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Operation Analysis and New Current Control of Parallel Connected
Dual Converter System without Interphase Reactors

& R
(Jun-Keun Ji)

Abstract -

In this paper, a predictive current control of 12-pulse parallel connected dual converter system without

interphase reactors(IPR) is presented. Firstly, the characteristics of system without IPR are analyzed and compared with
that of system with IPR. And the predictive current control of this system is discussed. Finally the validity of the
presented system and the excellence of the predictive current control response is proved through the simulation results

and experimental results.
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1. Introduction

The  increasing size of electrochemical and
electrometallurgical plant for manufacturing such products
as chlorine, aluminum and copper, requires AC-DC power
converters capable of delivering direct currents of up to
100kA, and sometimes higher. This necessitates multiple
paralleling of semiconductor devices within the rectifier
circuit and paralleling complete circuits. It is useful to
use as high a pulse number as is economical _to minimize
both the ripple in the DC output voltage and the
harmonic content in the AC supply current waveform to
the rectifier installation. For example, 12-pulse operation
is provided by supplying two parallel 6-pulse rectifiers
with 30 degrees displaced AC voltages. A 24-pulse
arrangement requires four 6-pulse rectifiers mutually
phase displaced by 15 degrees. A disadvantage of high
pulse number is the increased size and cost of the
rectifier transformer arrangement to provide the necessary
phase displacement. In standard practice, the transformer
tank also encloses the center-tapped inductor, usually
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known as an interphase reactor(IPR) or interphase
transformer (IPT), connected between each pair of
rectifier circuits, and circuit pairs if appropriate, on the
DC side. This device prevents interaction between the
rectifiers by sustaining the instantaneous voltage
difference in their outputs caused by the phase
displacement on the AC side. Nowadays, it is usually
considered most economical to use a 12-pulse system.
Therefore, the operation of 12-pulse parallel connected
three-phase dual converter system with a 30 degrees
phase displacement is considered. The size and cost of an
IPR  connected circuits  in
electrochemical plant is such that, on economic grounds,
it has occasionally been omitted.[1]

In this paper, it is proposed that 12-pulse parallel
connected dual converter system without interphase
reactors(IPR) to improve large size and cost problem. It
is discribed that the operation analysis of 12-pulse
parallel connected dual converter system without
interphase reactors(IPR). And new high performence
instantaneous currunt control method using predictive
current control instead of PI average current control
method is applied to this system. Using this proposed
system using predictive current control method, it is
possible to implement a high performance and large
capacity DC motor drive system without IPR for
industrial plant,

between converter



2. 12-Pulse Parallel Connected Dual Converter
System
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Fig. 1 12-pulse parallel connected dual converter system

Fig. 1 shows a schematic diagram of the 12-pulse
parallel connected dual converter system supplied by two
separate transformer output windings(the secondary and
tertiary) with equal open-circuit voltages, and with the
AC voltages in A-converter lagging that of Y-converter
by 30 degrees. The number of turns per phase on the
star-connected secondary windings is 1/ \/§ times that
tertiary windings. The primary
This provides higher

on delta-connected
windings has a delta connection.
output ripple frequency and minor improvement in input
power factor. The position of a conventional IPR is
shown in broken lines, although in this investigation it is
omitted.[1]

The 12-pulse DC output is applied to the DC motor
load, If the AC side inductances are assumed to be zero
and without IPR, only the bridge converter which
experiences the highest instantaneous voltage in any
12-pulse ripple period of 30 degrees will conduct. Thus
the normal conduction interval of 120 degrees for a
thyristors in one bridge converter is broken up by the
conduction of thyristors in the other bridge converter.
With the AC side inductances present, instantaneous
transfer of load current between the bridge
converters(and between phases within a bridge converter)
is impossible, and commutation effects occur in various
degrees of complexity.

3. Operation Analysis in case without PR
To analyze operation in case without IPR, assuming

that an inductance of loadside is extremely large, voltage
and current waveforms are shown in Fig. 2. In this
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figure, #, is an equivalent a-phase input current of

Y-converter seen at the primary side of transformer and
ia-1=-\71§ (ig—1iq). a4 is a A-phase input current at
the primary side of transformer and 4= ig+tiy. A
converter output voltage is given as equation (1).

Vdc = max (Vaa , Vae) (1)
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Fig. 2 Voltage and current waveforms of 12-pulse
parallel connected converter system without IPR

Because the outputs of Y/A-converter are directly
connected to loadside, a load current flows through the
converter in which an instantaneous output voltage is
larger and the output current of Y/A-converters is
operated by 30 degrees discontinuously respectively.
Assuming that the reference point of delay angle is same
in cases with [PR and without IPR, The phase of input
current in case without IPR is advanced 15 degrees
compared with the case with IPR.[2](3]

3.1 Power factor

An important performance parameter of phase-
controlled converter systems is the variation of supply

power factor. The power factor is defined as[4]

14,
PF = i cos @, = pcos @, (2
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To obtain the power factor, one must determine
fundamental current and displacement angle. Primary
input fundamental current is following:

IA.AQI = Ia214¢02| '*‘Ia'héwll (3)
To calculate this in case with IPR, it is given as

follows[3}:

IAl4¢l = Jn_— Z—a = 0.7797 £—a {4)
At the same manner, in case without IPR, it is given
as follows:
_ 46 . = , m _
) PA 2 SinTs Z( 17 a)

0.8072 « (T’; —a) )

And the rms input current can be determined from the
resultant input current waveform as follows:

172

I,= (—f{- f:+"iAde) ®)

To calculate this, it is 0.7885 in case with IPR and
0.8165 in case without IPR respectively. From this values
the power factors in case with [PR and in case without
IPR are given as equation (7) and (8) respectively.

PFIPR = (.9886 cosa (7

PFroupr = 0.9886 cos(a— 1—’5) (8)

Therefore it is shown that the maximum value of
power factor in two cases is same and the phase
difference of 15 degrees only exists.

4. Predictive Current Controlf5-7]

Firstly, we define input voltages for calculation needed
to implement predictive current controller. If the rms
value of primary line voltage in the transformer is
assumed as Erms , primary phase voltages and primary
line voltages of transformer are defined as following.

VA= '% E ,mSin wt
V= 7‘% E,.sin(wt— —.g ) )
Ve= % E pnesin(ot+ -% )

Vag=V2E msin(a)t+—é£)

Vee=V2E ,msin(a)t—-—%— 7+-L) (10)
Vea=V2E psin(wt+ —32 x+ —g-)
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Accordingly secondary line voltage of Y-transformer
and tertiary line voltage of A-transformer are defined as
following respectively.

Van = 71'3'( Vas— Ve
Viia = “71'5'( Vec— Vea) (11)

Vaa= 715'( Vea— Vas)

Vaow = Vas
Viee = Ve (12)
Vew = Vea

The voltages applied to the loadside becomes the parts
of these line voltages. The conducting thyristor of each
bridge converter and loadside voltages are defined as
Table 1 according to 12 conducting mode.(The number of
each thyristor in the positive direction converters is
designated in Fig. 1.)

Table 1 lLoadside voltages and the number of conducting
thyristor in each mode
(Y : Y-transformer, A : A-transformer)

Model] 1 2 3 4 5 6 7 8 9 10 11 12
Ug |Vabi Vasz Vact Vaez Vet Voez Viear Visaz Veat Veaz Veor Voo

16 11 12 13 14 15
11 12 13 14 15 16

A 26 21 22 23 24 25
21 22 23 24 25 26

The equivalent circuit of converter system in steady
state can be represented as Fig. 3. From this equivalent
circuit, the voltage equation in each mode can be written
as following.

+ Eg = Ug (13)

uy (wt)

Fig. 3 Equivalent circuit in steady state

Where, ud is an equivalent converter output voltage
and becomes the part of sinusoidal line voltages as seen
in Table 1. So the solution of this equation can be given
as Eq. (14).



ige= I cos(wt— ¢) +Le ™+ 1, (14)

Where, @ =tan_](—wllel) , .0=“R;)—0La ,

z = VB+@WL) , - 25,

E
I3= __R—i-

’ udm = ﬁE’mS

In Eq (14), I, can be solved differently as following
according to continuous current or discontinuous current.
For the sake of ease of calculation, we assume the case
of mode 12. In mode 12, loadside voltage or motor input
voltage can be represented as Eq. (15) by means of
Table 1, Eq. (10) and (12).

Ug = Ug,, COSwE (15)

4.1 The Solution in Continuous Current Mode

From the condition which the average value of

current for one period must be same as the reference
current I”,

6 a+E
r=2[ "i.dot (16)

r

at 3
=& [ [ Lcos(ut=0)+ I, ™+ I;]dut
Arranging this equation to solve ,
L=Z[r—I—12 I gin-& cos (a+-E —g)]—LeZ
LA L 12 12 N -of
—e

an

Where, @ can be given from the condition which the

average value of converter output voltage for one period
must be satisfied.

‘/dc=-ﬁj:z

V4

z
a+6

wq dwt

-6 i %q,, coswt dwt

—15— udmsinfz- cos (a+ TI.‘rZ-)

(18)

Therefore, @ is represented as Eq. (19).

_&I_L&) (19)

__ T -1
a= 12+cos ( Vo

Where, Vime= -% U gmaxSIN —1’%
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4.2 The Solution in Discontinuous Current Mode

In discontinuous current mode, the integration interval
for the average value of current becomes different
according to extinction angle. If we assume the firing

angle as @ and the extinction angle as B , the initial
condition is same as Eq. (20). And from this, Eq. (2la)
and (21b) can be given.

tal@)=i2(B)=0 (20)
ig{a)=ILcosla— @)+ Le "+ I;,=0 (21a)
il =ILcos(B— @)+ he P+ ;=0 (21b)
Where, arranging Eq. (21b) to eliminate ,
I,=[~ I;— I,cos(8— D)) e” 22)

Substituting this in Eq. (21a), Eq. (23) is given.
Licos(a— @) —[ L+ I cos(B— e 2+ L=0 (23)

And we can get one more equation about @ and B
from the condition which the average value of converter
output voltage for one period must be satisfied.

at+ &

y] 6
Vi = %[L udda)t+fﬁ E, dwt]

8 a+%
= %[L Uq,_ coswt +L E, duf]

=%[udm (sinp—sine) + E, (a+ % -y

=R, I' + E, 24)

Finally, we can get the solutions of @ and B using
Newton-Raphson numerical method from nonlinear
equations of Eq. (23) and (24). And then we can get
I, from Eq. (22) using the solutions.

5. Simulation Results

Motor parameters used in the simulation are same as
Table 2 and the actual values of motor used in the
experiments.

Table 2 Motor parameters

Rating Power 22[kW]

Rating Voltage 220(V]

Rating Current 90[A]
Amature Resistance Ra 0.35[Q]
Amature Inductance L, 6.5ImH]

Simulation Results are shown in Fig. 4. Fig. 4(a)
shows the motor-side current waveforms (reference
current @ i* , predictive current @ ipre , motor current :
idc )} of continuous current mode in case of reference
current reversal(S0A and -50A). From this figure, it is
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shown that motor current idc follows the reference
current i* very well with no overshoot.

The waveform of represented by dotted line is
predictive current ipre and gating signal is applied at the
point that predictive current ipre crosses motor current
ide. It is also shown that the motor current follows
desired current trajectory after gating signal applied. Fig.
4(b) also shows the motor-side current waveforms of
discontinuous current mode in case of reference current
reversal(lA and -1A) and it is shown that motor current
idc follows the reference current i* very well with no
overshoot even discontinuous current mode.
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(4] :!ii N e
O A £ YU RSP

¢ [sec]

Fig. 4 Simulation current waveforms

6. Experimental Results

Experimental Results are shown in Fig. 5 and 6. Fig. 5
shows the current and voltage waveforms( reference
current : idc_ref , motor current : idc , Y-converter
current @ idc_l , H-converter current @ idc_2 , motor
voltage : Vdc , Y-converter predictive current @ iprel , &
-converter predictive current ipre2 ) of continuous
current mode in case of reference current reversal(30A
and -30A). From this figure, it is shown that motor
current idc follows the reference current idc_ref very well
with no overshoot and is same as the sum of idcl and
idc2 . Fig. 6 also shows the current and voltage
waveforms of discontinuous current mode in case of
reference current reversal(2A and -2A) and it is shown
that motor current idc follows the reference current
idc_ref very well with no overshoot even discontinuous
current mode and is also same as the sum of idcl and
ide2 .
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Fig. 5 Predictive current control response in
continuous current made (30A and -30A)

7. Conclusion

In this paper the characteristics of 12-pulse parallel
connected dual converter system without interphase
reactors(IPR) are analyzed and compared with that of
system with IPR. And applying the predictive current
control in this system, we can implement the high
performance DC drive system having fast and accurate
current control response besides getting economic
advantage through removing IPR. Finally the validity of
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Fig. 6 Predictive current control response in
discontinuous current mode{2A and -2A).

the presented system and the excellence of the predictive
current control response is proved through the simulation
results and experimental results. We are going to apply
this system using predictive current control to real large
capacity rolling mill DC drive system.
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