 15.11 %. There could be around 50 voltage dips per year.

It is paramount that these settings should reflect the modelled withstand curve of the

motor, for example the red curve in Graph 3.28. The values in Table 3.12:

Summarised trips due to voltage dips can be improved with conditional tripping,

which is not part of the scope of this study.

A three-phase undervoltage has the largest impact on the stability of the motor and

a single-phase undervoltage has the least impact. The red curve in Graph 3.28

represents a three-phase undervoltage condition. Conditional tripping will then trip

the motor depending on the number of affected phases. Conditional tripping could

form part of future studies to improve the motor stability.

Analysis and Effect of Large Synchronous Motors on Power Systems

Table 3.12: Summarised trips due to voltage dips

c C> C> Avg trips per year0
Setting type

c
Setting type

c
;: E ECo Q) Q) in % of dips0 (f) (f)

1 Undervoltage % pickup 20 Undervoltage time delay 40 47.32 %

2 Undervoltage % pickup 20 Undervoltage time delay 60 45.53 %

3 Undervoltage % pickup 20 Undervoltage time delay 90 23.06 %

4 Undervoltage % pickup 30 Undervoltage time delay 90 15.11 %
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. Bolted fault on 11 kV busbar causing a 100 % voltage dip

Graph 3.29: Voltage dip profile for a 100 % voltage dip

Graph 3.29: Voltage dip profile for a 100 % voltage dip indicates the rms voltage at

the terminals of the motor. This voltage could occur on the bus as the result of a

system fault on the 11 kV busbar or a fault on the utility side. The left-hand graph

indicates the rms voltage profile over a period of 3 s. The right-hand profile presents

a close-up view of the left-hand profile and shows the voltage dip and recovery

period. The vertical axis indicates the motor terminal rms voltage in per unit value

and the horizontal axis indicates the time.

From the graph, it can be seen that the fault is applied at 100 ms and removed at

200 ms, after which the motor re-accelerates and returns to a steady state condition.

The motor will only recover fully (no oscillations) after 2 s, following a voltage dip of
100 % for 100 ms.

Utmost care should be taken to prevent any sympathy tripping (other devices) as the

result of the motor re-accelerating voltage profile. Although the voltage dip in the

simulation was only 100 ms, the resultant consequence or disturbance lasted more

than 2 s. Two distribution transformers are connected in parallel for the above

simulation; if one transformer is selected, the voltage dip will be deeper and longer.

The same occurs when the source impedance reduces. For an 11 kV busbar fault

the motor and the source will contribute to this fault. The source current contribution

is via the 11 kV transformers.
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Graph 3.30: Fault current profilefor an 11 kVfault

Graph 3.30: Fault current profile for an 11 kV fault indicates a fault that is applied for

100 ms on the 11 kV busbar. The right-hand profile presents a close-up view of the

left-hand profile and shows the fault current. The vertical axis indicates the fault

current in per unit value (rms) and the horizontal axis indicates the time.

This fault current is made up from the motor (Graph 3.31: Motor current contribution

to a network fault) and the network (Graph 3.32: Fault current contribution from the

11 kV side for an 11 kV fault) current contribution. The current indicated in the graph

is a rms current.
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Graph 3.31: Motor current contribution to a network fault
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Graph 3.31: Motor current contribution to a network fault indicates fault contribution

from the motor where the vertical axis indicates the fault current in per unit value

(rms) and the horizontal axis indicates the time. The right-hand profile presents a

close-up view of the left-hand profile and shows the fault current.

The motor current contribution oscillates between 0 and 6 per unit and is about 15 %

of the total fault current. A disturbance of 100 ms will only reach a steady state

condition after 2 s. Extra care should be taken when setting the protection relays, as

this high motor current contribution can lead to a nuisance trip of the motor.
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raph 3.32: Fault current contribution from the 11 kV side for an 11 kV fault

Graph 3.32: Fault current contribution from the 11 kV side for an 11 kV fault

indicates fault current contribution from the network, where the vertical axis indicates

the fault current in per unit value (rms) and the horizontal axis indicates the time.

The right-hand profile presents a close-up view of the left-hand profile and shows

the fault current.

The effect that the motor has on the network can be seen in the current oscillation.

Eighty-five percent of the fault current is supplied from the network. In the simulation

the network was modelled by a constant voltage source and does not reflect the

actual contributions of generators and motor loads.
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Graph 3.33: Fault current contribution from the 88 kV side for an 11 kV fault

Graph 3.33: Fault current contribution from the 88 kV side for an 11 kV fault

indicates fault current contribution from the network (88 kV side). This graph is the

same as Graph 3.32: Fault current contribution from the 11 kV side for an 11 kV

fault except for the current levels, which were transformed by the voltage ratio.
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Graph 3.34: Motor electrical power during and after a system disturbance

Graph 3.34: Motor electrical power during and after a system disturbance indicates

the motor electrical power, where the vertical axis indicates electrical power in per

unit value and the horizontal axis indicates the time. The right-hand profile presents

a close-up view of the left-hand profile and shows the electrical power. The

magnified graph shows that the electrical power during the fault is zero, and this is

because the voltage during the fault is zero in accordance with:

p =JiV.I.Cos(t/J) (3.2)
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When the fault is cleared, the motor electrical power oscillates between 0 and 4.5

per unit. This power oscillation continues for up to 3 s.
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Graph 3.35: Motor reactive power during and after a system disturbance

Graph 3.35: Motor reactive power during and after a system disturbance indicates

the motor reactive power during and after a system disturbance, where the vertical

axis indicates electrical power in per unit value and the horizontal axis indicates the

time. The right-hand profile presents a close-up view of the left-hand profile and

shows the reactive power. The magnified graph shows that the reactive power

during the fault is zero, and this is because the voltage during the fault is zero in

accordance with:

Q = JiV.I.Sin(rp) (3.3)

When the fault is cleared, the motor reactive power oscillates between 0 and 4.5 per

unit. This reactive power oscillation continues for up to 3 s. This is similar to the

start-up of the motor, where mainly reactive energy is required. Graph 3.36: Motor

apparent power indicates the motor apparent power during and after a system

disturbance, where the vertical axis indicates electrical apparent power in per unit

MVA and the horizontal axis indicates the time. The right-hand profile presents a

close-up view of the left-hand profile and shows the apparent power. The magnified

graph shows that the apparent power during the fault is zero and this is because the

voltage during the fault is zero in accordance with:

S =JiV.I (3.4)
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Graph 3.36: Motor apparent power

When the fault is cleared the motor apparent power oscillates between a and 4.5 per

unit. This apparent power oscillation continues for up to 3 s. There is a relatively

large apparent power demand from the motor during the first second after the fault.
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Graph 3.37: Motor rotor speed during fault conditions

Graph 3.37: Motor rotor speed during fault conditions indicates the rotor speed

during and after the system disturbance, where the vertical axis indicates rotor

speed in per unit value and the horizontal axis indicates the time. The right-hand

profile presents a close-up view of the left-hand profile and shows the rotor speed.

The rotor speed reduces by 6 % during a 100 % voltage dip and increases to 105 %

post-fault. Graph 3.38: Motor torque during a fault condition indicates the motor

torque during and after a system disturbance, where the vertical axis indicates

torque in per unit value and the horizontal axis indicates the time.
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Graph 3.38: Motor torque during a fault condition

The right-hand profile presents a close-up view of the left-hand profile and shows

the torque. The torque oscillates between -2 and 3.5 per unit during the system fault

and between -0.5 and -3.5 per unit post-fault. The difference is 7 per unit, which is

significant. The motor base and anchors should be designed to withstand torque of

these magnitudes. This torque oscillates with characteristic frequencies, which could

excite the natural frequencies of the mechanical system. Separate studies should be

conducted to verify this.
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Graph 3.39: Motor load angle during a fault condition

Graph 3.39: Motor load angle during a fault condition indicates the motor load angle

during and after a system disturbance, where the vertical axis indicates load angle in

per unit and the horizontal axis indicates the time. The right-hand profile presents a

close-up view of the left-hand graph and shows the load angle. The magnified graph

shows the maximum transient load angle before the machine falls out of step. This

value is just over 150°.
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. High impedance fault on 11 kV busbar causing a 60 % voltage dip
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Graph 3.40: Voltage dip profile at 60 % voltage dip

Graph 3.40: Voltage dip profile at 60 % voltage dip indicates the rms voltage at the

terminals of the motor. The left-hand graph indicates the rms voltage profile over a

period of 3 s. The right-hand profile presents a close-up view of the left-hand profile

and shows the voltage dip. The vertical axis indicates the motor terminal voltage in

per unit value and the horizontal axis indicates the time.

From Graph 3.40: Voltage dip profile at 60 % voltage dip, it can be seen that the

fault is applied at 100 ms and removed at 200 ms, after which the motor

re-accelerates and returns to a steady state condition. The motor will only recover

fully (no oscillations) after 2 s following a voltage dip of 60 % for 100 ms. This is

relatively similar to the 100 % for 100 ms case. Any voltage sensitive equipment

should be able to ride-through this extended voltage dip. This 100 ms fault ultimately

results in an overall voltage dip of 650 ms (measured from the points at which the

voltage falls below 90 % and rises above 90 %).

If only one transformer is connected, the voltage dip will be deeper and longer.

For an 11 kV busbar fault the motor will also contribute to this fault current. The

contribution from the source will be via the 11 kV transformers.

Analysis and Effect of Large Synchronous Motors on Power Systems

---



Page 79

o
o 0.5 1 1.5 2

Time in seconds
2.5 3 0.50.1 0.2 0.3 0.4

Time in seconds

Graph 3.41: Fault current profile for an 11 kV fault causing a 60 % dip

Graph 3.41: Fault current profile for an 11 kV fault causing a 60 % dip indicates

exactly the same results as shown in Graph 3.30: Fault current profile for an 11 kV

fault; however, the current values are lower.

This fault current is made up from the motor and the network current contribution.

The current indicated in the graph is a rms current.
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Graph 3.42: Motor current contribution for a 60 % dip

Graph 3.42: Motor current contribution for a 60 % dip indicates fault current

contribution from the motor, where the vertical axis indicates the fault current in per

unit value (rms) and the horizontal axis indicates the time. The results are similar to

the results obtained from the 100 % dip for 100 ms study (Graph 3.31: Motor current

contribution to a network fault).
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Graph 3.43: Fault current contribution on the 11 kV side for a 60 % dip

Graph 3.43: Fault current contribution on the 11 kV side for a 60 % dip indicates the

same characteristics as Graph 3.32: Fault current contribution from the 11 kV side

for an 11 kV fault; however, the current values are lower.

The effect that the motor has on the network can be seen when the fault is removed

in terms of the current oscillation. Most of the fault current is supplied from the

network.
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Graph 3.44: Fault current contribution from the HV side for an 11 kV fault causing a

60 % dip

Graph 3.44: Fault current contribution from the HV side for an 11 kV fault causing a

60 % dip indicates the same characteristics as Graph 3.33: Fault current

contribution from the 88 kV side for an 11 kV fault; however, the current values are

lower.
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Graph 3.45: Motor power during and after a 60 % dip in voltage

Graph 3.45: Motor power during and after a 60 % dip in voltage indicates the motor

electrical power during and after a system disturbance, where the vertical axis

indicates electrical power in per unit value and the horizontal axis indicates the time.

The right-hand profile presents a close-up view of the left-hand profile and shows

the electrical power. The difference between this study and the previous study

(Bolted fault on 11 kV busbar causing a 100 % voltage dip) is that the motor

contributed real power to the network during the system fault. During the fault, the

motor delivers an oscillating power of 4 per unit power to the network and absorbs

an oscillating power of up to three times per unit power during the re-acceleration

phase. This power oscillation continues for up to 3 s, which is similar to the 100 %

dip for 100 ms case (Graph 3.34: Motor electrical power during and after a system

disturbance).
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Graph 3.46: Motor reactive power during and after a 60 % dip in voltage
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Graph 3.46: Motor reactive power during and after a 60 % dip in voltage indicates

the motor reactive power during and after the system disturbance, where the vertical

axis indicates electrical power in per unit value and the horizontal axis indicates the

time. The right-hand profile presents a close-up view of the left-hand profile and

shows the reactive power. The magnified graph shows that between 0 and 1.5 per

unit reactive power is delivered to the network during the fault. Between 0 and 4 per

unit, reactive power is absorbed during the acceleration phase of the motor (post-

fault).

When the fault is cleared, the motor absorbs reactive power that oscillates between

o and 4 per unit reactive power from the network. This reactive power oscillation

continues for up to 3 s. There is a relatively large reactive demand from the motor

during the first second after the fault. These results are similar to those of the 100 %

dip for 100 ms case (Graph 3.35: Motor reactive power during and after a system

disturbance).
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Graph 3.47: Motor apparent power for a 60 % dip in voltage

Graph 3.47: Motor apparent power for a 60 % dip in voltage indicates the motor

apparent power during and after a system disturbance where the vertical axis

indicates electrical apparent power in per unit value and the horizontal axis indicates

the time. The right-hand profile presents a close-up view of the left-hand profile and

shows the apparent power. The magnified graph shows that apparent power is

delivered during the fault and post-fault.
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During the fault, apparent power oscillates between 0 and 5.5 per unit and when the

fault is cleared, the motor apparent power oscillates between 1 and 5.5 per unit.

This apparent power oscillation continues for up to 3 s. There is a relatively large

apparent power demand from the motor during the first second after the fault.
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Graph 3.48: Motor rotor speed during fault conditions for a 60 % dip in voltage

Graph 3.48: Motor rotor speed during fault conditions for a 60 % dip in voltage

indicates the motor rotor speed during and after a system disturbance, where the

vertical axis indicates rotor speed in per unit value and the horizontal axis indicates

the time. The right-hand profile magnifies the left-hand profile and shows the rotor

speed. The rotor speed reduces by 6 % during a 60 % voltage dip and increases to

105 % post-fault. The motor speed reduces during a system fault and overshoots

when re-accelerating to synchronous speed. This behaviour is the same as in the

100 % dip for 100 ms case (Graph 3.37: Motor rotor speed during fault conditions).
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Graph 3.49: Motor torque during fault conditions for a 60 % dip in voltage
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Graph 3.49: Motor torque during fault conditions for a 60 % dip in voltage indicates

the motor torque during and after a system disturbance, where the vertical axis

indicates torque in per unit value and the horizontal axis indicates the time. The

right-hand profile presents a close-up view of the left-hand profile and shows the

torque. The torque oscillates between -1 and 4 per unit during the system fault and

between -3.5 and a per unit post-fault. The difference is 7 per unit, which compares

well with the 100 % dip for 100 ms case (Graph 3.38: Motor torque during a fault

condition).

Graph 3.50: Motor load angle during fault conditions for a 60 % dip in voltage

The Graph 3.50: Motor load angle during fault conditions for a 60 % dip in voltage

indicates the motor load angle during and after a system disturbance. This

compares well with the 100 % dip for 100 ms case (Graph 3.39: Motor load angle

during a fault condition).
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a Dynamic response of the motor to power system changes 

The motor will react to power system changes in terms of source impedance, and 

voltage magnitude [l], [6], /7] in the same way as it will react to an undervoltage. 

a Evaluation of the effect of harmonics and unbalance 

Harmonics increase losses in terms of copper, iron and dielectric losses and thus 

increase the thermal stress 1171. Harmonics generally lead to additional heat and 

could result in pulsating torque, which is produced because of the interaction 

between the harmonics-generated magnetic field and the fundamental field [ I  71. 

This can excite torsional oscillations, should this pulsating torque be close to the 

natural torsional frequency [I 71. 
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3.4. Generalised motor protection philosophy 

This section presents generally accepted methods of protection for ac synchronous 

motors. It discusses the functions necessary for adequate protection of motors on the 

basis of the type of motor to be protected. 

The protective functions discussed in this section can easily be implemented with 

multifunction, microprocessor-based protection relays or intelligent electronic devices 

(IEDs). 

Synchronous motors have stator windings similar to those of induction motors. The 

rotor of the synchronous motor, however, differs from that of the induction motor. The 

rotor has a number of poles that correspond to the number of stator winding poles per 

phase. The poles are wound about with many turns of wire, and a direct current is 

circulated through the winding to create alternate north and south magnetic flux poles. 

To start a synchronous motor, it is normally necessary to have a squirrel cage (also 

called an amortisseur or a damper winding) similar to that found in the induction motor. 

During a start the field winding must be disconnected from the direct current supply and 

shorted. 

The differences between the protection of a synchronous and induction motor are 

related to the rotor construction. Since dc excitation is required for synchronous 

operation, and synchronous operation is fundamental to the synchronous motor, 

protection against both loss-of-field and loss of synchronism should be provided. 

During starting, the control equipment generally is required to ensure, automatically 

and accurately, that the rotor speed has reached a proper value before the dc 

excitation is applied. 

The allowable rotor thermal capability of a synchronous motor is generally much less 

than that of an induction motor and special protection for the damper winding must be 
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provided. However, since the synchronous motor's stator, bearings, and enclosure 

variations are essentially the same as those of the induction motor, protection schemes 

for these parts are the same [28]. 

Thermal (ANSI number 49) 

Most of the winding failures are either indirectly or directly caused by overloading, 

operation on unbalanced supply voltage, or single phasing. All of the above will lead 

to excessive heating and the deterioration of the winding insulation until an electrical 

fault occurs. A general rule is that insulation life is halved for each 10°C rise in 

temperature above the rated value. 

Furthermore, the thermal withstand capability of the motor is affected by heating in 

the winding prior to a fault. It is therefore important that the relay characteristic takes 

account of the extremes of zero and full-load pre-fault current known respectively as 

the 'cold' and 'hot' conditions. Refer to Figure 5.2 in Appendix D: Motor thermal limit 

for an example of how such conditions are depicted graphically. 

Thermal protection has been one of the major areas where multifunction, 

microprocessor-based protection systems have improved the basic level of motor 

protection. The thermal protection has been extended from Resistive Temperature 

Device (RTD) that use thermal relays and thermal replica relays to more advanced 

methods using positive-sequence and negative-sequence current heating based on 

various simulations of motor stator and rotor thermal characteristics. 

Complete motor thermal protection consists of thermal protection for motor starts 

and steady state running. Motor running protection is usually accomplished by a 

combination of motor thermal simulation and compensated RTD measurements, 

which take into account the thermal time constants of the stator. 

RTD inputs for bearing temperature may also be utilised by microprocessor-based 

protection systems. The algorithm for the detection of such temperature is much 

simpler than the one for the motor, and the rise in the bearing temperature can be 

used for annunciation, tripping or both. 
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Negative-sequence current heating is usually included in both the rotor and stator 

thermal protection algorithms, and is added to the normal heating effects to provide 

an overall heating value from all sources to the rotor and stator. This provides an 

integrated approach to motor heating. Usually, alarm levels for high 

negative-sequence currents are provided for determining the source of an 

overheating problem during running conditions. 

In general, the choice of an appropriate microprocessor-based motor protection 

system depends on the motor application. The microprocessor-based thermal 

protection system has improved motor protection by means of closely tracking 

temperature limits and protecting motor components directly. 

Motor starting protection can be accomplished by measuring current, voltage, stator 

temperatures, motor speed or slip with a protective relay during motor starting. 

Motors with large margins between the motor-starting time and the locked-rotor 

thermal limit time can usually be protected by inverse time-current relay 

characteristics. Usually, one characteristic covers the motor locked-rotor period, and 

a second characteristic covers the acceleration period. 

Some form of slip characteristic must be derived or measured during starting where, 

the starting time exceeds the locked-rotor thermal limit time. 

Microprocessor based protection systems can calculate slip through direct speed 

measurements. Most microprocessor-based motor protection systems include a 

rotor cooling calculation for multiple motor-starting applications, which mimics the 

actual rotor cooling characteristics. In sophisticated systems, this algorithm may be 

used to project the heating duty for starting conditions and prevent the start if 

insufficient heating capacity is available as a result of prior running or starting 

history. 

Any motor has a restriction on the number of starts that are allowed in a defined 

period. Starting should be prevented if the number of starts is exceeded. The 

situation is complicated by the fact that the number of permitted 'hot' starts in a 

- - - - - - - - - - - - - - - - - - - - - 
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given period is less than the number of 'cold' starts because of the differing initial 

temperatures of the motor. The relay can maintain a separate count of 'cold' and 

'hot' starts by making use of the data in the motor thermal replica model. To allow 

the motor to cool down between starts, a time delay may be specified between 

consecutive starts (again distinguishing between 'hot' and 'cold' starts). Extended 

start protection and stalling protection are included in thermal protection, as all of 

these affect the heating of the stator and rotor. 

Loss-of-field protection or synchronism (pole slipping) (ANSI number 21) 

When a synchronous motor loses synchronism with respect to the resultant stator 

field that it is connected to, it is referred to as a loss of synchronisation or pole 

slipping. This condition occurs when the following takes place: 

Excessive load is applied to the shaft; 

The supply voltage is reduced excessively, for example through a voltage dip; 

No excitation or low excitation exists. 

Under-excitation of the machine is a common cause of out-of-step operation. This 

may be caused by incorrect tripping of the rotor field circuit breaker or by opening or 

short-circuiting of the field circuit. When loss of synchronism (pull-out) occurs, and 

the motor is not separated from the system on the first pole slip, field excitation must 

be disconnected and the field winding should be connected to the discharge resistor 

immediately. This limits the rotor current and prevents thermal damage to the rotor 

winding. 

The general operational principle of the protection relay is that the field failure relay 

protects the synchronous motor against operating outside the stable operation area 

due to loss-of-excitation. When loss-of-excitation occurs on a synchronous motor, 

reactive power flows from the system into the machine and the apparent impedance 

as viewed from the machine terminals goes into the negative X region in the R-X 

diagram (261. The under-impedance function detects loss-of-excitation, trips the 

motor circuit breaker, and thus prevents damage due to out of step operation and 

system instability. 
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Overcurrent and earth fault (ANSI numbers 50,51) 

Motor short-circuit protection caters for major stator winding faults. Faults between 

phases seldom occur because of the greater amount of insulation between phase 

windings. The damage is severe if a short circuit does occur. If a motor's neutral is 

not grounded, sensitive and fast earth fault protection may be used but, if the neutral 

is grounded, directional overcurrent relaying should be used for greater sensitivity 

and speed. Neutral grounding on machines is seldom used. 

As the stator windings are completely enclosed in earth metal structure, it is more 

likely that the fault would be toward earth, which would then operate the 

instantaneous earth fault protection. 

The overcurrent relay required for short circuits can be set to about 125 % of motor 

starting current. A time delay set at 50 ms should be sufficient. Care should be taken 

if the motor is fed from a fused contactor. The short-circuit function should be 

disabled and the fuses should clear the short-circuit. 

Differential or unit protection (ANSI number 87) 

With differential protection, damage to the motor in case of a fault occurring is 

minimised, as the differential protection can be made relatively sensitive, and hence 

it can be made to detect faults in their early stages. Similar or better sensitivities can 

be achieved by using sensitive earth fault protection. 

Differential protection may be provided on larger motors fed via circuit breakers to 

protect against phase-to-phase and phase-earth faults, particularly where the power 

system is earthed via a low impedance or is solidly grounded. Differential relay 

protection is a scheme in which the current entering a winding is measured against 

that coming out of the winding. These relays detect low-magnitude fault currents. 

However, differential schemes cannot detect turn-to-turn faults in the same winding. 
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There are mainly two differential protection schemes. The first motor differential 

scheme includes the feeder cables within the protected zone. Three current 

transformers are located within the switchgear and three current transformers are 

located on the starpoint side of the motor. The second motor differential scheme 

includes only the motor and is called the flux balance scheme. In this scheme the 

start and the end of the winding are taken through a core balance current 

transformer. Six leads must be brought out of the motor. This must be specified 

when the motor is purchased. This scheme can be used for both star- and 

delta-connected motors. 

The basic operation principle of both the above schemes is to respond to the 

difference between the incoming and outgoing current values. Current transformers 

should have matched characteristics and should not be used for any other purpose 

without a careful check of the effect of current transformer performance. 

Undervoltage protection (ANSI number 27) 

It is preferred that all motors should have protection against both short- and 

long-term undervoltage. Undervoltage conditions may last for only a few cycles or 

continue on a steady-state basis. Wherever possible, the protective equipment 

should have inverse-time-delay characteristics. 

The effect that the undervoltage condition has on any given motor will vary 

depending on the type of motor, its design and the driven load. Induction motors 

may be approximated as constant apparent power devices for a given shaft load. 

Therefore, current variations follow voltage variations inversely. Balanced 

three-phase undervoltage is accompanied by balanced three-phase overcurrent. 

Motors may stall or fall out of step when subjected to prolonged undervoltage 

conditions. Transient undervoltages of certain durations will allow a motor to recover 

when the voltage is restored. When a long-term undervoltage condition occurs, the 

overcurrent devices may operate to protect the motor. (See previous paragraph.) 

When determining the requirements for undervoltage protection for large motors, 

both sustained undervoltage and transient undervoltage should be considered. 
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A too low voltage at the terminals of a motor while the motor is being started may 

prevent it from reaching its rated speed and, in the case of a synchronous motor, the 

motor may not be able to pull into synchronism when the field is applied, or cause 

the acceleration period to be extended. This may result in a stalled motor. 

Often, transient voltage dips, which are caused by system faults, can be ridden 

through safely if an adequate voltage ride-through study were performed. If these 

motors are disconnected unnecessarily during these dips, expensive shutdowns or 

production losses can be experienced. 

In the case of large synchronous motors supplying critical process loads, it is usually 

desirable to run stability studies, taking into account the total inertia of motor and 

driven load, the duration of the voltage dip, and the characteristics of the motor. 

Overvoltage protection (ANSI number 59) 

Operation of synchronous motors on moderate steady-state overvoltage within the 

tolerance of motor standards is not generally considered damaging. An overvoltage 

causes an increase in magnetisation current because of an increase in iron losses in 

the machine and stresses the insulation system of the stator. Transient overvoltages 

can be extremely damaging to motors. Motor protection for such conditions can be 

achieved with surge capacitors or arrestors. 

Overvoltage protection is often provided by the voltage-regulating equipment. If it is 

not, it should be provided by an overvoltage relay. The relay measurement should 

be from a potential transformer, and fuse fail protection should be added. 

Negative-sequence current detection (ANSI number 46) 

Negative-phase sequence current is generated from any unbalanced voltage 

condition, such as unbalanced loading, loss of a single phase, or faults that includes 

two phases. The actual value of the negative-sequence current depends on the 

degree of unbalance in the supply voltage and the ratio of the negative- to the 

positive-sequence impedance of the machine. 
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The degree of unbalance depends on many factors, but the negative-sequence 

impedance is more easily determined. The tendency of such an unbalance is 

additional rotor heat. 

Underlover-excitation current (ANSI numbers 37, 76) 

Underlover-excitation is caused or detected by the application of over- or 

under-excitation current. Under-excitation can lead to rotor instability and 

subsequent pole slipping. This could cause excessive damage if not detected. 

Over-excitation can lead to the export of excessive reactive energy and will 

subsequently result in an overvoltage and an overloading of the motor. 

Rectification or diode failure (ANSI number 58) 

Direct current is fed to the rotor winding in one of two ways, either directly or via a 

brushless arrangement. The diodes need to be supervised if a brushless set-up is 

chosen. The current flowing to the rotor would have a certain ripple superimposed 

on it in case of a diode failure. Proper protection or preventative action can be taken 

by the monitoring of this ripple current. 

Rotor earth fault (ANSI number 64) 

A single earth fault on the rotor field windings of a synchronous motor poses no 

immediate dangers. However, a second earth fault that could short a part of the field 

winding would cause severe damage. It is thus important to detect and to act on the 

first earth. There are relays [24] available that provide an alarm and a trip element 

for a rotor earth fault and these relays can be used for both types of rotor 

construction, namely: with or without brushes. 

The rotor connection details can be found in Appendix El Figure 5.3: Rotor earth 

fault protection [29]. 

Analysis and Effect of Large Synchronous Motors on Power Systems 



Page 94 

The low frequency of the test voltage is used to avoid malfunction due to the 

field-to-earth capacitance ( C E ) ,  which can reach values up to 1 pF on large 

generators. The test voltage is fed via two current limiting resistors (Rv) to both ends 

of the field winding. The insulation resistance measurement is based on the 

subsequent measurement of the shunt resistor voltage of two consecutive half 

cycles; that is, positive and negative test voltage [24]. From this differential voltage, 

the insulation resistance is calculated, thus avoiding incorrect measurement as a 

result of the earth capacitance and possible voltage offsets. Figure 3.5: Rotor earth 

fault detection principle explains the measuring principle [24J 

- 

Figure 3.5: Rotor earth fault detection principle 
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3.5. Summary 

It was shown in Section 3.1 on page 35 of this report that the motor load will vary by 28 

%, three times a revolution. This equates to a load oscillation frequency of 10 Hz. In 

Section 3.2 (page 36) it was shown that the pulsating load should not have any 

noticeable effect on the power system. The motor will be able to operate on the 

intended system in terms of load flows and the equipment is rated at the correct fault 

levels. (See Section 3.2, page 36 and page 43) 

Graph 3.7: Motor maximum load versus time characteristic indicates the motor's ability 

to withstand a momentary application of a step change (increase) in load. This graph is 

very useful as it indicates the safe transient load capability of the motor. The motor will 

lose synchronism if the load that is applied lies anywhere above the curve. A detailed 

description of this can be found in Section 3.2 on page 47. 

This motor will start direct-on-line and will be able to start on the intended network, but 

care should be taken when running with one transformer and the minimum utility fault 

level. The start-up time varies between 3.32 and 4.03 seconds. 

Section 3.4 on page 86 indicates that the protection of a synchronous motor is 

generally more complex than that of an induction motor. None of this protection will 

prevent a fault, but it will significantly reduce the damage to the machine in case of a 

fault. The value of the machine and the importance of the machine in the process 

environment would determine the protection functions or applications and the 

protection cost. A protection scheme must ultimately be selective and reliable. 

Section 3.3 on page 67 presents detailed information about the impact of the power 

system on the motor. Graph 3.28: Voltage dip scatter plot indicating different tripping 

areas also indicates the initial ride-through offer in terms of undervoltage settings from 

the supplier. This it does through green and red coloured areas. The green area 

represents the first suggestion and the red the second suggestion. All the undervoltage 

dots outside the green or red areas would result in a motor trip and an interruption to 

the on-line process. 
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This extreme sensitivity would impair the on-line time of the process. An interruption in 

the process could mean a start-up time of several hours or even days in certain 

instances. These off-line times will result in the plant not meeting its designed criteria 

for operational availability, which could be up to an operational availability of 98 % of 

the year. 

The single largest impact from the power system on the motor is voltage dips. The 

synchronous motor's safe ride-through capability is indicated graphically in Graph 3.28: 

Voltage dip scatter plot indicating different tripping areas by the red line. The values of 

this red line were obtained by modelling the absolute stability for several voltage dips 

and depths. The undervoltage dots underneath the red line area would not result in a 

motor trip. The undervoltage dots above the red line area would result in a motor trip. 

Graph 3.28: Voltage dip scatter plot indicating different tripping areas and, the initial 

offer of the supplier reveals a significant improvement in the safe operating area. 

Refer to page 69 for a detailed discussion. 

The single most important protection function in terms of on-line time is the 

undervoltage function. The motor would trip unnecessarily if this undervoltage function 

is set too sensitively. The ultimate motor performance would be achieved if the settings 

were optimised in terms of the motor safe ride-through capability. A reduction from 

47.32 % to 15.1 1 % in motor trips can be achieved with the correct setting (see Table 

3.12). These undervoltage settings ensure that the machine is operated within its safe 

operating area, as indicated in Graph 3.28. 

- - - - - - - - - - - 
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CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS 

This chapter describes the conclusions, which are drown from the results. The single most 

important overall objective of the study was to increase the on-line time of the production 

facility and this will be achieved through the optimisation of the on-line time of this synchronous 

machine. A comparison between Graph 3.28: Voltage dip scatter plot indicating different tripping 

areas and the initial offer of the supplier presented in the graph reveals a significant 

improvement in the safe operating area. (Refer to page 69 for a detailed discussion.) The set 

limits presented in Table 3.12 will enable the motor to ride-through most voltage dips. This is a 

significant improvement. (See Table 4.1: Summarised trips due to voltage dips for more details.) 

A detailed technical conclusion was provided in the summary of the previous chapter, starting 

on page 95. 

4.1. Major objectives 

The items that follow answer the questions identified as the major objectives of this 

study (see page 4). 

This motor can operate on the intended network in terms of load flow. This is confirmed 

in the load flows and load flow results. The motor would be able to run on the network 

as indicated and can accommodate all three excitation modes (Constant power factor, 

Constant reactive power and Constant voltage; refer to page 37). 

The fault level contribution of the network and motor were taken into consideration 

when the equipment was specified and it was established that the motor can be safely 

operated with the intended equipment. The fault-level calculation results indicate that 

the motor and switchgear can withstand all combinations of fault levels. The switchgear 

is of the high performance type. 
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This motor can be started on the intended network in all possible switching 

configurations. The motor starting analyses were done for minimum and maximum fault 

level with a voltage variation from 92.5 % to 107.5%. The calculated results indicate 

that the motor will be able to start. The transformer voltage needs to be tapped up if the 

power system operates on minimum fault level and at reduced system voltage. 

A safe critical fault clearance time for the motor was established. The area below the 

red curve in Graph 3.28 indicates the safe operating area. Graph 3.28: Voltage dip 

scatter plot indicating different tripping areas and, the initial offer of the supplier reveals 

a significant improvement in the safe operating area. Refer to page 69 for a detailed 

discussion. Special protection needs to be installed to give one such an operating 

curve. 

The number of voltage dips that will affect the continuous process are summarised in 

Table 4.1: Summarised trips due to voltage dips. The table indicates a percentage trip 

based on a certain protection setting. The motor will trip on 47.32 % of the voltage dips 

if the undervoltage protection settings are set as option one; 45.53 %, 23.06 % and 

15.11 % as option two, three and four respectively. The advantage of the correct 

setting is evident if one considers a reduction in trips from 47.32 % to 15.1 1 %. 

bable 4.1: Summarised trips due to voltage dips I 
/$  1 P Y 1 

in % of dips 

1 I Undervoltage % pickup 1 20 1 Undervoltage time delay 140 1 47.32 % 
I 

2 1 Undervoltage % pickup 1 20 1 Undervoltage time delay 1 60 1 45.53 % 
I 

3 1 Undervoltage % pickup 1 20 1 Undervoltage time delay 1 90 1 23.06 % 
1 I I I I 

4 1 Undervoltage % pickup 1 30 1 Undervoltage time delay I 90 1 15.1 1 % 

The undervoltage in settings in Table 4.1 should reflect the modelled withstand curve of 

the motor; for example, the red curve in Graph 3.28. The values in Table 4.1 can be 

improved with conditional tripping; however this is not part of this study. 
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A three-phase undervoltage has the most severe impact on the stability of the motor 

and a single-phase undervoltage has the least impact. The red curve in Graph 3.28 

represents a three-phase undervoltage condition. Conditional tripping will then trip the 

motor, depending on the number of affected phases. For example, remote single- 

phase faults would reflect as a weak two-phase fault on the 11 kV side. 

It is estimated that the number of outages can be reduced to less than 5 % of all 

voltage dips if conditional tripping is taken into account. Conditional tripping should 

form part of a future study. 

The motor would be able to run on the network in all three excitation modes (Constant 

power factor, Constant reactive power and Constant voltage; refer to page 37). The 

optimum load flow can only be evaluated or determined once the production facility is 

running and could be part of future optimisation. 

4.2. Major items that influence the stability 

The following information was discussed on page 24 and is repeated here for 

completeness: 

The fault clearance time should be as fast as possible, as this will ensure stability of the 

machine if it is below the critical fault clearance time. This can easily be incorporated 

into the overall system protection philosophy. The aim is that most faults should be 

cleared by unit protection. 

A synchronous motor will tend to de-accelerate during voltage dips while a 

synchronous generator will accelerate. The severity of this speed change will depend 

on the inertia of the mechanical system 1161. Therefore, the higher the inertia the more 

stable the machine. Inertia can be added by additional mass on the flywheel or by 

increasing the diameter or mass of the rotor. Changing the diameter would not be a 

feasible option as the additional mass will increase the losses. 
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Machine stability will generally improve with the application of higher terminal voltages. 

The P-curve will increase with an increase in system voltage. (See equation (2.27).) 

This will result in a higher pre-fault area. The higher the voltage the more stable the 

machine. Operating the motor between 102.5 % and 105 % of nominal voltage can 

easily be achieved and should not be detrimental to the motor. 

The P-curve will increase with a decrease in internal reactance. (See equation (2.27).) 

The lower the internal reactance the more stable the machine. This will result in a 

higher pre-fault area. Thus the lower the motor internal reactance the more stable the 

motor. It is possible to lower this value in the pre-manufacturing stage. This value is 

typically a balance between the motor stability and the motor starting current. This 

value should be discussed with the machine designer. Special attention should be 

given to the starting current, as this motor will start direct-on-line. 

The dynamic response of the automatic voltage regulator (AVR) may help with the 

machine stability; the only draw back is the long time constant of the field winding. The 

time constant can be reduced if the excitation to the main field is via slip rings and a 

static excitation system. However, this is not possible, if the motor will be operating in a 

hazardous area. 

Increasing the pull-out torque will increase machine stability. This is the same as 

lowering the motor internal reactance of the motor. It is possible to lower this value in 

the pre-manufacturing stage. This value is typically a balance between the motor 

stability and the motor starting current. Special attention should be given to the starting 

current, as this motor will start direct-on-line. 

An overexcited motor would be more stable. The P-curve will increase with an increase 

in internal voltage (E). (See equation (2.27).) This will result in a higher pre-fault area. 

This can be achieved by running the motor at a 0.95 leading power factor (delivering 

vars to the system). The only limitation is either the contractual limit from the local 

supply authority in terms of exporting excess reactive energy or a possible overvoltage 

on the 11 kV bus. 
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. An increase in the fault level willdecrease the reactance between the source and the

machine and willincrease the stability. This was achieved in the study by connecting

two transformers in parallel, which created a high performance motor bus. The

disadvantage of a high fault level switchboard (50 kArating) is that it is expensive.

4.3. Observation regarding differentpackages

It is evident that the results from the different packages are similar. The answers are

indicated in Graph 4.1: Voltage dip profile comparison with different packages on page

101. These answers are similar in terms of the order of magnitude. The differences are

also affected by the amount of detail that can be modelled in the different packages. It

is important that the differences be noted when simulations are done, as they willaffect

the conclusions drawn from them.

o
o 50 100 150 200 250 300 350 400 450 500 550

Time

- Matlab - Psaf (2) · Makaludips

Graph 4.1: Voltage dip profilecomparison with differentpackages
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To answer which was the most complete package and why; a general observation is 

that Matlab [19] Psaf (2) [ZO], used a negative or inverted generator model, and that the 

other packages used a motor model. Using this inverted generator model resulted in a 

more complete motor model. The results from Matlab, and Psaf were used because 

they were the most pessimistic. The different package names are indicated in the 

legend of Graph 4.1. 

Graph 4.1: Voltage dip profile comparison with different packages on page 101 

indicates the different results from different software suppliers. The vertical axis 

indicates the voltage dip depth in percentage and the horizontal axis indicates dip 

duration time. A scatter plot was added for completeness and this indicates the general 

network performance in terms of voltage dips. The different software supplier package 

results were added for comparison purposes. 
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4.4. Summary 

The single most important overall objective of this study was to increase the on-line 

time of the production facility, as an interruption in the plant process could mean a 

start-up time of several hours or even days in certain instances. These off-line times 

will result in the plant not meeting its designed criteria for operational availability, which 

could be up to 98 % of the year. Simulations indicate a possible reduction in motor trips 

(due to voltage dips) from 47.32 % to 15.1 1 %. 

Detailed machine and system parameters were gathered from the motor supplier and 

utility. The effect that the motor has on the network and the effect of the network on the 

motor were analysed with detailed actual system and motor data. These analysis 

included load flows, short circuits, motor starting and a transient stability. A comparison 

of the supplier-suggested stability limits was made with the outcome of an undervoltage 

stability study. 

This study revealed that the supplier was over-pessimistic about the voltage dip ride- 

through capability. Graph 3.28: Voltage dip scatter plot indicating different tripping 

areas indicates a significant improvement from what was initially offered by the 

supplier. This, however, must be achieved without any damage to the motor or the 

associated equipment of this machine. 

The advantage of the correct setting (based on safe stability operating area) is evident 

if one considers a reduction in trips from 47.32 % to 15.11 %. (See Table 4.1: 

Summarised trips due to voltage dips for more detail.) 

A comparison between Graph 3.28: Voltage dip scatter plot indicating different tripping 

areas and the initial offer of the supplier reveals a significant improvement in the safe 

operating area. (Refer to page 69 for a detailed discussion of this point.) 

The results of this case study were successfully applied so that the 

effects of large synchronous motors on power systems could be 

understood. 
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Appendix A: Synchronous motor data [29] 

Table 5.1 : Data for the 17 MW 1 1000 V 28-pole synchronous motor 

RATINGS 
Output: 
Duty: 
Voltage: 
Current: 

Power factor: 
Frequency: 
Speed: 
Overspeed: 
Direction of rotation: 
Weight: 

Inertia: 
Enclosure: 
Cooling: 
Mounting: 

EFFICIENCY 

0.95 
50 
214 
257 

CCW 
120000 

Leading 
Hz 
rpm 
rpm 
facing drive end 
kg 

STANDARDS 
Applicable standard: IEC 60034 
~azardous area class: Zone 2 
Motor Ex type: Ex nA II T3 (IEC 60079-15) 
Temperature rise BIB 
statorlrotor: 
Insulation class: F 

ENVIRONMENT 
Ambient temperature: 40 
Coolant temperature: 32 "C 
Altitude: 1500 Meters above 

see level 
Location: Outdoor, corrosive, tropical 

Load: 1100% 1 75% ] 50% 1 0.250 
Efficiencv @ Dower factor 0.95 leadina: 197.78% 197.85% 197.63% 196.38% 

REACTANCE'S 

XD (U): 159.7 % XD': 49.9 % XQ" (S) 25.0 % XO (U): 13.4% TdO' 6.293 
TdO" 0.01 2 

XQ (U): 92.7 % XD": 25.4% X2 (S) 25.2% XP (S): 41.2% TqO' 0.012 
TqO" 0.04 

X I  (U): 20.4% (S) = saturated, (U) = unsaturated values 

RESISTANCES 

Stator winding: 0.0453 ohms Field winding 0.265 ohms Excitation winding 11.9ohms 

TORQUES 

Full load: 760000 Nm 
Starting: 73% at 100% terminal voltage 
Pull in: 54% 
Pull out: 180% 
Peak short circuit air gap: 
2-phase short circuit: 495% 
3-phase short circuit: 335% 
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STARTING CONDITIONS 
Driven equipment: Reciprocating Compressor 
Load inertia: Assumed 1737.5 kgm2 

Assumed load-torque curve versus slip: 

Slip 1 100% 1 70% 1 40% 1 0% 
Toraue 1 21% 1 12% 1 14% 1 22% 

CALCULATED STARTING DATA 

Starting current (rpm) at zero speed: 346% Direct-on-line at 100% terminal voltage 
Alternative field current: 229 A 
Acceleration time: 3.1 s Direct-on-line at 100% terminal voltage 
Voltage drop at DOL start: 

NUMBER OF STARTS IN SUCCESSION 

At ambient temperature: 3 
At rated load temperature: 2 
Time between starts: 10 minutes Time between starts: 30 minutes Thereafter 

OTHER 
Sound level: < 80 db(A) at no-load - 

START1 NG CHARACTERISTICS 
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Appendix B: Synchronous motor starting data
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Graph 5.1: Asynchronous starting at 100 % voltage [29]
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Appendix C: PO diagram

1. Stator current at rated load
2. Nominal working point
3. Rated rotor current

4. Minimum oxcitation limit
5. Stability limit

-24000 -16000 -8000 8000 16000o

Figure 5.1: PO diagram[29J
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Appendix D: Motor thermal limit
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Figure 5.2: Motor thermal limit [29J
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Appendix F: Squirrel cage winding photos of motor rotor

Photograph 5-1: (Damper) Squirrel cage-winding pole connection

Photograph 5-2: (Damper) Squirrel cage-winding pole only

Analysis and Effect of Large Synchronous Motors on Power Systems

-- -



»
:J
I»
-<
fI)
en'

I»
:Ja.
m
~
Sl
o-
r
I»
ca
CD
en'<
:J
o
~
a
:J
o
e
fI)
~o-
o
CiJ

o
:J
'1J
o
:E
CD..,
en'<
fI)-
CD
3
fI)

>lan"al SWt\c;/>4

"T1
ce'
e
CD

01

~
G>
Q1

"C
~
o'
!!!.
a.
en'

"C
or'<
o--
~
CD

~
I»-or
C-

Manual SW>lct11-
en
3'
5.
:r"
3oa.
~

3-Phase SoutI;e

":" I ~FauIt timing2

»
"C
"C
CD
:J
a.
x'

G>

G>
Q1
"C
~
o'
!!!.
a.
en'
"C
I»

'<
o-
-
~
CD

~
I»-
I»
C-
-
en
3'
5.
5'
"
3
o
a.
CD

'1J
I»
CC
CD
......
......
01



Page 116

Appendix H: Graphs for motor starting
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Graph 5.5: Motor terminal voltage for starting with high fault levels and one

transformer
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Graph 5.6: Motor speed for starting with high fault levels and one transformer
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Graph 5.7: Motor current for starting with high fault levels and one transformer
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Graph 5.8: Motor terminal voltage for starting with low fault levels and one

transformer
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Graph 5.9: Motor speed for starting with low fault levels and one transformer
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Graph 5.10: Motor current for starting with low fault levels and one transformer
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Appendix I: Motor protection function summary 

Protective 

function 

Thermal 

overload 

Overcurrent 

relay (IDMT 

Locked rotor 

Short circuit 

ANSI 

device 

number 

49 

49R 

51 

51 L 

51 R 

26 

50 

Protection function description 

Provides protection against motor running overloaded by a 

thermal replica element. 

This thermal model can be with or without inputs from RTDs, 

which are embedded in the motor stator windings. RTDs improves 

the protection provided by thermal overload elements. 

IDMT type of overcurrent protection and are set below the thermal 

damage of the motor, this function can also be used to detect and 

to protect against a rotor jam or stall condition. 

Load Increase Detects unexpected load increase over an 

extended period 

This device is used to protect relatively large synchronous motors 

against severe overload when the motor is running. It is made 

operative only after the motor is synchronised and set to operate 

above the maximum acceptable motor overload. 

Locked rotor protection can be done with the 51 function and 

configured to be of the IDMT type. This function is generally a 

damper winding thermal protection function and specifically 

against stalled rotor conditions. 

Instantaneous phase overcurrent is provided to limit damage from 

phase faults, which can be severe. There is no intentional tripping 

delay. And if a contactor is used it may be necessary to inhibiting 

features to prevent the opening of the motor contactor when the 

fault current exceeds the interrupting rating of the contactor. 
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Earth fault 

Negative- 

sequence 

current relay 

or phase 

unbalance 

Phase- 

sequence or 

phase 

unbalance 

voltage relay 

Under- 

voltage 

Under- 

frequency 

Ancillary 

protection 

Field 

application 

relay 

Earth fault overcurrent can be achieved if a residual connection is 

made or with a single core balance current transformer. If the 

system is solidly earthed then the fault current magnitude is same 

as the short circuit fault magnitude. 

Phase-current unbalance or phase reversal is used to detect an 

open-phase or a motor winding-to-winding short circuit, and 

usually includes a negative-sequence overcurrent element as 

well. 

The phase-sequence or phase unbalance voltage relay operates 

upon a predetermined value of polyphase voltage in the desired 

phase sequence, when the polyphase voltages are unbalanced, 

or when the negative phase-sequence voltage exceeds a given 

amount. 

Undervoltage protection prevents a motor from overheating as the 

result of a prolonged undervoltage. The operation can be of the 

IDMT or the instantaneous type. 

This function responds to the frequency of the supply voltage, 

operating when the frequency or rate of change of frequency 

exceeds, or is less than, a predetermined value. 

Vibration limit relay monitors the machine vibration 

Bearing over temperature or wear monitors the machine bearings 

Ambient temperature monitoring device 

Atmospheric condition monitoring device 

Zero rotor speed 

Rotor over speed device 

Synchronous speed device 

This device automatically controls the application of the field 

excitation to an ac motor at some predetermined point in the slip 

cycle. 
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Power factor 

relay 

Incomplete 

sequence 

relay 

Load Loss or 

Undercurrent 

Frequency of 

Start (66): 

Impedance 

relay 

Loss-of-field 

protection for 

synchronous 

motors 

Overvoltage 

relay 

Lockout relay 

Differential 

protection 

This relay detects a low power factor due to loss-of-excitation on a 

synchronous motor. 

This device is a relay that returns the equipment to the normal or 

off position, and locks it out when the normal starting, operating, 

or stopping sequence is not properly completed within a 

predetermined time. 

Provided to detect the loss of the motor-driven load. 

Provided to alarm or trip when the number of attempted starts 

within a given time frame exceeds a set number. This function is 

usually settable as number of starts per hour. 

This relay is a alternate or backup for the loss-of-excitation relay 

This relay functions on a given, abnormally low value or failure of 

machine field current, or on an excessive value of the reactive 

component of armature current in an ac machine indicating 

abnormally low field excitation. 

Overvoltage protection prevents motor damage from excessive 

excitation current which will lead to an overvoltage 

The function of a lockout relay is to prevent the re-closing of the 

circuit breaker after a trip and this can be a either done manually 

or electrically 

Differential protection is usually provided for large motors and 

detects any faults within the protected zone. 
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