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Abstract--Control strategy and loss evaluation is
discussed for a proposed DC/AC two-stage boost converter
using the neutral point of a motor. The proposed converter
consists of a small boost chopper and a three-phase inverter,
which has a boost up function from the use of the leakage
inductance of a motor, instead of a boost-up reactor, for DC
to AC conversion. A six-step operation strategy is proposed
for the circuit. When the inverter part outputs a square
waveform of 180°, the input current has a distortion because
the neutral point voltage of the motor fluctuates at a
frequency three times of the output frequency. The input
current is also shown distorted due to the neutral point
voltage fluctuation. Feed forward compensation is proposed
to reduce the input current fluctuation. In addition, the DC
current in the proposed circuit is imposed into the phase
current of the motor. Loss evaluation is therefore
implemented to investigate the influence of the imposed DC
current on the experimental results. Also, finite element
method (FEM) was used to analyze the motor loss for a 1.5
kW interior permanent-magnet (IPM) motor.

Index Terms—DC-DC power conversion, DC-AC power
conversion, Pulse width modulated inverters, Permanent
magnet motors, Motor drives, Inductance

. INTRODUCTION

Recently, motor drive technologies that employ
batteries are required in many applications, such as
electric vehicles and railway trains [1-3]. In a motor drive
system, high voltage is generally preferable than high
current because a higher motor current degrades the
motor efficiency. However, a high volume of battery
bank is required to provide high voltage in a motor drive
system. Therefore, a boost converter is usually connected
with the batteries before connecting to the inverter stage.
The boost converter can increase the DC voltage at the
same time reduce the battery volume.

Figure 1 shows a conventional DC/AC power
converter which is composed of batteries, a boost
converter and a three-phase inverter. Battery voltage is
increased by the boost converter when the inverter
outputs high voltage to the motor. However, the boost
converter requires a large boost-up reactor, which is
costly and bulky. In addition, high switching frequency is
applied to reduce the volume of the boost-up reactor;
however, the switching loss is increased as a trade-off.
One solution to reduce the switching losses under high
frequency is to use resonance converters [4-8]; however,
this approach will increase the number of components use

in the boost converter.

In order to solve this problem, the authors have
proposed a reactor free boost converter that uses the
leakage inductance of a motor instead of a boost-up
reactor [9-13]. Figure 2 shows the DC/AC conversion
reactor free boost converter [10-11]. In the proposed
converter, the neutral point of a motor is directly
connected to batteries, so that the inverter output voltage
can be increased without increasing the number of
components.

However, the proposed converter has three practical
problems:

(i) Limitation of the inverter output voltage

Figure 3 shows the controllable range of the inverter
output voltage for the DC/AC conversion reactor free
boost converter. The maximum value of the inverter
output phase voltage is limited to 0.5 when the boost-up
ratio is two. The higher the boost-up ratio the lower is the
output voltage can be achieved, because the modulation
index of the inverter is saturated by a zero-phase
component.

(ii) Ripple current caused by the six-step operation

One of the control methods for a motor drive is six-
step operation. Implementation of six-step operation in
the inverter can increase the voltage utilization and
achieve higher inverter efficiency than pulse-width
modulation (PWM) operation, because the switching
frequency for six-step operation is lower than that for
PWM operation, particularly in the high frequency
application, the PWM operation generates higher losses
in the inverter than the motor. In Fig. 2, when six-step
operation is applied to the inverter control, the neutral
point voltage of the motor will fluctuate at a frequency
which is three times of the output frequency. The battery
is connected to the neutral point of the motor; therefore,
the input current will contain a large ripple due to the
fluctuation of the neutral point voltage of the motor.

(iii) Increase of the motor loss

In the reactor free boost converter, a DC current is
imposed into the phase current of the motor, which
results the copper loss of the motor will increase. Under
ideal conditions, the zero-phase current in the motor does
not generate motor torque and iron loss, because the zero-
phase flux is denied with each other. However, the
magnetic flux density may be increased by the zero-phase
current, although the influence of the zero-phase current
in the motor has not yet been clarified.



This paper discusses a two-stage boost converter using
the neutral point of a motor to solve problems (i) and (ii).
The proposed circuit consists of batteries, a three-phase
inverter that connects to the neutral point of a motor, and
a small boost converter. The proposed circuit can reduce
the terminal voltage of the boost-up reactor, and as a
result, the size of the boost-up reactor and switching
losses in the boost converter are reduced. In addition, the
current fluctuation at the neutral point of the motor
resulting from six-step operation is compensated by a
current regulator and feed forward control in a small
stage boost converter. The validity of the proposed
converter and its control strategy are confirmed by
experimental results. Furthermore, loss evaluation of the
proposed circuit is analyzed and compared with that to a
conventional circuit. Finally, in consideration of the
motor loss and torque ripple, the influence of (iii) is
analyzed using a 2D finite element method (FEM) on a
1.5 KW interior permanent-magnet (IPM) motor.

Il. CIRCUIT TOPOLOGY

A. Circuit configuration

Figure 4 shows the proposed circuit configuration,
which is composed of batteries, a three-phase inverter and
a first stage boost converter that connects to the neutral
point of a motor. The inverter in the proposed circuit has
a boost-up function when the motor leakage inductance is
utilized. However, a DC current is imposed to the phase
current of the motor in the proposed circuit.

The proposed circuit can reduce the volume of the
boost-up reactor and switching losses in the first stage
boost converter. When a sinusoidal wave triangle carrier
comparison method is used to generate PWM pulses, the
neutral point voltage of the motor is the same as that of
the DC link part, i.e., half of the DC link voltage Egc.
Therefore, the voltage rating of the boost-up reactor and
switching device in the first stage boost converter is
reduced to half that of the DC link voltage. It should be
noted that the capacitor C, connected to the neutral point
of the motor is 100 times smaller than the DC link
capacitor C; of the inverter; therefore, C, is not bulky.

The applied voltage of the boost-up reactor is assumed
to be constant during a switching cycle. Therefore, the
relationship between the inductance of boost-up reactor L
and the input current ripple Al;, can be expressed as

v d
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where d is the duty ratio, fy, is the switching frequency,
and v, is the applied voltage of the reactor.

When the input current ripple Alj, is designed, the
required inductance of the boost-up reactor L is derived
from (1).

Figure 5 shows the relationship between the boost-up
ratio and the inductance reduction ratio in the proposed
circuit. When the boost-up ratio is three, the proposed
circuit can reduce the inductance of the boost-up reactor
by half compared to the conventional circuit. Therefore,
the proposed circuit can employ boost-up reactor of
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Fig. 2. Reactor free boost converter for DC/AC conversion.
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reduced size.

B. Positive phase sequence equivalent circuit

Figure 6 shows a positive-phase sequence equivalent
circuit for the proposed circuit. The proposed circuit can
be divided into positive and zero sequence components.
The boost converter does not appear in the positive-phase
sequence equivalent circuit, due to the connection to the
neutral point of the motor. Consequently, the positive-
phase sequence equivalent circuit is similar to a
conventional three-phase inverter. During PWM control,
when a sinusoidal modulation based on triangle carrier
comparison is used to generate PWM pulses, the
fundamental voltage of the output is given by

V3

VOLI[ 2‘\/5
where Vg is the output line voltage, Eq is the DC link
voltage, and a is the modulation index.

In the proposed circuit, a six-step operation is applied
to the three-phase inverter in order to reduce the
switching loss of the inverter compared with that for a
PWM inverter. During the six-step operation, the
switching frequency agrees with the output frequency.
The output line voltage becomes a 120° square waveform,
and the fundamental voltage of the output is then given

by

C. Zero phase sequence equivalent circuit

Figure 7 shows the zero-phase sequence equivalent
circuit. The back electromotive force (EMF) does not
appear in the zero-phase sequence equivalent circuit, but
only the leakage inductance exists. In the zero-phase
sequence, the inverter legs could be considered as a
single leg. The output voltage of the single leg is the
same as the neutral point voltage of the motor. A two-
stage boost up operation is achieved using two choppers
constructed by switches S; and S,, and switches Sz and S,.
However, the leakage inductance of the motor decreases
to 1/3, because the leakage inductance of the motor is
connected in parallel in the zero-phase sequence
equivalent circuit.

The neutral point voltage of the motor is given by

Edcz = %(Vu +V, +VW) +% Edcl .................................... (4),

where Eq, is the neutral point voltage of the motor, v, vy
and v,, are the motor phase voltages and E4; is the DC
link voltage.

Therefore, the neutral point voltage of the motor can
be controlled by the zero-phase voltage command. In
particular, the average neutral point voltage of the motor
for one switching period is zero when a symmetrical
three-phase sinusoidal waveform is used as the
modulation signal. Therefore, the neutral point voltage of
the motor is equal to double the DC link voltage.
Furthermore, the sum of the maximum inverter output
voltage command and the zero-phase voltage command is
limited by the neutral point voltage of the motor. If the
battery is directly connected to the neutral point of the

{ Motor

I ICE ]

Fig. 6. Positive phase sequence equivalent circuit for the proposed
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Boost chopper control

motor, then the maximum phase voltage of the motor is
constrained by the battery voltage, as shown in Fig. 3.
However, in the proposed circuit, the maximum phase
voltage is not constrained by the battery voltage, because
the neutral point voltage of the motor is controlled by the
boost converter.

I1l. CONTROL STRATEGY

A. Output voltage control method

Figure 8 shows the block diagram for the proposed
circuit. Control of the motor current in the proposed
circuit is the same as that for a conventional three-phase
inverter, because the positive-phase sequence equivalent
circuit is exactly the same as that for a conventional
three-phase inverter. A stabilization control is applied to
achieve V/f control for a permanent magnetic (PM) motor
[14]. The stabilization control consists of a high-pass
filter and feedback from the g-axis current. In addition,
the PWM control is slowly changed to six-step operation



via trapezoidal pulse modulation [15]. The transition
control shown in Fig. 8 is compensation that is
proportional to the amplitude of the output voltage
command, because the output voltage increases
nonlinearly in the trapezoidal pulse area.

The transition control shown in Fig. 8 controls the
output voltage proportional to the output frequency under
a V/f constant condition. It is based on the non-linear
control of the fundamental frequency which
proportionally compensates the amplitude of the output
voltage command. During the transition period, the
amplitude of v will be extended by gain according to the
modulation index and frequency. The transition control
will automatically activated when the modulation index
of inverter (a) is larger than 1.0.

B. Battery current compensation control

When the six-step operation is applied to the inverter
control in the proposed circuit, the input current is
distorted at three times the output frequency. The reason
for this is that the neutral point voltage of the motor has a
fluctuation of +1/6Ey,; with three times the inverter
output frequency in the six-step operation. In order to
compensate the voltage fluctuation, feed forward control
is applied to a current regulator in the first stage boost
converter. The voltage fluctuation is estimated by the DC
link voltage and the pulse pattern of the inverter [15].

As shown in Figure 8, the first stage boost converter
uses two PI regulators to regulate the DC link voltage
(Egcr) and input current (I;,). To compensate the neutral
point fluctuation, the sum of the three output phase
voltage which is 1/6 Edc is first normalized and then
added into the output of the PI controller. After
normalization, the feed forward signal becomes an
inversed waveform of the Pl regulator output signal.
Then, the feed forward waveform balances the output
signal of the PI controller before comparing with the
triangular carrier.

IVV. EXPERIMENTAL RESULTS

A. Experimental results with PWM control

Table 1 shows the experimental parameters for the PM
motor and the battery voltage. Figure 9 shows the
experimental results during PWM control. During this
experiment, the output torque was controlled to 100%.
The Ege is 286 V and Ege, is 143 V. From Fig. 9, it is
confirmed that the neutral point voltage of the motor is
increased to double that of the DC link voltage by the
inverter side boost-up function that utilizes the motor
leakage inductance. Furthermore, the motor current has
DC components, because the motor current is added to
the zero-phase current. However, sinusoidal motor
current waveform and sinusoidal line voltage of the
motor are obtained. It should be noted that the output line
voltage V., is observed using a low-pass filter (LPF) with
a 1.5 kHz cut-off frequency to observe the low frequency
component distortion.

B. Experimental results with Six-step operation

TABLE |
EXPERIMENTAL PARAMETERS

Battery voltage Vpattery 70[V]
Output frequency 90[Hz]

PM motor rated output 750[W]
Rated voltage 175[V]
Rated current 3.3[A]

Boost chopper reactor L 1.7[mH]

Zero phase inductance 1.9[mH]
Capacitor C4 1100[mF]
Capacitor C, 5.0[mF]

DC link voitage Eq[V]: : 250[V/div]

Motér current IU[A]

5[A/d|v]

10[ms/div]
Fig. 9. Experlmental results with PWM control
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(a) Experimental results without feed forward compensation.
DC link voltage B [V]: 250[V/d|v]
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(b) Experimental results with feed forward compensation.
Fig. 10. Six-step operation experimental results.
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Figure 10 shows the experimental results during six-
step operation. In this experiment, the output torque is
controlled to 75%. Note that the rated torque is reduced
to 75% due to the reason current ripple will damage the
motor when the feed forward is not applied. In Fig. 10(a),



a fluctuation occurs in the input current, because the
neutral point voltage of the motor has fluctuation. Figure
10(b) shows that the ripple in the input current is
suppressed by the proposed control.

Figure 11 shows results for harmonic analysis of the
input current. In Fig. 11(a), the input current is
confirmed to contain the third harmonic component of
the output frequency. For Fig. 11(b), feed forward
compensation is applied and the input current ripple is
suppressed. In comparison with Fig. 11(a), the third
harmonic component of the output frequency in the input
current is suppressed and is 1/8 of its original value.

C. Acceleration characteristic

Figure 12 shows the acceleration characteristics from
PWM operation to six-step operation. PWM control is
gradually changed into the six-step operation, which can
be confirmed by the u-v line voltage. The pulse mode
moves entirely from PWM into six-step operation
without appearance of a rush current.

In this result, IPM is applied with V/f constant control,
during the PWM control the modulation index of the
inverter is lower than 1.0 and starting from 1Hz to 71Hz.
The transition control starts as the output frequency
increases from 72Hz to 89 Hz, which is proportionally to
the output voltage command where the modulation index
starts from 1.0. Then the six-step is completed at
frequency 90 Hz, where the modulation index of the
inverter becomes 1.27.

Note that this result was conducted at no load
condition, where the motor current is dominated by d-
axis current (reactive current). During the PWM control,
the Eqe1 is 224V and Egye, is 112V, which has a lower
boost-up ratio than the case of Fig. 9.

D. Torque Impact characteristic

Figure 13 shows the torque impact characteristics.
The output frequency is 90 Hz, and the step increase of
torque is 100%. The results confirm stability to the load
step. Furthermore, the DC link voltage Eg vibration is
suppressed by the voltage regulator.

V. L0OSS ANALYSIS & EFFICIENCY

Figure 14 shows a converter loss comparison between
the conventional circuit shown in Fig. 1 and the
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(a) Harmonics analysis without feed forward compensation.
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(b) Harmonics analysis with feed forward compensation.
Fig. 11. Input current harmonics analysis.
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proposed two-stage circuit based on the experimental
results during a PWM control. The inverter loss in the
proposed circuit is measured with a three-phase four-wire
system. The proposed circuit is confirmed to reduce
converter loss by 10% compared with that for the
conventional circuit at the rated operation, because the
proposed circuit can decrease the boost converter 1oss.

Figure 15 shows the total loss comparison of the
proposed system with the conventional system. The
losses of the boost-up reactor are included in the boost
converter loss. The efficiency of the boost converter in
the proposed circuit is 1.7 % higher. This reasons that the
terminal voltage of the switching device in the boost
converter decreases to less than 1/2 it voltage value for
the conventional circuit. Therefore, the switching loss in
the boost converter is decreased by half. Similarly, the
half voltage rating switching device can be used in the
first stage boost converter of the proposed circuit.
Therefore, if the lower voltage rating switching device is
used in the first stage boost converter, the loss can be
reduced. Furthermore, the copper loss of the boost-up
reactor can be decreased and the proposed circuit can
reduce the size of the boost-up reactor due to the low
voltage terminal. The second stage boost converter
however needs to use a higher voltage rating devices
because the DC link voltage is similar to the conventional
boost converter.

However, the inverter losses and the motor losses are
increased because the DC current is imposed into the
phase current of the motor in the proposed circuit.

V1. MAGNETIC FIELD ANALYSIS RESULTS

In order to consider the behavior of the imposed DC
current in the motor, a 2D finite element method (FEM)
is demonstrated by simulating a 1.5 kW IPM motor [16].
It should be noted that the experimental results uses 750

W IPM motor due to limitation on the experimental setup.

Table 2 shows the IPM motor parameters. Two
conditions are considered. The first is that the motor
phase current is assumed to be a sinusoidal rated current
without a DC current. The second condition is the
sinusoidal waveform is added with a DC current, where
the DC current is -3.14 A per single phase.

Figures 16(a) and (b) show the magnetic flux density
distributions of a 1.5 kW IPM motor, in (a) where the
motor current is a sinusoidal waveform, and in (b) the DC
current is included in the sinusoidal waveform,
respectively. The magnetic flux density distribution is
almost the same under both conditions. Therefore, it can
be confirmed that the increase of iron loss caused by the
zero-phase current is very low.

Figure 17 shows a comparison of flux density between
(@) and (b) taken near the stator slot named “observation
point”. The result shows that the flux density of the
proposed circuit is increased by approximately 10%,
which is affected by the DC component.

Figure 18 shows a comparison of the motor torque
waveforms with and without DC. In this 2-D FEM
simulation, the rotor skew is not considered. Therefore,
the absolute value of the torque ripple should not be

92 - N
Conventional circuit
¥ 91
=
2
K
L2
£ 90
<«— Proposed circuit
89O 0.2 0.4 0.6 0.8
Output power[kW]

Fig.14. The converter efficiency comparison of the conventional
circuit with the proposed circuit.
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250
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50
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Conventional
circuit

Proposed circuit

Fig. 15. Total loss comparison between the proposed system
and a conventional system.

TABLE Il
IPM MOTOR PARAMETERS

Motor power 1.5 [kW]

Rated voltage 180 [V/phase]

Rated current 6.1[A]

Rated speed 1800 [rpm]

Number of poles 6 poles

Number of stator slots 36 slots
Stator outer diameter 130 [mm]
Stator inner diameter 83 [mm]
Winding configuration 138turn, series per phase
Rotor outer diameter 82.2 [mm]
Rotor shaft diameter 30 [mm]

discussed. The point of this simulation is that the torque
ripple is increased by 10% when the DC current is added
to the output current. This means that the torque ripple is
affected by DC current, which contains the third
harmonic component of EMF and the space harmonic
components. It should be noted that the torque ripple
resulting from the third harmonic component can be
compensated by feed forward control.

Figure 19 shows a comparison of the total loss
distribution in the simulation. Table 1l shows the motor
parameters. For the conventional circuit, the Eg. is 294V
and for the proposed circuit, the Eqe; is 294V and Egc, is
147V. Similarly to Figure 15, the inverter loss of the
proposed circuit increases because the Iy is added into
the inverter current, which is caused by boost-up
operation of the second-stage boost converter.

On the other hand, the loss of first-stage boost
converter reduces because the Eg4, Vvoltage is
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Fig. 16. Magnetic flux density distribution.
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approximately half of that of the conventional circuit.
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1439 1427
Output power[W]
Fig. 19. Total loss analysis from simulation.

However, the copper loss of the motor is increased in the
proposed circuit. In general, since the copper loss is
proportional to the square of the motor current, DC
component in the motor current degrades the efficiency.
On the other hand, the iron loss remains unchanged
provided that the magnetic flux saturation does not occur
under this condition.

It should be noted that the analysis on the motor loss did
not considered about the effect of the switching
frequency component of the inverter output voltage.

VIl. CONCLUSION

A novel two-stage DC/AC power converter connected
to the neutral point of a motor was proposed. The
proposed circuit can reduce the volume of the boost-up
reactor and switching losses in the boost converter. Loss
analysis confirmed a 1.7% increase in efficiency of the
boost converter using the proposed circuit compared with
that for a conventional circuit. The basic operation of the
proposed circuit was confirmed by experimental results.

Six-step operation was applied to the proposed
converter with feed forward control to compensate the
fluctuation at the motor neutral point voltage. The
experimental results confirmed that the proposed control
method could suppress the input current distortion,
reducing it to 1/8 of its original value.

In addition, the influence of imposed DC current was
analyzed by a 2D FEM simulation for a 1.5 kW IPM
motor. Analysis showed that the torque ripple was
increased by 10% and the copper loss was increased by
30%. However, the increase of iron loss caused by the
zero-phase current was very low. It should be noted that
the torque ripple resulting from the third harmonic
component could be compensated by feed forward
control.

A trade off relationship between the converter and
motor losses has been demonstrated in this paper. Future
work will focus on the design structure of the motor in
order to minimize the losses in the proposed circuit.
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