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Abstract

Static drives are being used invariably in all rotating machines nowadays, in spite of its several ill effects. Other than harmonics
generation shaft voltages are also prime concern for bearings in the machines connected with static drives. This paper has done
research on a 1500 MVA alternator being used for testing of electrical equipment. Model of this alternator and its drives are
simulated with real time parameters. Built model is validated and further analysis is carried out by drawing waveforms and
frequency spectrums. High levels of harmonics in power circuits and shaft voltages have been observed in the present system. A
multilevel inverter (MLI) has been proposed in the drive of this machine replacing conventional current source inverter to control

the harmonics and shaft voltages.
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1. Introduction

A specially designed 1500 MVA synchronous machine feeds
the energy required during short circuit tests on electrical
power equipment. Synchronous machines have many excellent
features though starting problem has made its use for limited
purposes components. By virtue of modern static drives
presently it is being used in a widespread manner. After the
invention of semiconductor devices various static starting
devices for synchronous motors are developed. These devices
named ASD, VFD etc. are boon to the motor technology.
Among them the thyristor converter has firmly established as
the static electrical power conversion equipment of many types
ranging from a few hundred watts to tens megawatts. Though
the concept of frequency converter is very old but for the large
electric machines this soft starting technology is thought of at
a later stage. Under the static drive technology Static
Frequency Converter (SFC) is envisaged, designed and applied
on many large machines [1] - [3]. Uses of SFC has increased
in the recent years in the field of aviation industry, computer
installations, communications, military installations, motor
speed control, ships and power transmission. The 1500MVA
synchronous machine taken as study object in this paper is
driven with SFC. This machine is a normally a very high power
generator for short time rating. Usually a motor is used as a
prime mover for this type of alternator. But this one is without
a prime mover and the machine itself rotates as a motor;
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thereafter converted to generator to deliver the energy for short
circuit tests [4], [5].
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Figure 1. Alternator rotor supported with two bearings
(insulated EE and grounded OEE).

Presence of shaft voltages and occurrences of electric
discharge machining (EDM) is observed in the bearing of this
machine. Electric discharge machining (EDM) is one type of
bearing current flows from the charged shaft to the ground
through bearings or other metallic parts. Study was carried out
to find out the reason of accumulating charges on the shaft of
short circuit alternator. The weight (approx. 40 ton) of rotor of
short circuit alternator is supported with two journal bearings
at the both ends (Figure 1). Exciter end (EE) bearing of short
circuit alternator is insulated but the opposite exciter end
(OEE) bearing is at ground potential. To keep the shaft at
ground potential, grounding brushes are placed on the shaft at
opposite exciter end. Electric sparks have been observed in the
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grounding brushes. This is called shaft discharge current or
EDM [6]. Discharge current pulses contain high amount of
energy and it is the prime source of bearing & shaft erosion.
EDM can be measured with fast response waveform recorder.
Alternator shaft grounding system and one EDM recording is
produced in Figure 2.

Common mode voltage (CMV) [7] is another phenomenon
observed in the inverter power output for a machine. This non-
zero parameter is the neutral point voltage equals to the
average sum of instantaneous values of 3-phase inverter
output. CMV is also one of the responsible elements to induce
shaft voltage through parasitic capacitances. Various inverter
topologies claim to minimize the CMV [8]-[10]. Where
inverter topology cannot be changed, in that places CMV can
be filtered out with different filtering techniques such as active,
passive and hybrid [11]-[13].

RECORDER

| [vaov xjiones Lisg o0 I L e
E3 e [Zenlli 0 =] 100 O [5ege <J0% 25 -
r Humarial Ghaubiton

Expanded Fraquency [AW) 15312340

view—> e i

comoes | HEES

view =3 | o e 113

/ 1
|.. L | LA l | \;

| | I “r K | “ [
fus 5.00me 10.00rr6 15.06ms 20.00rq

Figure 2. Shaft grounding system and EDM measurement.

The SFC in this machine is a current source inverter (CSI) [14].
Power quality study of this system is done and explained in
literature [15].
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Multilevel inverter (MLI) is one of the best solutions for the
problem discussed so far [16], [17]. In multilevel inverters
depending upon the inverter level and type of modulation,
several voltage levels are added to each other to create a
smoother stepped waveform which is near to sine wave. This
concept is originated [18] in year 1975 and since then it is used
to control harmonics and CMV in the inverter output. Through
software simulation, effects of MLI have been studied in this
short circuit alternator system.

For further investigation MATLAB/Simulation techniques are
used on this machine and its supply source. Reduction in shaft
voltages and THD level has been envisaged with the proposed
adoption of multilevel inverter (MLI) in the SFC drive.

2. Short Circuit Alternator and Associated Systems

Healthy power system is need of the day. For uninterrupted
power supply, utilities must employ good quality equipment.
Hence all power system equipment must pass through some
stringent quality tests before putting them into service. Short
circuit is one of the mandatory type tests conducted under the
most severe conditions. It is performed to prove the
equipment’s ability to withstand the severities under the
condition of actual short circuit fault. Energy requirement
during short circuit test is enormously high and equals to
equipment’s fault level. Normally these tests require a stable
source with high fault power level. A specially designed high
power three phase alternator is best suited for this purpose.
Figure 3 shows the single line diagram for conducting short
circuit test with an alternator as high power source. The
alternator is connected with two static sources; SFC at the
stator terminals and static excitation system (SES) at the rotor
side (Figure 4).
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Figure 3. Alternator with short circuit test circuit.
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Figure 4. Block diagram of short circuit alternator with SFC
and SES.

AC to AC conversion with an intermediate DC link reactor is
most popular [19], [20] among the various static drives. In this
category high rating thyristor based static drives called SFC is
in use worldwide for large machines in pump storage power
plant, electric locomotive and gas power plant [3], [21] - [24].
It was a novel idea to implement the SFC technology to run the
alternator used in short circuit testing of electrical equipment
[25]. To reduce the load on the source and to ease the starting
process in large machine, frequency conversion takes place in
SFC from a very low value up to the rated value [26]. Short
circuit alternator starts up as a motor thereafter converted to
generator to deliver electrical energy required during the test.
Details of these operations are explained in literatures [4], [25]
and [26]. SES is basically a poly-pulse AC-DC converter. To
improve the input power factor and to reduce the harmonics
level, SES is designed as a 12-pulse thyristor based controlled
DC source [27].

3. System Description

The schematic of drive (SFC) for the short circuit alternator is
shown in Figure 5. The source power is drawn from the grid at
33KV level. It is stepped down to 1.72kV level, the operating
voltage of SFC in this system. Hence it is a three stage process.
In the first stage, AC power frequency is converted to DC
power with a six pulse phase-controlled rectifier known as
network bridge (NB). It is controlled in such a way as to
produce a unidirectional current of controllable magnitude in
smoothing inductor. Smoothing reactor filters out the ripples
from the DC current in the second stage. In the third stage this
current is then switched in a thyristor inverter called machine
bridge (MB) to provide variable frequency three phase current
to a synchronous motor. MB produces three-phase alternating
current, the frequency of which is varied from a very low value
up to the nominal value [25]. MB thyristors are operated in
such a way that at any time one top thyristor and one bottom
thyristor must be conducting, ensuring that thyristors in the
same leg never be conducted at the same time to avoid short
circuit [28]. Most of the time line side converter acts as
rectifier and machine side as inverter. If required they can also
reverse their role in need of re-generative braking [29]. Thus,

18

full four-quadrant operation of the drive is possible. The
inverter gives variable voltage variable frequency output to the
load i.e. the machine here. Basically rectifier sets the DC link
current to the desired level by varying the firing angle and
inverter provides frequency control [30]. Theoretically outputs
wave shapes of these kinds of inverters are rectangular in
nature. With these features of SFC, the machine can be
operated in dual mode i.e. motor and generator. Thyristor
firing angle in the NB and MB are set by SFC controller with
various feedback loops (Figure 5). This controller is popularly
known as power electronic controller (PEC) which acts very
fast in psec range during short circuit test sequence [21].
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Figure 5. Schematic of static drive for short circuit
alternator.

4. System Modelling

To analyse harmonics profile and to find out the root cause of
EDM, thorough investigations is done on the present system
on MATLAB/Simulink platform [4] [31]. Required
parameters and waveforms were taken from the actual system.
The investigation work on the system was done thoroughly by
simulation technique. Model of the existing system is created
(Figure 6) with the data (Table 1) drawn from the working
system. In Simulink model, one three phase source, one step
down transformer, two thyristor bridges are taken [32], [33]. A
reactor is placed in between the two bridges. Step down
transformer is inside the rectifier block. Rectifier and inverter
both are in six pulse configuration.

Table 1. SFC model parameters

Parameter Value
Input source 33 kV, 3-ph
Transformer nominal power 3.5 MVA
Transformer primary input, Delta 33 KV, 50Hz
Transformer secondary output, Star 1.72 vV
Thyristor bridge 3 arms
Snubber resistance 2000 Q
Snubber capacitance 0.1 pF
Link reactor 4.8 mH
Base voltage 12 kV
XIR ratio 20
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Motor voltage

1.72 kV

simulated and actual system are depicted in Figure 7 to Figure

3-ph S.C. level at base voltage

1500 MVA

10, which are found to be similar in nature. Common mode

After running the model various waveforms are plotted. For

voltage at the machine terminals is also measured with
additional measurement and display blocks.

validation of the model, simulated waveforms are compared
with the waveforms from the actual system recorded with a
high speed recorder. Machine voltage and current from the

<
Vde
Ide
+ !__,—IJ'IW‘--—-
L

I—HI A . . A i -
I - I B B I t Y
af c cl=—=j= B
50Hz 33kV Brect Rectifier Inverter  Binv SYNC. MOTOR
172kV, 3000RPM
Discrete,
Ts=5e-005s.
Rectifier Master Control Inverter
Contrel and Protection Control and Protection
Figure 6. Simulink model of existing system.
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Figure 10. Frequency spectrum of machine current.

4.1 Origin of Shaft Voltage: After the evaluation of machine
voltage and current through simulation it is found that voltage
contains 20.74% THD whereas; current harmonics is around
30.11%. CMV is measured as 52.18 Vrms. Inverter output
voltages contain steep steps (high dv/dt) from thyristors
commutation. Stator windings get high frequency switching
pulses along with high level of harmonics. Similarly rotor
winding also gets a pulsating dc from SES [34], [35]. This dc
waveform also contains numbers of high level harmonics and
high frequency voltage spikes. The complete short circuit
alternator system (SFC, SES and machine) are coupled to each
other through distributed capacitances due to these high
frequency distortions in stator and rotor windings. Capacitance
is formed whenever two charged bodies are separated by a
dielectric medium. Winding insulation, air and lubricating oil
work as dielectric medium for forming the capacitances in the
machine and its drives. These capacitances (also called
parasitic capacitances) form between stator to ground, stator to
rotor, stator to shaft, rotor to shaft, bearing to ground, cable to
ground and also supply source to ground. This bonding is also
getting stronger with the increase in frequency, as Xc=1/2x=fC.
Leakage current (Ic=C.dv/dt) flows all along the stator and
rotor windings due to the parasitic capacitance C and high
dv/dt. A high frequency flux is generated because of this
leakage current. Harmonics and other high frequency spikes in
the stator and rotor power supply also generate high frequency
fluxes. These total fluxes link with winding, core, frame, shaft,
and other metallic parts. In this way the inductive coupling is
formed. Symbolic representation of the capacitive and
inductive couplings in the whole system is shown in Figure 11.
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Capacitive and inductive couplings together create a
cumulative effect for generation of shaft voltages for this long
shaft machine.
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Figure 11. Capacitive and inductive couplings in the system.
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Figure 12. Representation of shaft as the charged capacitor.

4.2 Shaft Discharge Current: As illustrated in Figure 12, in the
presence of shaft voltage, it behaves like a charged capacitor.
Here surrounded lubricating oil in the bearing shell acts as the
dielectric medium. The machine under investigation has
insulated bearing at the exciter end and the non-exciter end
bearing & shaft are grounded. Flow of circulating current is
negligible due to one end insulated bearing. During high speed
rotation it is not possible to keep the shaft always at ground
potential. Whenever the contact resistance of the grounding
brushes is high (due to poor contact or contamination), the
dielectric (oil film) breakdown takes place between shaft &
bearing due to close proximity or high voltage. This creates a
short duration, high peak impulse current from the shaft to the
grounded bearing. This is the origination of shaft discharge
current or EDM as measured earlier.

The discharge current pulses contain high amount of energy
which is the prime source of bearing & shaft erosion. If due
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care is not taken, this EDM can damage bearing, shaft and
other metal parts. Examples of pittings on a journal shaft of a
machine are shown in figure 13. EDM also creates
electromagnetic interferences in the neighbouring electronic
circuits [36].

Figure 13. Pitting on the shaft and bearing of a short circuit
alternator.

5. Application of Multilevel Inverter in Existing System

To restrict EDM it is necessary to limit the shaft voltage which
is the consequences of electrostatic and electromagnetic
couplings in the machine. These couplings are directly
depends on the harmonics and common mode voltage level at
machine terminals (i.e. at the inverter output). It has already
been said that shaft voltage mainly depends on the wave shapes
of the voltage applied on the machine. For a sinusoidal supply,
amplitude of generated shaft voltage is subsequently low and
that can easily be controlled. But wave shapes from the modern
static drives is no more sinusoidal rather it contains number of
harmonics and high level of CMV. By modifying these sources
shaft voltage can be restricted. Amongst the various solutions,
PWM multilevel inverter (MLI) is the best one to get a
waveform near to sinusoidal [37], [38]. MLIs have been
implemented here with the simulation techniques by replacing
the existing current source inverter (CSI).
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Figure 14. Representation of 2-level inverter.

5.1 2-level PWM Inverter: 2-level inverter can create two
different output voltages for the load, % or — % as displayed

in Figure 14. To cater the problems of harmonics and CMV in
a simple square wave inverter, pulse width modulation (PWM)
inverter has been developed. 2-level PWM inverter is widely
accepted in industries for motor speed control, UPS, SMPS,
grid interconnection and many other applications.
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Figure 15. Representation of 3-level inverter.

5.2 3-level PWM Inverter: Though the 2-level PWM inverter
is effective in removing most of the disadvantages of square
wave inverter, still it had certain limitations due to poor wave
shapes. This gave a thought of increase in the level of the
inverter to achieve a near sinusoidal wave shapes. A three-
level inverter as shown in Figure 15 is similar in design to that
of a conventional two-level inverter but the numbers of
semiconductor switching devices are double. Additional
diodes called clamping diodes are also required to place in
between the upper and lower switches and are connected to the

neutral midpoint of the two capacitors. These capacitors build

up the DC bus, each capacitor is charged with the voltage %

. This inverter creates the three voltages % , 0, — % in each

leg. In this way, by multiplying semiconductor devices in each
leg higher levels can be added.

In Simulink model of short circuit alternator (see Figure 8) a
2-level IGBT based PWM inverter is put in place of CSI. The
rectifier portion is kept untouched which is a thyristor based
six pulse converter. After analysing results with a 2-level
inverter it is replaced with a 3-level inverter for further
experiments. From the measurement and display blocks,
simulated waveforms of source voltage, current, motor voltage
and current are plotted. Fast Fourier transform (FFT)
frequency spectrums are taken on these waveforms to find out
the THD levels. All are depicted in Figure 16 to Figure 19.
Common mode voltage is also measured at the inverter output.

Table 2. Simulation results

% THD % % THD %
THD THD | CMV
Inverter | source motor
source motor | v/
voltage voltage rms
current current
Existing 2.46 18.12 20.74 | 30.11 | 52.18
2-level 12.80 10.23 3.97 3.92 | 15.49
3-level 3.39 4.88 2.25 2.67 | 11.99
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Figure 16. Source voltages & frequency spectrum.
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6. Results and Discussions

After experimenting 2-level and 3-level inverter on the
existing system the simulation results are tabulated in Table 2.
It is observed from the Table 2 that for the existing system,
harmonic distortion in the source voltage is only 2.46%
whereas, current distortion is much more at 18.12%. THD in
voltage and current at motor terminals is respectively 20.74%
and 30.11%, i.e. extremely high. CMV is also a matter of
concern with level of 52.18 Vrms. It is surmised that both 2-
level and 3-level PWM inverters give considerable reduction
in the level of harmonics and common mode voltage at motor
terminals. In terms of source side THD, 3-level inverter shows
definitely better results comparing to the 2-level inverter. The

23

NAYRYAYAY:

Existing  THD=350.11

® HE = E) - - - E - - -
Prequrney|Ha|

Propozed 2-level

(K] B11 RE &T 8M &E &E AT LW LW
Tirre |u]

i F‘ru;upu:usnlad E-Ilevell THI:!=3.EII2

I -
H oo
' [] i H 1] E 11 aan [11] [11] L1] (11} [ 1] RITL}
Farqurrey Huf
Propozed 3-level

o [ T T
-l

ol
-l
2 1 1 1 1

1 1 e [ B [ R"Y LB e L [ LA

Tire Ju|

Propozed 3-level THD=2 BY

g [ sl Fursararrial

Fyurrry[Hef

Figure 19. Motor currents & frequency spectrum.

higher topology of MLI may also be experimented but there
will not be much difference in results; rather circuit complexity
and cost will increase. Shaft voltage directly depends on the
level of harmonics in voltage and current at machine terminals.
It also depends on the common mode voltage. As all of these
parameters are reduced significantly on application of 3-level
inverter hence shaft voltage is also going to be controlled by
this method.

7. Conclusion

One of the objectives of this work is to find a solution to
safeguard the shaft and bearing of a short circuit alternator
from the ill effects of EDM caused by high CMV. Another
objective is to limit harmonics generation. To study the system
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in detail its Simulink model is created through software with
real data. Simulation studies show that present CSI based static
drive is the prime cause for high level of CMV and THD. By
virtue of MLI, supply wave shape can be kept near to
sinusoidal which can further reduces the THD and CMV level.
To prove this characteristic of MLI and to get control over
EDM, replacement of present CSI in the system is done with a
multilevel inverter in the model. Experimental results show
that both 2-level and 3-level inverter gives considerable
reduction in the level of harmonics and CMV at the machine
terminals, but the later one is better in terms of overall
achievements. Hence it is recommended that the present CSI
may be replaced with a 3-level inverter to get rid of from the
dangerous EDM at the machine shaft and bearing.

Though the study is done on a specific machine but its outcome
can also be implemented to other large machines sourced with
static power supplies.
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