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ABSTRACT The hybrid-voltage-source three-level inverter is a traction circuit system aimed at realizing
energy savings with lithium-ion batteries for direct-current-electrified railway vehicles. However, this system
has the limitation of being unable to freely control the power flow of the batteries owing to the pulse width
modulation. However, because this system has batteries, energy management is required for the batteries.
Therefore, it is necessary to propose an energy-management method that achieves the required energy-saving
effect while considering the constraints of the battery power control. In this paper, a management method
is proposed to control the power flow of the batteries by determining the pulse mode of the inverter and
the modulation wave offset based on the state of the charge and inverter frequency. In a 0.75-kW class
mini-model verification, the effectiveness of the proposed energy-management method is then confirmed
based on the state of the charge, inverter frequency, offset, and battery power. Subsequently, we evaluate the
energy-saving effect of this hybrid system using a numerical simulation while considering an actual railway
vehicle. In addition, the optimal capacity of the batteries is investigated. As a result, the best energy-saving
effect is obtained when two of the assumed batteries are connected in series and three in parallel, and the
power consumption is reduced by approximately 21%.

INDEX TERMS Battery management systems, energy management, hybrid power systems, induction mo-
tors, inverters, lithium batteries.

I. INTRODUCTION
One of the methods for achieving energy savings in railway
vehicle traction is to improve the motor torque characteristics
by boosting the inverter output voltage, thereby improving
acceleration performance during powering and reducing the
consumption energy by increasing the regenerative energy
during deceleration. In particular, various types of traction
circuit systems that use energy storage devices to boost the in-
verter output voltage have been developed in recent years. One
of them is a system in which energy storage devices are con-
nected in series with an overhead line power source through a

converter [1]. Other systems that boost the voltage by con-
necting energy storage devices and a direct-current/direct-
current (DC/DC) converter in parallel to the overhead line
power source have also been investigated [2]–[4]. In these
systems, although there is a difference in the circuit configu-
ration method of the energy storage devices, all these systems
aim to improve the output power by boosting the inverter
input voltage, i.e., filter capacitor voltage. In contrast, the
hybrid-voltage-source three-level inverter (hybrid 3Lv. VSI)
is an application of multilevel converters, which are usually
applied to drive systems and power systems that require a
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FIGURE 1. Hybrid voltage source three level inverter.

FIGURE 2. Improved motor characteristics.

high anti-voltage capacity [5]–[7]. As shown in the circuit
diagram in Fig. 1, a three-level inverter is applied, and one
of the two voltage sources is assigned to the overhead line
source and the other to the energy storage devices [8]. In this
system, lithium-ion batteries (LiBs) are used as energy storage
devices. Therefore, the inverter output voltage is boosted, and
the constant torque region is expanded by the value of the bat-
tery voltage. The energy capacity of the LiBs can be reduced
because they only assist the additional voltage.

The hybrid 3Lv. VSI is operated under pulse width mod-
ulation (PWM) with two carrier waves and one modulation
wave to combine the overhead line power and storage devices’
power for providing the alternating current (AC) side, and the
gate signal of the switching devices and output voltage are
determined [9], which is in contrast to the multilevel inverter
system comprising the use of single carrier waves [10], [11],
which is aimed at bidirectional power flow. Because two mod-
ulation waves are used, one for each power source, it is possi-
ble to control the power distribution between the two voltage
sources by changing the output voltage. In contrast, in the hy-
brid 3Lv. VSI, the power flow of the batteries is limited by the
inverter output voltage. Furthermore, the energy management
of the batteries is essential for maintaining the battery energy
within the limits to prevent under voltage or overvoltage and
extend battery life [12]. Therefore, it is necessary to propose
an energy management method that can maintain the energy-
saving effect under the restriction of the power distribution

at a certain output voltage. Furthermore, the optimal battery
capacity based on the proposed energy-management method
must be studied for practical applications.

The remainder of this paper is organized as follows. First,
the energy-management method for the battery of the hybrid
3Lv. VSI is proposed. Then, scaled-down mini-model experi-
ments are conducted to verify the effectiveness and operabil-
ity of the proposed power flow control method. Finally, the
energy-saving effect and optimal battery capacity are verified
using a numerical simulation wherein actual railway vehicles
are considered.

II. HYBRID-VOLTAGE-SOURCE THREE-LEVEL INVERTER
A. ENERGY-SAVING EFFECT WITH IMPROVED MOTOR
CHARACTERISTICS
Fig. 2 presents the characteristics of the induction motor (IM)
torque and applied voltage versus train speed. The total speed
range can be divided into three ranges based on the distinctive
features of these characteristics. The first range comprises the
constant-torque region. In this region, the output voltage slope
(the value of voltage/frequency) is maintained constant, and
the motor can output the maximum torque. The next range
comprises the constant-power region or the characteristic re-
gion, wherein the motor is operated under a weakening flux
control with a constant voltage. Therefore, the motor torque is
inversely proportional to the train speed, as shown in Fig. 2.

The range of the constant-torque region is determined by
the maximum inverter output voltage. Therefore, on boosting
the output voltage, this region is expanded, and the constant
power and motor characteristics regions are shifted to a higher
speed range. This improves the torque characteristics in the
medium-to-high-speed range.

By improving the torque characteristics, two energy-saving
effects are realized. The first effect is the shortening of the
powering time by improving the acceleration performance.
The second effect is an increase in regenerative energy by
improving the torque characteristics.

Thus, it is possible to obtain energy-saving effects by boost-
ing the output voltage of the inverter.

B. CIRCUIT CONFIGURATION
Fig. 1 presents the system and circuit configuration of the
hybrid 3Lv. VSI that is aimed at boosting the inverter output
voltage. Each motor car has a traction circuit system. The
system configuration is the same as that of a normal two-level
inverter system, except that the inverter is connected to the
overhead line side with a filter reactor and filter capacitor. The
induction motor is connected to the inverter output side, and
four motors are driven simultaneously by one inverter.

The inverter circuit configuration is based on the appli-
cation of a T-type neutral-point-clamped 3Lv. inverter [13],
[14]. As the semiconductor devices are in the middle arm
(SM1X(X=U,V,W), SM2X), it is assumed that reverse blocking
insulated-gate bipolar transistors are used. For the other arms,
the normal IGBTs are used as switching devices (SPX, SNX).
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FIGURE 3. PWM pulse generation in hybrid 3Lv. VSI.

Another feature of this circuit system is that two differ-
ent DC voltage sources are used. The overhead line voltage
is defined as v f , and the voltage of the LiBs is defined as
vLiB.

C. PWM SWITCHING MODE
The PWM switching pattern is determined as shown in Fig. 3.
It is operated using asynchronous PWM—as in a normal
two-level inverter—but the hybrid 3Lv. VSI uses two carrier
waves to generate pulses [15]. The ratio of the amplitudes of
each carrier wave is equal to the voltage of the two voltage
sources. In Fig. 3, the carrier wave on the LiBs side is denoted
as CAR1, and that on the overhead line side is denoted as
CAR2. The modulation wave is defined as m∗

x . The maximum
value of CAR1 is +1, and the minimum value of CAR2
is −1. The boundary line of each carrier α is defined as
follows.

α = v f − vLiB

v f + vLiB
(1)

In addition, the logic of the PWM is as follows.

If m∗
x > CAR1, SPX(X=U,V,W) is on.

If CAR1 > m∗
x > CAR2, SM1X or SM2X is on.

If m∗
x < CAR2, SNX is on.

(2)

When the upper device SPXis on, the output voltage is
v f + vLiB. As described above, the output voltage of the hy-
brid 3Lv. VSI is determined. However, it is impossible to
control the charging or discharging power of LiBs using only
the PWM method. This is because the two voltage sources

FIGURE 4. Power flow control by the modulation wave offset.

output a single AC voltage waveform instead of applying the
sum of the AC voltage from each voltage source to the AC
side. To make it possible to manage the charging or discharg-
ing of LiBs within this constraint, power flow control is used
with a modulation wave offset between each voltage source.
By adding an offset to the modulation wave, the positional
relationship between the two carrier waves and modulation
wave is changed. This facilitates the power flow control of
the two voltage sources. Fig. 4 presents a schematic of the
power-flow control. The addition of a positive offset causes
the modulation wave to move to the LiBs’ carrier wave side.
The negative offset changes the modulation wave such that it
crosses the carrier wave of the overhead line. These offsets
must be zero in the high-speed region, where the amplitude of
the modulation wave is greater than 1.

III. ENERGY-MANAGEMENT METHOD OF HYBRID 3LV.
VSI
A. BASIC ENERGY MANAGEMENT
In this hybrid system comprising the use of LiBs, a
charge/discharge management method for LiBs is also neces-
sary. Specifically, the management method prevents the over-
charging and over-discharging of the batteries. In the case
of other hybrid systems, an energy-management method to
manage the state of the charge (SOC) of the batteries while
controlling the output power of each power source has been
proposed [16]. Alternatively, in this system, the power of
each voltage source cannot be controlled freely owing to the
constraints imposed by the PWM operation. Because there is a
close relationship between the power flow control and PWM,
an energy-management method is required to determine the
pulse mode and the offset according to the amplitude of the
modulation wave while managing the SOC of LiBs. There-
fore, we propose an energy-management method based on two
variables: the inverter frequency and SOC. In addition, the
pulse mode and offset in the proposed management method
should be determined such that the energy-saving effect can
be realized.
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FIGURE 5. Selection of offset and pulse mode in powering.

FIGURE 6. Selection of offset and pulse mode in regeneration.

Furthermore, a limitation is implemented in the offset
to reduce the harmonic current of the batteries [17]. The
energy-management method that takes into consideration
these conditions is presented in Figs. 5–6. The management
methods used for powering and regeneration are explained
separately.

B. ENERGY MANAGEMENT FOR POWERING
An energy-management method for powering is proposed, as
shown in Fig. 5. The PWM examples for each output voltage
are listed in Table 1. The alphabets in Fig. 5 correspond to
those in and Table 1.

Along the vertical axis in Fig. 5, the maximum and mini-
mum SOC for preventing over-charging and over-discharging
are defined as SOCMAX and SOCMIN, respectively. Because
the batteries only discharge during powering, the system op-
erates in the non-boosting two-level PWM mode by the over-
head DC-line voltage and does not discharge from the LiBs
when the SOC is less than SOCMIN in all the speed bands.
When SOCMIN < SOC < SOCMAX, the system operates in
the hybrid voltage source three-level PWM mode. The hori-
zontal axis indicates the inverter frequency, and the right side

of the figure presents a higher train speed. Because the pulse
mode is also switched depending on the inverter frequency,
the boundary frequencies are defined as fPWM and fR, where
fPWM is the terminal frequency of each PWM region, and fR

is the rated frequency or the terminal of the constant torque
region. Because there are four pulse-mode regions for the
frequencies along the horizontal axis.

Table 1 summarizes the possible values of the output volt-
age, offset, and LiBs discharging state when the map is di-
vided into the areas A–G. In area A, the center of the modula-
tion wave is shifted to that of the lower (overhead line voltage)
carrier wave by adding an offset. Because the amplitude of the
modulation wave does not exceed that of the lower carrier, the
modulation wave does not intersect the upper carrier wave,
and the LiBs do not discharge. In area B, because the mod-
ulation wave amplitude is greater than the lower carrier, the
center of the modulation wave gradually approaches zero as
the modulation wave becomes larger. In area B, the LiBs start
discharging. In area C, the modulation rate is greater than 1,
and the inverter is operated with over-modulation PWM, and
no offset is added. In area D, it is operated in hybrid voltage
source 1-pulse mode with a constant output voltage. In areas
E, F, and G below SOCMIN in Fig. 5, it is operated with PWM,
over-modulation PWM, and 1-pulse mode by overhead DC-
line power source. The inverter output voltage is not boosted,
and the LiBs do not discharge at all.

C. ENERGY MANAGEMENT FOR REGENERATION
We propose an energy-management method for regeneration,
as shown in Fig. 6. The PWM examples in each area are listed
in Table 2. The alphabets in Fig. 6 correspond to those in
Table 2.

The vertical and horizontal axes in the map denote the SOC
and inverter frequency, as in the case of powering. The inverter
frequency fPWM(LiB) is defined as the frequency at which the
amplitude of the upper carrier wave is equal to that of the
modulation wave. The maximum and minimum values of the
SOC are the same as those in the powering map. During regen-
eration, when the SOC is greater than SOCMAX, the inverter
operates in the overhead-line-voltage two-level PWM mode
and does not charge the LiBs. The design guideline for the
hybrid voltage source three-level PWM mode of the energy
management during regeneration is proposed to charge the
LiBs in all the speed regions. By continuing to charge the
LiBs to the maximum energy during regeneration, the system
starts at the highest possible SOC during the next powering
operation.

The map is divided into the areas H–M, and the possi-
ble output voltage, offset value, and LiBs charging state are
summarized in Table 2. Area H indicates the hybrid voltage
source 1-pulse mode. Area I indicates the hybrid voltage
source three-level over-modulation PWM mode, and no offset
is added to the modulation wave. In area J, the amplitude of
the modulation wave is greater than that of the upper carrier
wave, and a positive offset is added as the inverter frequency
decreases. In area K, the modulation wave amplitude is less
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TABLE 1 PWM Examples and Each Variable in Powering

TABLE 2 PWM Examples and Each Variable in Regeneration

TABLE 3 Induction Motor Data

than that of the upper carrier wave. An offset is then added
to align the center of the modulation wave with that of the
upper carrier wave. Therefore, the LiBs are charged in all

areas, i.e., from area H to K. Areas L to M are operated in
the overhead-line two-level mode for all the speed ranges.
Because the LiBs are not charged, the SOC does not increase
beyond SOCMAX.

IV. EXPERIMENTAL VERIFICATION OF PROPOSED
METHOD USING MINI-MODEL SYSTEM
A. OUTLINE OF EXPERIMENTS
In Section III, the energy management method for the hybrid
3Lv. VSI is proposed. In the proposed management method,
the pulse mode of the inverter and the offset are selected
according to the inverter frequency and SOC of the LiBs,
and it is necessary to verify that they are selected correctly.
To verify the effectiveness of the management method, a
0.75-kW-class induction-motor experimental system with an
inertial load is used, as shown in Figs. 7–9; the batteries
are evaluated using a regenerative DC source whose voltage
varied with SOC and its current. For the experiment, four run
patterns with different SOC variations are prepared. In each
run pattern with a different SOC variation, we check whether
the pulse mode and offset are correctly selected based on the
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FIGURE 7. Mini-model experimental system.

FIGURE 8. Mini-model experimental system appearance.

SOC and inverter frequency simultaneously. We also verify
that the LiBs charging/discharging power flow is controlled
by the selected pulse mode and offset. Therefore, the inverter
output voltage, offset, and LiBs’ power and LiBs’ energy in
each of these running patterns are measured via experimental
tests.

B. EXPERIMENTAL CONDITIONS
The parameters of the experimental system are listed in Tables
3–4. The mini-model experimental system is used to verify the
power flow control performance of the PWM in the proposed
hybrid 3Lv. VSI configurations. Therefore, the mini-model
experimental system can be verified that the proposed energy
management method determines the pulse mode and modu-
lated wave offset only by SOC and inverter frequency, though
the experimental system is different scale ratio among voltage,
current, power and energy from those used in the traction

FIGURE 9. Regenerative DC source appearance.

TABLE 4 Circuit Parameters

electric components system of a real railway vehicle. The con-
stants used in the control are listed in Table 5. In a mini-model
experimental system, a DC regenerative power supply is used
as a substitute power supply for the LiBs. Thus, the SOC of
the power supply cannot be determined. Therefore, a virtual
SOC is calculated by setting the charge and discharge energy
and virtual capacity of the DC regenerative power supply and
is used for the energy management. In addition, the voltage of
the DC regenerative power supply does not fluctuate accord-
ing to the emulated SOC. The emulated SOC, i.e., SOCemu, is
calculated using equation (3).

SOCemu = (Einit ial − ELiB)

Ecapacity
× 100[%] (3)
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TABLE 5 Control Parameters

FIGURE 10. Open-Circuit-Voltage characteristics in regenerative DC source.

Einit ial is the assumed initial energy of the regenerative DC
power supply that emulates the batteries, and ELiB is its input
or output energy. Ecapacity is the assumed energy capacity
of the virtual LiBs. In this experiment, ELiBis a measurable
value, and the emulated SOC can be calculated by setting the
values of Einit ial and Ecapacity. The offset and pulse modes
are selected according to the emulated SOC and the inverter
frequency, as described above.

To simulate the LiBs characteristics with regenerative
DC source, the open-circuit-voltage (OCV) is changed with
SOCemuand the current [18]–[20]. The emulated OCV char-
acteristic for the experiments is presented in Fig. 10. When
the SOC decreases, the OCV decreases similarly. In Fig. 10,
when SOC is between 10% and 90%, the rate of change of
OCV is constant. However, when the SOC is below 10% or
above 90%, the rate of change of OCV increases compared
to the rate of change of 10% to 90%. In addition, there is
DCIR (Direct Current Internal Resistance) in the LiB, and the
output voltage changes depending on the current. Therefore,
the current-voltage characteristics are presented in Fig. 11.
The DCIR is equal to the slope of the current-voltage char-
acteristic, and is set to 1.0�.

To conduct experiments with run patterns with four differ-
ent SOC variations, as shown in Table 6, multiple run patterns
are prepared, wherein Einit ial and SOCMIN are varied. Table 6
lists the Einit ial and SOCMIN for each run pattern. The range of

FIGURE 11. Current-voltage characteristics in regenerative DC source.

TABLE 6 Run Patterns

SOC in the energy management method is set to 20% to 80%,
emulating the actual LiB’s operation range in which its life-
long is considered. In the case of #1, because the initial SOC
is sufficiently high, hybrid 3Lv. VSI operates in the three-level
PWM mode for both powering and regeneration. In the case
of #2, because the initial SOC is relatively low, it shifts to
the two-level PWM mode from the three-level PWM mode
during powering and operates in the three-level PWM mode
during regeneration. In case #3, the SOC reaches SOCMIN in
the beginning, which means that the LiBs are not discharged.
Therefore, the inverter operates in the non-boost mode during
powering, but in the boost mode during regeneration. In the
case of #4, in contrast to #3, hybrid 3Lv. VSI switches to a
two-level PWM mode in the middle of the regeneration. From
this, it is assumed that the LiBs are sufficient charged during
the regeneration.

The dq-axis current command values are given to output
a constant torque at the rated frequency. The weakening flux
control is operated in the region wherein the output voltage
becomes constant. During regeneration, the motor is oper-
ated in the constant-torque region for all the speed ranges.
In any running pattern, the motor accelerates until the rotor
frequency reaches 60.0 Hz, and when it reaches 59.8 Hz af-
ter coasting, it starts a regenerative operation until it reaches
0 Hz.
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FIGURE 12. Rotor frequency.

FIGURE 13. Results of run pattern #1.

C. EXPERIMENTAL RESULTS
1) RUN CURVE OF EACH RUNNING PATTERN
The rotor frequency curves are presented in Fig. 12. Figs. 13
–16 present the inverter output voltage, SOC, offset, and LiB
power for each run pattern.

From Fig. 12 and the inverter output voltage in Fig. 13,
run pattern #1 is operated in the hybrid voltage source mode
during powering and exhibits a high acceleration performance
and the fastest time to reach the maximum speed. In the
case of #2, as shown in Fig. 13, the inverter output voltage
switches to the two-level mode at approximately 32 s, and
the acceleration performance is slightly lower than that in the
case of #1. Although there is a difference in the pulse mode
during regeneration for #3 and #4, there is no difference in the
deceleration in the results of Fig. 12. This is because the time

FIGURE 14. Results of run pattern #2.

FIGURE 15. Results of run pattern #3.

for switching to the DC-line two-level mode in #4 is within
the constant-torque region.

3) OFFSET AND LIB POWER
As shown in Fig. 13, we focus on the relationship between the
offset and the power of the LiBs for run pattern #1 to confirm
that the power flow control of the LiBs is achieved. When the
offset is −0.2 after the start of powering, the value of the SOC
is within the limits of SOCMAX and SOCMIN in Fig. 5, and the
inverter frequency is between 0 and fPWM(2Lv.), depending on
the value of the output voltage. Therefore, this section is in
area A. In area A, according to Table 1, the offset value is
−0.2 because α is 0.6 from equation (1) in this experiment.
Thus, the LiBs do not discharge, and the power of the LiBs is
zero in the experimental results as well.
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FIGURE 16. Results of run pattern #4.

After this, the offset gradually changes from −0.2 to 0.
Because the offset corresponds to the section with m − 1, this
section is regarded as area B. In the high-speed region after
area B, the offset is maintained at 0 in boost-mode powering;
this is indicated by areas C and D in Fig. 5. In these areas, the
LiB power exhibits a positive value, which indicates that the
LiBs are discharging.

During regeneration, the SOC is consistently within the
limit, and the inverter operates in the hybrid voltage source
three-level PWM mode. At approximately 49 s, the offset is 0,
which is indicated by area I. The output voltage is then within
the range of area I, as shown in Table 2. Subsequently, the
offset continues to increase until the output voltage reaches 30
V. This section corresponds to area J, and the offset and output
voltage values in Table 2 are obtained as the experimental
results. The lower speed range comprises area K, and the
offset is maintained at 0.8, as α is 0.6.

This offset change facilitates a charging operation in all the
speed regions during regeneration, as shown in Table 2, and
the LiB power exhibits a negative value; thus, it is confirmed
that the LiBs are charging. However, it is confirmed that the
LiB power switches to a positive value at 68 s; thus, the
LiBs are discharging. This is considered to indicate that the
discharging is caused by resistance of the filter reactor and
not by the power flow control with the offset.

Therefore, the modulation wave offset is selected as listed
in Tables 1 and 2, according to the inverter frequency, i.e., the
output voltage at that time. Furthermore, the offset facilitates
the power flow control of the LiB charging or discharging. In
addition, the power flow control of the LiB is not prevented
by the effect of the voltage changes due to the LiB‘s SOC.

It is shown in Section II that the PWM control of the hybrid
3Lv. VSI inhibits the precise control of the LiBs’ power. This
is demonstrated by the fact that the power value cannot be
controlled to a certain value in the mini-model experiment.

3) SELECTION OF PULSE MODE BASED ON SOC
In this section, we focus on the selection of the pulse mode
based on the SOC in each run pattern. In the case of run
pattern #1, hybrid 3Lv. VSI is constantly operated in hybrid
voltage source three-level PWM or 1-pulse mode because the
SOC is within the limits. Therefore, the LiBs discharge during
powering and charge during regeneration.

In the case of run pattern #2, the offset value is selected
correctly in the hybrid voltage source three-level PWM mode,
as in #1. However, the SOC reaches SOCMIN at 33 s, as shown
in Fig. 14, and it is necessary to switch to the non-boost mode.
The output voltage changes from 195 V to 155 V, which
means that the maximum voltage value in the hybrid voltage
source 1-pulse mode changes to that in the overhead DC-line
1-pulse mode.

The run pattern #3 is used for the case wherein the SOC
is SOCMIN at the start of powering. The offset is maintained
at 0 during powering, and the output voltage indicates that the
inverter operates in the non-boost mode. Thus, the LiBs do not
discharge during powering. In the case of run patterns #2 and
#3, during regeneration, the SOC is less than SOCMAX, and
the inverter is operated in the hybrid voltage source three-level
PWM mode.

In the case of run pattern #4, the SOC reaches SOCMAXin
the middle of regeneration and switches to the overhead DC-
line two-level PWM mode. The SOC reaches SOCMAX at
approximately 62 s, and the offset changes to 0. There is no
change in the output voltage because the inverter is operated
in the constant-torque region. However, as the LiBs’ power
becomes 0, switching to a two-level PWM mode is achieved
at that time.

From these results, it is verified that the pulse mode is
selected according to the SOC value. Finally, from the rela-
tionships of the offset and LiBs’ power, and pulse mode, we
confirm that the charging or discharging power flow of the
LiBs is controlled by the selected pulse mode and offset based
on proposed energy-management method.

V. REDUCTION OF ENERGY CONSUMPTION AND
OPTIMIZING LIB CAPACITY VIA NUMERICAL
SIMULATION
A. OUTLINE OF SIMULATION
In Sections III and IV, the energy-management method for
hybrid 3Lv. VSI is proposed. In the proposed method, the
pulse mode is determined according to the inverter frequency
and SOC of the LiBs, which also determines the operation
methods of this circuit system. Therefore, it is necessary to
confirm the extent of the energy saving effect achieved in this
circuit, of which the operation method has been decided. It is
also necessary to select the optimal LiB capacity for practical
application. Generally, an increase in the number of LiBs is
considered to extend the time required for boosting the output
voltage, but optimizing the LiBs’ capacity is necessary to
extract the maximum energy saving effect from the viewpoint
of on-board space and weight. In Section V, a numerical
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TABLE 7 LiBs Module Parameters

FIGURE 17. OCV characteristics in LiB.

simulation is conducted while considering an actual railway
vehicle in order to calculate the amount of energy consump-
tion and regenerative energy with a variable LiB capacity. This
facilitates the comparison of the energy-saving effect with that
of a normal two-level inverter and the determination of the
optimal LiB capacity.

B. CONDITIONS FOR CALCULATION
Table 7 lists the specifications of the LiBs used in the nu-
merical simulation. In this study, the number of series con-
nections of LiBs is maintained at two. This is because the
breakdown voltage of the IGBT is assumed to be 3.3 kV,
and the surge voltage should not exceed that voltage value.
Therefore, the LiBs voltage is basically maintained at 346 V.
However, the LiB voltage is considered to change with SOC
and the LiB’s current in this simulation. Fig. 17 presents LiB
OCV characteristics. Furthermore, the LiB output voltage is
changed according to the current. Therefore, DCIR corre-
sponds to RLiB, which is 0.096� per module. Based on this,
the LiB loss is calculated using the LiB current and RLiB.

The optimal LiB capacity is changed according to the num-
ber of LiB modules connected in parallel, and in this study,
the optimal capacity is examined for one parallel (2S1P) to
five parallel (2S5P). The LiB capacity patterns obtained in
this study are summarized in Table 8. Based on actual railway

TABLE 8 LiB Capacities and Limits

TABLE 9 Car Specification

applications, the maximum and minimum SOC of the pro-
posed energy management method are set as 60% and 20%,
respectively, for all the capacities [16].

In this simulation, the railway vehicle is driven by an in-
duction motor. The vehicle specifications are listed in Table 9,
and it is assumed that four motors are driven by one inverter,
and 24 motors are installed in a train set. The weight of the
motor car is 29.8 tons, each with the normal two-level inverter
traction circuit system, and it is increased in proportion to the
number of LiBs in hybrid 3Lv. VSI traction system. However,
the weight of the trailer car remains unchanged by the number
of LiBs. In addition, 160 passengers weighing 55 kg each are
riding in each car.

For the traction circuit system, the overhead line voltage
is constant at 1500 V. To calculate the energy consumption,
it is necessary to consider the motor loss. Using the motor
specifications in Table 10, the copper loss Wc and iron loss Wi

are calculated as follows [21]. The iron loss is divided into the
hysteresis and eddy current losses.

Wc = R1

(
i21d + i21q

)
+ R2

(
M

L2
i1q

)2

[W] (4)

Wi = kh feB2 + ke( feB)2[kW]

= khkBV 2
m

fB
+ kekBV 2

m[kW]
(5)
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TABLE 10 IM Specifications

In equation (4), R1 is stator resistance, R2 is rotor resis-
tance, M is mutual inductance, L2 is rotor inductance.i1d and
i1q are the primary-side dq-axis currents of the motor. These
currents are calculated using the Runge–Kutta method from
the differential equation of the motor. In equation (5), fe is
the inverter frequency, B is the magnetic flux density, Vm is
the motor input voltage, and kh, ke, and kBare proportionality
constants that are defined.

In the inverter, the switching and conduction losses are
generated by the switching devices. In this study, it is con-
sidered that IGBT devices with a 3.3-kV breakdown voltage
(manufactured by Hitachi Power Semiconductor Devices) are
used in the normal 2Lv. inverter and hybrid 3Lv. VSI. In
particular, the reverse blocking IGBT for hybrid 3Lv. VSI has
not been developed, which has a breakdown voltage as high as
that of the IGBT used in electric railway vehicles. Therefore,
in the numerical simulation of this study, the reverse blocking
IGBT is replaced by two IGBTs connected in reverse series.
Because the dq-axis motor current is already calculated, the
UVW phase current is also calculated. This three-phase cur-
rent is the collector current in the IGBT module, the forward
current in the diode, and the switching loss, conduction loss,
and recovery loss are calculated from the data sheet [22].

The loss due to the running resistance is calculated as fol-
lows [23].

Rrun = (1.65 + 0.247V ) mM + (0.78 + 0.0028V ) mT

+ 9.81 {0.028 + 0.0078 (n − 1)}V 2[N] (6)

In equation (6), mM is the load of all the motor cars, mT is
the load of all the trailer cars, n is the number of formations,
and V is defined as the train speed.

In the traction system of DC-electrified railways, a filter
reactor (FL) is inserted between the inverter and the overhead
line, and FL losses are caused by the internal resistance. To

FIGURE 18. Motor torque characteristics in powering.

FIGURE 19. Motor torque characteristics in regeneration.

calculate the FL loss, it is necessary to calculate the FL cur-
rent. In this study, the FL current is calculated as follows.

iFL = Ptrc + Wc + Wi + Winv − PLiB

v f
[A] (7)

In equation (7), Ptrc is the power of the motor torque [W],
and PLiB is defined as the charge/discharge power of the LiBs.
iFL from the overhead-line to the inverter can be calculated by
dividing PLiB subtracted from the inverter input power by the
overhead-line voltage. The FL loss is calculated from iFL and
the resistance component of FL, i.e., RFL .

Figs. 18, 19 presents the torque characteristics of the motor
during power generation and regeneration. During regenera-
tion, the deceleration is constant, and a mechanical brake is
used to compensate for the insufficient braking force of the
motor torque. Fig. 20 presents the stations at which the train is
assumed to run. There are no gradients or curves between the
stations. In addition, the 13 stations are divided into three ar-
eas, each with a different maximum speed band. The purpose
of this study is to verify the energy-saving effect of various
possible speed bands for practical applications. As shown in
Table 11, the maximum train speed is changed such that the
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FIGURE 20. Assumed positions of stations.

TABLE 11 Maximum Train Speed

train runs at the same time as the normal two-level inverter
and hybrid 3Lv. VSI, which is different from the motor torque
characteristics. The running curve and SOC transition due to
the motor running across 13 stations with a two-level inverter
and hybrid 3Lv. VSI for each LiB capacity from 2S1P to 2S5P
are calculated as the simulation results.

In addition, the energy consumption is evaluated by sum-
ming the various losses. The consumption energy and re-
generative energy to confirm the energy-saving effect and to
optimize the capacity.

C. SIMULATION RESULTS
1) RUN CURVE AND SOC TRANSITIONS
The run curves are presented in Fig. 21. The SOC transitions
are presented in Fig. 22. In station Sections I and II, the
maximum speed of any capacity of hybrid 3Lv. VSI is lower
than that of the two-level inverter, as shown in Table 11. In
contrast, station Section III is a relatively low-speed section,
and the maximum speed of the hybrid 3Lv. VSI system cannot
be much lower than that of the normal inverter systems. This is
because the weight of the motor car becomes heavier when the
LiB capacity is increased, or the motor torque does not exhibit
much of a difference in the relatively low-speed band. As a
result, the difference in the run curves between the normal
two-level inverter and hybrid 3Lv. VSI is more significant
when the maximum speed band of the vehicle is higher.

The SOC transition graph presented in Fig. 22 is discussed
below. It is confirmed that the transitions between the boost
and non-boost modes are properly performed without exceed-
ing SOCMAX or falling below SOCMIN in any LiB capacity.
Especially in the case of 2S1P, it is easy to reach SOCMAX

FIGURE 21. Run curve.

and SOCMIN during powering and regeneration. However, in
the case of 2S2P and greater capacities, the limits of SOC are
not reached in just one run, but they are reached in multiple
runs.

2) NUMBER OF BATTERIES AND ENERGY-SAVING EFFECT
Table 12 lists the values of loss and regenerative energy. Us-
ing these values, the graphs of the energy consumption and
regenerative energy are presented in Figs. 23–24. In addition,
Table 13 presents the ratio of the regenerative energy to the
total input energy, which is the sum of the energy consumption
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TABLE 12 Consumption-Energy Breakdown& Regenerative Energy

FIGURE 22. SOC transitions.

FIGURE 23. Consumption energy loss.

and regenerative energy. From Fig. 23, driven by the hybrid
3Lv. VSI with proposed energy management method reduces
the energy consumption by approximately 18–21% compared
to the case of the normal two-level inverter. In particular, it is

FIGURE 24. Regenerative energy.

TABLE 13 Rate of Regenerative Energy

also confirmed that the energy consumption of 2S3P is the
lowest, and it is reduced by approximately 21.1% as com-
pared to that of the normal inverter. On comparing 2S1P and
2S2P, 2S3P, the energy-consumption reduction effect of 2S3P
is found to be greater than that of 2S1P and 2S2P because
the time for which it is operated in boost mode is longer.
However, the reduction effect for capacities above 2S4P is
smaller than that for 2S3P. On observing Table 12, it is con-
firmed that there is an increasing trend of the various losses,
except for the LiB loss. This is caused by the decrease in the
acceleration performance because of the increase in the train
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weight, which occurs for a longer time during powering. The
LiB loss decreases as the LiB capacity increases because the
value of the internal resistance is decreased on increasing the
number of parallel connections. Next, the regeneration energy
presented in Fig. 24 is discussed. In any case of LiB capacities,
the regenerative energy is greater than that of the normal
two-level inverter system. This is because the advantage of
a mechanical brake is reduced by improving the motor torque
characteristics. The regenerative energy value is thus different
for each capacity because the speed at the start of regeneration
is different.

3) OPTIMAL BATTERY CAPACITY IN THE FLAT LINE SECTION
The results of energy consumption and regenerative energy
have been discussed above, and the ratio of the regenerative
energy is used to optimize the LiB capacity. This value in-
dicates how much energy is returned as regenerative energy
from the total input energy to the railway vehicle. Therefore,
this value indicates the energy-saving effect determined by the
increase or decrease in the energy consumption and regenera-
tive energy. The results in Table 13 show that 2S3P and 2S4P
has the highest regeneration rate. Because 2S3P can achieve
the same energy saving effect as 2S4P with less capacity,
the LiB capacity at 2S3P provides the greatest energy-saving
effect when the train runs at various speeds in the flat line
section.

VI. CONCLUSION
In this paper, a hybrid-voltage three-level inverter that con-
tributes to the further energy savings of DC-electrified railway
vehicles is focused on, and the PWM operation features and
LiB power-flow control realized using a modulation wave
offset are explained. Based on these features, an energy-
management method for realizing energy savings is proposed
in Section III. In the proposed method, the power flow control
of the batteries with the modulation wave offset and pulse
mode are determined by the inverter frequency and SOC of
the LiBs for both powering and regeneration.

In Section IV, the operation and effectiveness of the
proposed method are verified via mini-model experiments.
Specifically, the pulse mode of the inverter and the offset
are selected correctly according to the SOC and inverter
frequency. Furthermore, we also confirm that the charg-
ing/discharging power flow of the LiBs is controlled by the
selected pulse mode and offset. From the experimental results,
the proposed energy-management method is verified to oper-
ate as engineered.

In Section V, numerical simulations are used with the con-
sideration of an actual railway vehicle to verify the extent
of the energy-saving effect realized as compared to that of a
normal two-level inverter when the hybrid 3Lv. VSI is op-
erated using the proposed management method. In addition,
the LiB capacity is focused on in the hybrid 3Lv. VSI and
optimized to maximize the energy-saving effect. These exam-
inations are performed by calculating the energy consumption

and regenerative energy using the loss model. Based on the
results of the numerical simulation, the energy consumption is
reduced by approximately 18–21% on using the hybrid 3Lv.
VSI system with the proposed energy management method.
This energy saving effect is mainly obtained by applying the
hybrid DC power source configuration. As an energy-saving
effect per LiB capacity, two LiBs connected in series and three
in parallel provide the optimal capacity based on the value of
the regeneration rate.

REFERENCES
[1] Y. Taguchi, M. Ogasa, H. Hata, H. Iijima, A. Ohtsuyama, and T. Funaki,

“Simulation results of novel energy storage equipment series-connected
to the traction inverter,” in Proc. Eur. Conf. Power Electron. Appl., 2007,
pp. 1–9.

[2] M. Shimada, Y. Miyaji, T. Kaneko, and K. Suzuki, “Energy-saving tech-
nology for railway traction systems using onboard storage batteries,”
Hitachi Rev., vol. 61, no. 7, pp. 312–318, 2012.

[3] H. Kobayashi and K. Kondo, “Control method for increasing motor
power of DC-electrified railway vehicles with an onboard energy stor-
age system,” IEEJ J. Ind. Appl., vol. 10, no. 5, pp. 520–527, 2021.

[4] H. Kobayashi and K. Kondo, “A novel control method of parallel con-
nected onboard energy storage system for DC-electrified rail vehicle
to increase traction motor power,” in Proc. Int. Symp. Power Electron.,
Elect. Drives, Automat. Motion, 2020, pp. 612–617.

[5] H. Fujita, “Emerging technologies for multilevel converters in Japan,”
IEEJ J. Ind. Appl., vol. 1, no. 2, pp. 95–101, 2012.

[6] L. Ben-Brahim, A. Gastli, T. Yoshino, T. Yokoyama, and A. Kawamura,
“Review of medium voltage high power electric drives,” IEEJ J. Ind.
Appl., vol. 8, no. 1, pp. 1–11, 2018.

[7] R. Chattopadhyay et al., “Low-Voltage PV power integration into
medium voltage grid using high-voltage SiC devices,” IEEJ J. Ind.
Appl., vol. 4, no. 6, pp. 767–775, 2015.

[8] K. Kondo, “Basic study on an EDLC and DC voltage hybrid traction
system with a direct converter,” in Proc. Int. Power Electron. Conf.,
2010, pp. 2147–2152.

[9] Y. Ide, A. Shimada, and K. Kondo, “Study on the PWM methods of the
unbalanced input voltage three level inverter with the energy storage
device,” in Proceedings 14th european conference on power electronics
and applications, 2011, pp. 1–9.

[10] K. Yoshimoto, K. Maikawa, and S. Satou, “Novel multiple DC-inputs
direct electric power converter,” EPE J., vol. 20, pp. 36–41, 2010.

[11] K. Yoshimoto, “Multiple-DC-inputs direct power converter D-EPC us-
ing multiple input leg reduction topology and its control,” IEEJ J. Ind.
Appl., vol. 9, no. 3, pp. 298–304, 2020.

[12] S. M. Lukic, J. Cao, R. C. Bansal, F. Rodriguez, and A. Emadi, “Energy
storage systems for automotive applications,” IEEE Trans. Ind. Elec-
tron., vol. 55, no. 6, pp. 2258–2267, Jun. 2008.

[13] K. Fujii, T. Kikuchi, H. Koubayashi, and K. Yoda, “1-MW advanced
T-type NPC converters for solar power generation system,” in Proc. 15th
Eur. Conf. Power Electron. Appl. (EPE), 2013, pp. 1–10.

[14] K. Komatsu et al., “New IGBT modules for advanced neutral-point-
clamped 3-level power converters,” in Proc. Int. Power Electron. Conf.
- ECCE ASIA, 2010, pp. 523–527.

[15] Y. Ide, A. Shimada, and K. Kondo, “Study on the PWM methods of the
unbalanced input voltage three level inverter with the energy storage
device,” in Proc. 14th Eur. Conf. Power Electron. Appl., 2011, pp. 1–9.

[16] N. Shiraki, H. Satou, and S. Arai, “A hybrid system for diesel railcar
series ki-ha E200,” in Proc. Int. Power Electron. Conf. - ECCE ASIA,
2010, pp. 2853–2858.

[17] T. Mizobuchi, K. Kondo, Y. Dairaku, T. Shinomiya, and K. Ishikawa,
“Energy management of battery on hybrid voltage source three level
inverter for energy saving railway vehicles,” in Proc. 23rd Int. Conf.
Elect. Machines Syst., 2020, pp. 1089–1094.

[18] Y. Song, M. Park, M. Seo, and S. W. Kim, “Improved SOC estimation
of lithium-ion batteries with novel SOC-OCV curve estimation method
using equivalent circuit model,” in Proc. 4th Int. Conf. Smart Sustain.
Technol. (SpliTech), 2019, pp. 1–6.

54 VOLUME 3, 2022



[19] H. Miyamoto, M. Morimoto, and K. Morita, “On-line SOC estimation
of battery for wireless tram car,” in Proc. 7th Int. Conf. Power Electron.
Drive Syst., 2007, pp. 1624–1627.

[20] L. Gao, S. Liu, and R. A. Dougal, “Dynamic lithium-ion battery model
for system simulation,” IEEE Trans. Compon. Packag. Technol., vol. 25,
no. 3, pp. 495–505, Sep. 2002.

[21] R. Ikeda, S. Yusya, and K. Kondo, “Study on design method for in-
creasing power density of induction motors for electric railway vehicle
traction,” in Proc. IEEE Int. Electric Machines Drives Conf., 2019,
pp. 1545–1550.

[22] Hitachi Power Semiconductor Device, Ltd., “IGBT 3300V F-Version
1in1 IGBT.” MBN1200F33F datasheet, Oct. 2017.

[23] S. Manabe, T. Ogawa, Y. Imamura, S. Minobe, J. Kawamura, and M.
Kageyama, “A method of calculating running resistance using monitor-
ing devices for energy simulators,” in Proc. Int. Conf. Elect. Syst. Aircr.,
Railway, Ship Propulsion Road Veh., 2015, pp. 1–6.

TADASHI MIZOBUCHI was born in Tokushima,
Japan, in 1997. He received the B.E. degree from
the School of Advanced Science and Engineering,
Waseda University, Tokyo, Japan, in 2020.

Since April 2020, he has been a student with
the Department of Electrical Engineering and Bio-
science, Graduate School of Advanced Science and
Engineering, Waseda University.

His research interests include power electronics,
hybrid systems, and AC motor drives. He is a Stu-
dent Member of the Institute of Electrical Engi-

neers of Japan (IEEJ).

KEIICHIRO KONDO (Member, IEEE) received
the B.S. and Ph.D. degrees in engineering from
the Department of Electrical Engineering, School
of Science Engineering, Waseda University, Tokyo,
Japan, in 1991 and 2000, respectively.

He joined the Railway Technical Research Insti-
tute, Kokubunji, Japan, in 1991 and was engaged in
the research and development for power electron-
ics applied to railway vehicle traction. From April
2007 to March 2018, he was with the Electrical and
Electric Engineering Course, Graduate School and

Faculty of Engineering, Chiba University, Chiba, Japan. Since April 2018,
he has been a Professor with the Faculty of Science Engineering, Waseda
University. His current research interests include power electronics, AC motor
drives, energy storage devices, and wireless power transmission and their
applications to railway systems.

Prof. Kondo titled Professional Engineer Japan (Mechanical Engineering,
Technical Management). He is a Senior Member of the Institute of Electrical
Engineers of Japan (IEEJ).

YOSUKE DAIRAKU was born in Ibaraki, Japan, in
1996. He received the B.E. and M.E. degrees from
the Graduate School of Science and Engineering,
Chiba University, Chiba, Japan, in 2018 and 2020,
respectively.

In 2020, he joined Mito Works, Hitachi Ltd. He
is engaged in the development of electrical compo-
nents for rolling stock including power electronics,
hybrid systems, and battery applications.

He is a Member of the Institute of Electrical
Engineers of Japan (IEEJ).

TAKESHI SHINOMIYA was born in Shizuoka,
Japan, in 1981. He received the B.S. degree from
the School of Faculty of Engineering, Shibaura In-
stitute of Technology, Tokyo, Japan, in 2005.

In 2005, he joined Mito Works, Hitachi, Ltd. He
is engaged in the development of electrical compo-
nents for rolling stock including power electronics,
hybrid systems, and AC motor drives.

He is a Member of the Institute of Electrical
Engineers of Japan (IEEJ).

KATSUMI ISHIKAWA received the B.S. degree
from Ibaraki University, Ibaraki, Japan, in 1991,
and the M.S. degree from Tsukuba University,
Ibaraki, Japan, in 1993, and the Dr. Eng. degree
from Hokkaido University, Hokkaido, Japan, in
2014.

He joined the Hitachi Research Laboratory, Hi-
tachi, Ltd., Ibaraki, Japan, in 1993 and was en-
gaged in applied research into power semiconduc-
tors with Hitachi Research Laboratory, Advanced
Research Laboratory, and Hitachi Power Semicon-

ductor Device, Ltd. In 2013, he moved Mito Works, Hitachi, Ltd., to co-
ordinate the development of electrical components for rolling stock. Since
2019, he has been engaged in coordinating areas, such as new investment
and global research and development for the rolling stock and electrical
components businesses with COO Rolling Stock (Japan) Office, Railway
Systems Business Unit, Hitachi, Ltd.

He is a Senior Member of the Institute of Electrical Engineers of Japan
(IEEJ) and a Member of Japan Railway Engineer’s Association (JREA).

VOLUME 3, 2022 55



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


