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System Construction Method of Parallel Operation System
constructed with Three Electric Power Converters

Keisuke Ishikura *, Hiromi Inaba ", Keiji Kishine ", Mitsuki Nakai =, and Takuma Ito *

Abstract — Parallel operation systems have an advantage in that they can be constructed
quickly and inexpensively by combining existing electric power converters. However, in this
case, there is a peculiar problem in that a cross current flows between the electric power
converters. To design a control system more simply and commonalize the core of
combination reactors, we reviewed a system construction method for parallel operation
systems constructed with three electric power converters.

Keywords: Power converter, Cross current, Combination reactor, Current control

1. Introduction

When increasing the motor capacity used in elevators
installed in skyscrapers, the capacity of the electric power
converter for the motor drive also needs to be increased.
Although a parallel operation system can be adopted to
increase capacity, cross current that circulates between
electric power converters occurs. Suppressing this
circulating current is important from the viewpoint of
efficiency. Conventionally, cross current suppression has
been performed by synthesizing output currents through a

combination reactor, which has a passive suppression effect.

However, fabricating a system mounted with equipment
that has high density in a limited space is important to
miniaturize the reactor. Therefore, a summation and
difference control method that suppresses the cross current
with the aim of miniaturizing the reactor was proposed [1].
Moreover, from the viewpoint of standardization and
improving the flexibility of system construction, a
combination of electric power converters with different
proportions of output current has also been considered [2]-
[4]. In addition, a structure that extends the combinations of
parallel connections to three has been considered [5]-[6].
However, the design of a current control system has been
complicated in the case of the previous structure. Further,
due to synthesizing every two electric power converters, the
large amount of occupied space of the combination reactors
has been a problem.
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In this paper, we focus on how to structure the parallel
operation system with three electric power converters. In
particular, a current control method and method for
synthesizing output currents were reexamined. On that
basis, we propose a structure for a current control system
with the aim of simplifying the design. In addition, a
method for commonalizing the combination reactor cores is
proposed. We evaluated them in a circuit simulation and
experiment.

2. Previous Construction of Parallel Operation
System

Fig. 1 shows a parallel operation system constructed with
three electric power converters that have been considered
before. The outputs of each electric power converter are
supplied to the motor M through combination reactors.
Motor speed is measured with a pulse generator PG. Output
currents iy, i, and iz are measured with current detectors CT,
CT, and CTs The information obtained from them is
processed in a controller that performs speed control (ASR),
current control (ACR), and PWM control. PWM commands
provided from the controller control the output voltage of
electric power converters.

Fig. 2 shows a control block diagram of the system in Fig.
1. The previous method was used to commonalize two or
more summation current controls. The aim was to reduce
the cross current by decoupling each summation current
control. However, since the sharing ratio of output is
different for each inverter, it had become difficult to derive
the control model. Cross current suppression controls are
also the same. Further, it became difficult for output
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currents to flow to the motor when the impedance of the
combination reactor was much smaller than that of the
motor. The sharing rate of the outputs necessary to take full
advantage of the effect of the combination reactor is 1:1:2.
However, even in this case, there was a problem in that
output currents can be influenced by the difference of
impedances of the inverter side.
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Fig. 1. Conventional overall configuration schematic
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Fig. 2. Block diagram of previous current control system

3. Proposed Construction of Parallel Operation
System

3.1 Whole System Construction

Fig. 3 shows the parallel operation system constructed
with the three electric power converters that were proposed
in order to solve the problems of the previous structure.
Compared with the previous system, the only difference
was that the method for synthesizing output currents uses a
combination reactor. Output synthesizing uses a three-input
combination reactor. The sharing ratio of output currents is
1:1:1.

3.2 Proposed Current Control Method and Circuit
Structure

Fig. 4 shows the proposed extended summation and
difference current control method used to solve the

complexity of the control model, and Fig. 5 shows an
equivalent circuit model obtained by using the summation.
From Fig. 5 (a), the following equation was obtained:
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€= chil + (Zcz + Zm)(il + iz + i3)
&, = Zojiy +(Zoy +Z,)(i, +i, +1,) @
€ =2y +(Zg, +Z,)(0, +1, +1y)

e +e,+e,=2Z,(,+i, +i;) +3(Z, +Z,)(i, +i, +i;) (2)

where Z,(= Ry, + jol) is the impedance of the motor. Ry, is
the winding resistance, and L, is the inductance. In addition,
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Za(= Re + ja(Le + M)), Zo(= -jM) are the impedances of
the combination reactor. R, is the winding resistance, L. is
the self-inductance, and M is the mutual inductance.

Moreover, fore; = e, =e;=eand i, = iy + i, + i3, for the
summation current control system, the following equation
was obtained:

e= (Z?jl +Z,+2,)i, ©))

From Fig. 5 (b), the following equation was obtained:

€ —6= ch(il _iz)
€, €= Zc1(i2 _is)
€;—6 = ch(i3 _i1)

(4)

Considering e; - €, = €c12, €2 - €3 = €23, €3 - €1 = €cay, (i1 -
|2)/3 = ichv (|2 - |3)/3 = iczg, (|3 - |1)/3 = ic31, (4) becomes

€2 = 3chi012 5
€23 = 3chi023 ®)
€31 = 3chic31

3.3 Three Input Combination Reactor

The three input combination reactor is used for
synthesizing the output currents of inverters. In (3),
considering M = kL. (k: coupling coefficient), the following
equation is obtained:

e=(%+Rm>im+jw(% L+Li,  ©

The magnetic flux caused by the summation current
components of each reactor is cancelled inside the reactor.
Further, the impedance looks small for not occurring a
voltage drop in the reactor. Therefore, when the voltage
drop caused by the combination reactor equals zero, the
following equation is obtained:

L (1-2k)=0 (7)
From (7), the coupling coefficient is k = 0.5.

3.4 The Current Control Model

Therefore, by applying k = 0.5 and (3), (8) was obtained.
The summation current control calculation model R, L
became (9).

e:(§%~%Rm—kijmﬁm ®)
R
R=—¢+R
3+ m (9)
L=L

m

Further, by applying k = 0.5 and (5), (10) was obtained.
The difference current control calculation model R, L
became the following (11).

e=3(R, + jol+K)L)i, (10)
R:g& a1
L=>L,

2

Thus, the number of control models was only two. In the
simulation, we proceeded with this configuration.

4. Simulation Comparison

The cross current suppression performance of the
proposed system was compared with that of the previous
system in a circuit simulation. Each control system was
constructed on the circuit simulation software PSIM. The
speed pattern of a trapezoid was given as the speed
command. Fig. 6 shows the main circuit structured with a
motor, inverters, and combination reactor. Fig. 7 shows the
control unit of the previous system. Fig. 8 shows the control
unit for the proposed method. Both systems used ASR and
ACR. Originally, the electric power converter was
constructed with an inverter and a converter. However,
since this paper is focused on the current control method of
the inverter side, the converter was replaced with a DC
power supply. Simulation results showed the U-phase
components of each inverter output current.

First, the simulation was carried out in an ideal condition.
Fig. 9 shows results with the previous method, and Fig. 10
shows the results with the proposed method. The motor
current is iy, inside cross current is i, outside cross current
is iy, the cross current between INV; and INV; is i, and

Three Input
Combination

(a) Previous main circuit

Fig. 6. Main circuit

(b) Proposal main circuit
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Fig. 10. Cross current waveform of proposed method

the cross current between INV, and INV; is i3 For the
previous method, the output current sharing ratio of INV,
INV,, and INV; was 1:1:2. This created a balance that had
the effect of suppressing the cross current of the
combination reactor. Here, each summation current control
system was compared. The effective value of the previous
system was 688.30 A, and that of the proposed system was
688.32A. There was no significant difference between both
summation current control methods. Moreover, each
difference current control system was compared. The
proposed method sufficiently suppressed cross currents in
the ideal condition. In comparison, in the case of the
previous method, cross current on both side was generated
even in the ideal condition. The currents were not caused by
the main circuit structure being symmetric, as viewed from
the motor side in the case of proposed system.

Next, in the actual parallel operation system, a potential
difference occurred between the DC voltage sources that
were rectified by converters supplied to the inverters. This
problem influences the cross current suppression that brings
about a potential difference between the output voltages of
each inverter. Therefore, we compared the influence that
the error of the DC voltage source gives to difference
current control. This influence was simulated by giving
error intentionally to the DC power source supplied to INV,.
As other disturbances, the phase delay of the carrier used in
the PWM control can be considered. However, because it
cannot be suppressed in the control, we do not mention it in
this paper [7]. Fig.11 shows the variation of the inside cross
current in the case of altering the voltage of the DC power
supply of INV, to INV;. There was no significant
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difference in the cross current suppression effect between
both methods. Fig. 12 shows the change of the outside cross
current in the case of altering the voltage of the DC power
supply of INV, to INV;. The proposed method was slightly
inferior as compared with the previous method. However,
the increasing value was slight when compared with the
value of the motor current.
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Fig. 12. The influence on outside cross current

5. Experimental Result

The cross current is generated by factors such as the
output voltage error between inverters and the variability of
the device characteristic in an actual circuit. We simulated
these factors, to confirm whether the cross current
suppression effect of the proposed method was sufficiently
obtained relative to the previous method. Next, a simple
laboratory equipment was built in order to verify the
proposed system. We examined the cross current
suppression effect by using this. Fig. 13 shows the
equipment used for measurement. Table 1 shows the
parameters of the circuit elements used. First, we
constructed a simulation model of an actual mini model,
shown in Fig. 14. In addition, we simulated it in the ideal
condition. The magnitude of the cross current changes
depending on the amount of change in the output current.
Therefore, the motor was driven at a constant velocity so
that cross current was at a certain magnitude. Fig. 15 shows
the U-phase output results of the cross currents icio, i3, ica1,

and motor current i, and motor speed for the proposed
method. It was possible to achieve an output sharing ratio
of 1:1:1 even in the experiment. Moreover, the cross current
was sufficiently suppressed with respect to the motor
current.
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Fig. 15. Simulation result of laboratory equipment model
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Table 1. System parameters

Switching 5kHz | Stator resistance | 2.74
frequency
Dead time 4s _ draxis 0.02H
inductance
Sampling cycl.e of 5KHz . g-axis 0.03H
current detection inductance
Calculating 0.000 Number of 6
frequency of ACR 2s poles
Sampling cyc!e of 5KHzZ Shaft time 0.40855
speed detection constant
Calculating 0.002 Inductive 91.8V/k
frequency of ASR S voltage rpm
. 1001/ Winding 0.0675
Rotation speed min resistance of
ACL
Input voltage Winding
P (AC) g 25V inductance of 0.025H
ACL

Finally, measurement was actually performed. Fig. 16
shows U-phase results of the motor current i,y,, the output
currents iy, iy, and iy of the inverters and the cross
currents icpo, i3 and iy between the inverters. The motor
current for the proposed method was 78.17 mA. The cross
current g, was 2.38 mA, iz was 3.31 mA, and i was
2.5mA. We found that a sufficient suppression effect was
obtained relative to the motor current. Operation with the
proposed method was confirmed with actual equipment.
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Fig. 16. Experimental results

4, Conclusion

The structures of main and control circuits were
reexamined in a parallel operation system constructed with

three electric power converters. Both the simulation and the
experimental results verified the validity of the proposed
system. In conclusion, the present study elucidated a
structure that simplifies the design of a control system with
a cross current suppression effect almost equal to that of the
previous structure.
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