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Abstract This paper describes the use of the novel multsphdgh voltage (HV) transformer-rectifiers (TR) in
ESP applications, as an alternative to high frequeswitch mode power supplies (HFPS). As well-knoavn
three-phase TR can deliver a very smooth voltageefeam. This power supply has the disadvantageodf n
being able to deliver a pulsating voltage wavefdghigh ripple) in case a change in the operatingdimms
requires it. A multiphase HV power supply basedaotnaditional three-phase power supply can elinairiats
shortcoming as with an ingenious switching in thiamary side of the HV transformer and in the thigis
controller, both single-phase (high ripple) ande#iphase operation (low ripple) are possible. Taper
describes the switching principles as well as thguat power which is possible to achieve in botleragion
modes. The multi-phase TR has been tested atdalésn an ESP for coal-fired boiler and the fagtmmercial
installation has been commissioned.

1. Introduction multiphase power supply (MPPS). The MPPS
In the electrical energization of ESP’s by the time&ombine a 3-phase TR and a 1-phase TR in one unit,
being are found following HV power supplies: based on a standard 3-phase TR set. In the foltpivin

« Single phase TR (1-phase TR), will be described the principle of operation ane th

« Three-phase TR (3-phase TR), output voltage and current that can be obtainedron

+ HF switched mode supply (HFPS), ESP load.

* MF switched mode supply (MFPS), ) o )

«  Micro-pulse system (MPS). 2. Construction and principle of operation

The main feature characterizing each power suppfyL- Construction
is the voltage waveform delivered to the ESP load.N® basic unit, the three-phase HV power supply
This has to be suitable to the nature of the pasie consists of one control cabinet and one HV tank,
treated by the ESP. In simple terms, an increasirsg which is oil-filled cooled by natural convectionhi$
resistivity requires a more pulsating voltage wavef Power supply is fed from the three-phase mains and

(high dv/dt). comprises a thyristor controller, a HV transforraad
A. Single phase TR [1] a HV bridge rectifier as shown in Fig. 1.

They can deliver a voltage with high ripple ofgen — o=
of kV (100/120 Hz). They can also operate in the so ,,.. contactor contrler ‘ .

called intermittent energization mode (IE), whemne t = -
current pulses delivered to the ESP are blockedrby
even number of half-periods (2, 4, 6, etc).
B. Three-phase TR [2]

They can deliver a voltage with very low ripple
(few kV) having a frequency of 6 times the line
frequency, i.e. a very smooth voltage waveform.

Voltage
divider 9 Ese

Control
unit

C. HF switched mode power supply [3] Figure 1. Block diagram of a three-phase TR set
They are also intended to provide a very smooth

voltage waveform, but they can also operate irle As there are 6 current pulses during a periodhef t

mode. The switching frequency is in the rangdine frequency, instead of only 2, and as the EGB a

20-30 kHz. like a capacitive load, the ripple is much loweheT

D. MF switched mode power supply [4] output voltage can in practice be considered asra p

They are also intended to provide a very smootRC-voltage as seen in Fig. 2.
voltage waveform, but here the switching frequeiscy =~ The ESP voltage has negative polarity as ESP’s
in the range 200-400 Hz. IE-mode is also possible. work normally with negative corona. In Fig. 2 is@l
E. Micro-pulse system [5] shown the corresponding waveform delivered by
They can deliver narrow HV pulses (60-140 usyingle-phase TR’s.
superimposed on a smooth base voltage (40-60 kV). The problem to solve is how to switch between
The HV pulses are repeated with a frequency tylyicalboth modes of operation, in the following called 1-
in the range 1-200 pulses/s). phase and 3-phase operation.
Besides the above-mentioned power supplies
FLSmidth has recently introduced a new one, the
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100k In practice, the voltage applied to the primary

T windings is controlled by a thyristor controllen &

30 1WWV\MWWWWWW number of other changes must be introduced.

' AN VIV In Fig. 4 is shown the changes when considering
the thyristor three-phase controller comprising
thyristor modules 1, Tg and Tc.
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Figure 2. Waveform of the output voltage Canfroler
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2.2. Principle of operation

N HV rectifier
: HV transformer —
[ C | c Y ¥ ¥
In principle the conversion from 3-phase to 1-phase e p EE

3 ESP
Chokes Y Y¥Y¥ %
operation can be implemented as shown in Fig. 3a — ’
Here it is seen that the three-phase transformer ( & Y
coupling) is energized directly from a 3-phase Figure 4. Changes in primary side for single-phase

line (ABC). operation
As seen, it is required to include a contactor S1
U A which coil is e.g. energized from one phase. S1 has
© VR A v ‘ two set of contacts. The shown position correspomds
_é%j g, el umé o b normal three-phase operation where all 3 thyristor
_/u o Yd Tl v % %‘ modules TA, TB and TC are connected to the
= ooy ob industrial mains (L1, L2, L3). When the change-over
is performed by de-energizing S1’s coil via swig,
@ Y then phase C is interrupted, the thyristor moduBeist
Usc C U short-circuited so only TA is active thus activatin
B 5 A single-phase operation.
C " Other changes related to the firing of the thgrist
=00 U. % and in the software of the control unit have to be
(b) performed. But this can be performed in different
Figure 3. Conversion principle for 1-phase ways depending of the firing unit used for si_nghaspe
(high ripple) operation TR’'s and for three-phase TR’s, respectively. One

example will be given later in § 6.

Fig. 3a shows that the main change is the The conversion to single-phase (high ripple)
interruption of phase C in the primary side of Hi¢ operation has been first tested at the laboratorg i
transformer. In Fig. 3b is shown the correspondin%ﬁ kV/1350 mA three-phase TR model. Thereafter,
phasor diagram for the voltage across each prima next test was on a pilot ESP using a
winding (A-connection). It is seen that the windingl25 KV/35 mA three-phase TR at a sintering plant.
voltageUgc andUc, are in phase and equal and their Both tests gave successful rgsults, so the fiegl st
amplitude is ¥ ofJas and have an opposite phase, i.eWas a full scale test performed in a power plahisT
they are shifted 180° in relation tfg. test is shortly described below.

On the secondary side the phase voltages
Up = Ue = %2 U,. As shownU, andU, are equal and in 3. Full scale test
phase, but shifted 180° in relationlig. As seen in Fig. 5 a three-phase TR with rated walue

Then points ‘b’ and ‘c’ of the three-phase bridgel 10 kV/1400 mA (30% short-circuit voltage) con-
rectifier has the same potential. In other words thnected to 3x400 V line was mounted at the inldtfie
bridge rectifier behaves as a single-phase bndéé one chamber of the FLSmidth ESP installed at a
rectifier fed with a single-phase voltage of-U5 power plant in Copenhagen, after removing the

original single-phase TR.
At full load (250 MW) the gas flow is 315%s
and the inlet temperature 127 °C.
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Therefore there are some dead zones in the primary
current waveformFig. 6b shows the voltage recovery
after spark. After a 20 ms blocking time the vo#iag
recovered in approximately 10 ms.

3.2. Single-phase operation

The waveforms for normal DC-operation are shown in
Fig. 7a. In Fig. 7b and Fig. 7c are shown waveforms
with |E-operation (degree of intermittendd,.= 3
and 5).

Figure 5. 3-phase TR used in full scale test a)

3.1. Three-phase operation

The waveforms in this case are the normal ones for |*

this operation mode [2]. In Fig. 6a are shown tgpic
waveforms for normal operation and in Fig. 6b
operation at spark.
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Figure 6. a) Primary current (blue), ESP voltaged)
and ESP current (black) at 50% boiler load,
b) Primary current (blue) and ESP voltage, (red) at
100% boiler load and sparlgcl= 1400 mA,;
Upc =74 kV; Ip;= 191 A;0 = 85°
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As explained in § 5.1 the TR set could deliver a
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drigure 7. Waveforms in single phase operation: @) D

output voltage of 88KV, but the rated current ofoPeration at 50% boiler load, b) IE operatidl.(= 3)

1400 mA is already reached at 74 kV due to the
current-voltage characteristic (CVC) of the ESRdfie

at 50% boiler load, c). IE operatioNg = 5)
at 50% boiler load
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The values obtained in each operation mode a 100

shown in Table 1. J (mAm2) = Te
1ph (OC)
Table 1. Operation values at 1g-mode - : ;1~ph:(Nec£3) rendrel
Nec 1 3 5 P
Ipc [mA] 1000 450 280
Uoc [KkV] 58 44 39
Ubcmin [KV] 45 32 29 e
Upcmax [KV] 77 77 77
lor [A] 224 156 113
a [] 56 40 40 “ 0 3 w0 45 s s e e 1 75 s 8

xv)

Fig. 8 shows the voltage recovery after spark, Figure 9. CVC'’s with 1-phase and 3-phase operation
where the voltage is recovered without need of

blocking periods. 4. Output power _ .
The output power will depend on the attainable

output current and voltage in both modes of openati
These two magnitudes are interrelated by the exgsti
CVC at that particular moment.

4.1. Three-phase operation
According to [2] the attainable output voltage at
rated current is approximately:

Upzg = 0.8 Upom 1)

_____________________________________________________________ where U, is defined as the peak-value of the
Az2 U B=200 10ms Trig: AS secondary line-to-line voltage, at no-load. (Ergthe
SAUE... | RECALL... | €9 INT | gpfitk€ test TR,Ugso = 0.8110= 88 kV).

Figure 8. Waveforms at 100% boiler lod@peration  4.2. Single-phase operation
values: pc = 810 mA; Uhc =68 kV; Upcmin=56 kV;  4.2.1. Output current
Upcmax= 82 kV; a = 40° The limitation here is not to exceed the rated prim
phase current delivered by the mains. The relatipns
As seen in Fig. 7 and in Fig. 8, the waveformbetween the primary phase current and the output
delivered by the three-phase TR set for single@haghean current can be derived from Fig. 10.
operation are as expected for a single-phase TR. Th
output values are also as expected, but laterllitowi Iy tot,

explained what the expected attainable values irA® Is . A K XK
single-phase operation are. Nw.ls/2| c [Lr2 ta
Comparing Fig. 6 with Fig. 7 and the values in nwls| ’E b
Table 1, it is clear that is not possible to get $ame | nw.lslzl A c
ESP current in both operation modes and thereforeg o=— VNN Z'S|01
the attainable corona power in 1-phase operation is —
lower.The reason for that will be explained in arfe Figure 10. Current relationships
the following sections. in single-phase operation
3.3. Current-Voltage Characteristics (CVC) The terminals ‘b’ and ‘c’ in the secondary

Now using the multi-phase approach it is possihle iwindings are at same potential, so the currentutiino

an easy way to compare the CVC's valid for singlewinding ‘a’ (I¢) returns as %; in windings ‘b’ and ‘c’.

and three-phase operation. These are shown i®Fig. The winding transformation ratio is,. Then, the
Fig. 9 shows that the CVC'’s obtained in 1-phaseurrents through the primary windings are:

and in 3-phase operation are almost coincident,. iBut

3-phase operation is possible to operate at rated Lya =1y, I )
current (1400 mA or 0.47 mAfhwithout spark. This
is not the case when operating in 1-phase modesewhe ILyg =I,c=05n, I (3)

sparking takes place at about 900-1000 mA. This was

also the case with the original single-phase TR Assuming that the output DC currepthas a form
(110 kv/1000 mA). factor FF= 1.35, then:
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Iy = FF * lymeant (4) So
wherelymeas IS the output mean current. Umi _ L5 _ ) gg6.
From eqg. (2), (3) and (4), Uing V3
Supposing that the attainable output voltage at
Iya = FF -1y * Iymean1 (5) pp g p g

rated current is typically 0.68d,n0n and NoWUgonq iS
Ig = lye = 0.5 FF 1y * Loyoant (6) only 0.866U,nom then the attainable output voltage is:
Then the primary phase current in single-phase Uo1 = 0.670.866  Unom = 0.58  Upom ~ (11)
operation can be expressed as:
4.3. Results with computer simulation
Iy = Iya + Lye = 15 FF ' 1y * Ipmeans (7) The output characteristic can be obtained by lgadin
the TR set with different CVC’'s and applying the
The primary phase current in three-phase operatigh@ins voltage directly to the primary windings A}
can be expressed as: an example the slope of the CVC will be maintained
and the curve will be displaced to higher voltabggs

changing the corona onset voltage. The results are
Iy = @_nw = \/g_nw_jg ynom Is:hown in Table 2 and the curke=1(l) is plotted in
ig. 11.
lra = V2 1y lonom ® Table 2. Output characteristif = f(l,)
wherel,,omis the rated output current of the 3g TR se Case Uo[kV] o [MA] | 1t [Armd]
Then becausé;, =l from (7) and (8) and for | A | U =25 [kV] 68.3 962 218
FF =1.35: B | Ug =30 [kV] 69.4 875 201
C | Ug =35 [kV] 70.5 790 184
lomean1 _ _VZ_ _  cgg 9) D | Ug =40 [kV] 71.7 705 167
Tonom 1.5-FF
100
So in theory, in single-phase operation the <
attainable output mean current is about 70% of the < *
rated current in three-phase operation. But from Fi g 80 sk T
10 it can be demonstrated that the primary winding = | [~ P i S A B e
current in single- phase operation is about 1. 7 e
larger than in three-phase operation (for+E35). § 60
Therefore, if the primary winding is not oversized w0
considering this factor, the output current hasbéo H
reduced accordingly. 2 4
This means that the maximum attainable output T
current in this case will be: 500 600 700 800 900 1000
Output mean current [ mA]
Limax = 0.6° Lonom (20) Figure 11. Output characteristic for a 1400 mA/

110 kV three-phase TR set
Anyhow, a more precise calculation can be
performed by computer simulation, where allFig. 11 shows how the output voltage increases and
conditions like existing CVC, ESP field capacitancethe output current decreases with increasing corona

TR data, etc. are taken into consideration. onset voltage. In Fig. 12 is shown the simulatiesuft
for case A (U, =25 kV). For the sake of simplicity,
4.2.2. Output voltage the output voltage is shown as positive going.

The main reason for the lower attainable output
current is that the input AC voltage to the bridge
rectifier is less in single-phase operation.

Ideally in three-phase operation this voltage is:

Uz = \/§ "Ny, Unains

and as explained in § 3.2 in single-phase operdtisn
voltage is:

Uini = 1.5 1y, * Unains
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In Fig.13 is shown an example of a possible
implementation. This corresponds to the case where
3-phase firing PCB is used for firing the thyristan a
3-phase TR and a 1-phase firing PCB is used figfir

a l-phase TR.

In other cases there exist only one firing PCB,
which is used together with a 1-phase TR and Befit
are used in case of 3-phase TR’s.

The key components are the switch S11, the
auxiliary relays Q3g and Qlg, and the main contscto
Q01 and Q03 with their respective energizing coils.

When S11 is in position 1 then the contactor Q03 is
energized and normal three-phase operation is\athie
In position 2, Q01 is energized so phase L3 is
disconnected and module TB is short-circuited,
allowing 1-phase operation.

[oc ac| ond|

Figure 12. Example of simulation result for case A
(Uco=25 kV)

5. Practical implementation
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Figure 13. Example of practical implementation

6. Conclusions
The use of multi-phase power supply (MPPS) has a
number of advantages. Among them, the following
can be mentioned:
* It can provide a smooth ESP voltage leading to
a higher corona power in low resistivity
applications.
e It can provide a high ripple like a single-phase

TR in process where this waveform is
beneficial, e.g. in  medium resistivity
applications.

e It can provide operation in IE-mode, e.g. in
higher resistivity applications.

There is no practical limitation in the rated
output current and voltage, compared e.g. with
HFPS's.

There is no problem in energizing multi-phase
TR’s from e.g. a $90 V;,,s mains.

Regarding prices, a corresponding multi-phase
TR is not more expensive than a corresponding
three-phase TR.

The rugged and well-proven construction is
very reliable. No problems have been experien-
ced.

Regarding disadvantages, we can mention the
well-known ones of 3-phase TR's, like:
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Higher weight and volume. References

Need of a control cabinet and place in théll]
switch-gear room.

The output mean current in 1-phase operatiol?]
is limited to a value just below 60% of the
rated mean current. This is not a major problert3]
as in single phase operation is not possible to
get the same output current due to spariél
occurrence. Furthermore, single-phase opera-
tion is demanded in cases of increasindPl
resistivity and this calls for lower ESP-current
due to back-corona.
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