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Abstract—This part mainly focuses on the implementation and
verification of the reactive power compensation and negative-
sequence current suppression system with YNvd-connected bal-
ance transformer, by means of simulation and experiment. The
system model is presented, and a current control method, which
explores the dissipation characteristic of the proposed system
under two-phase rotating frame, is analyzed. Then, a stability
analysis of this control is made, considering the deviations of
system parameters and the time delay caused by the low-pass filter.
Besides, dc-link overall control and balance control are investi-
gated, and the self-balance ability of multiple dc links is briefly
discussed. Both the simulation and experimental results verify the
effectiveness of the proposed system topology, compensation strat-
egy, and control method.

Index Terms—Balance transformer, converter, dissipation-
characteristic-based control, electrical railway power system
(ERPS), power quality.

I. INTRODUCTION

FOR cost-efficiency consideration, the single-phase sup-
ply systems with industrial frequency 50 Hz (or 60 Hz)

are widely adopted in the electrical railway power sys-
tems (ERPS) worldwide [1]. However, the locomotives cause
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considerable negative-sequence current (NSC) on the three-
phase high-voltage grid due to its unbalanced distribution on
feeders, which brings negative influence on the sensitive power
consumers and generators [2], [3]. Besides, the conventional
phase-controlled trains draw a significant amount of reactive
power from and also inject plenty of low-order harmonic cur-
rents into the utility, which leads to undesired energy consump-
tions and setup damages [4]. On the other hand, as the wide
applications of the pulse width modulation technique-based new
generation trains, less reactive power and low-order harmonics
are obtained in some ERPS sections [5], but the unbalance issue
may be deteriorated for its higher power level than the conven-
tional one, so do the high-order harmonics resonances [6], [7].
Much attention has been paid to the above ERPS power quality
problems these years [8].

For some projects with restricted investment, the passive
methods, e.g., the LC-branches, which are adopted to deal with
the harmonic or reactive power related problems, are attractive
to engineers [9]. Considering the fixed compensating character-
istic and resonance risk, the value of the L and C components
should be designed carefully [10], [11].

Compared to the above discussed passive methods, active
solutions are superior in working performance and installation
area [12], [13]. Active power filters (APF) have a good harmonic
suppressing ability but a relatively high switching frequency is
required to obtain a satisfactory working bandwidth [14], which
becomes an obstacle for its application in medium-voltage (MV)
systems in some extent. Benefits from the multilevel technol-
ogy, static synchronous compensators (STATCOM) [15], [16],
and unified power quality conditioners (UPQC) [17]–[19] are
widely used in MV systems to deal with the power quality or
stability-related problems. Many control methods [20], which
mainly involve the instantaneous power theory and synchronous
rotating reference frame, can integrate with those active systems.
However, for ERPS, those apparatus always cannot be directly
applied [21]. A system called active power quality compen-
sator (APQC), with a three-phase converter integrating into the
two-phase feeders via a Scott transformer, was proposed in [22].

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Topology of the proposed system.

The added auxiliary Scott transformer greatly increases the cost
and installing space of the whole system. Besides, the adopted
hysteretic control method also has some inherent disadvantages
in MV-level applications [14]. A three-phase voltage-source
converter utilizing direct power control scheme for harmonic
and unbalance compensation in ERPS was proposed in [23].
Similar to APQC, this converter requires a high-power insola-
tion transformer as an interface of the primary high-voltage grid.
In [24] and [25], by employing the specifically designed taps on
the multipurpose balance transformer, a three-phase converter
can be directly integrated (or via some specifically designed LC-
branches) into the main transformer’s secondary windings for
a satisfactory power quality improvement in ERPS. While se-
lecting the optimal gains Kopt of the proposed linear quadratic
regulator with integral action may become a challenge for the
controller designing engineers [24]. Evolved from UPQC or
STATCOM, two back-to-back-connected single-phase convert-
ers, i.e., the well-known railway static power conditioner (RPC)
[26], [27], can be applied for power balance, reactive compen-
sation, and harmonic elimination in ERPS, and some control
methods aiming to reduce RPC’s designing capacity was also
proposed in [28] to further improve its cost efficiency. However,
two single-phase multiwinding step-down transformers are in-
dispensable.

In this paper, a novel system constructed with multiplex back-
to-back converters (MBTBC) is proposed. It can be seen from
Fig. 1 that the loads (i.e., trains) on phase α and β are fed
by the terminals d-e and a-b of the YNvd-connected balance
transformer. By taking the advantage of the natural asymmetry
between the “v” and “Δ” windings, MBTBC can connect with

Fig. 2. Equivalent circuits of the (a) phase-α converter and (b) phase-β con-
verter.

d-e via a single-phase multiwinding step-down transformer with
the parallel constructed units in the one side; on the other side,
a multilevel topology is adopted for the connection of taps m
and n. So, different from conventional RPC scheme, only one
insolation transformer is required in the proposed system. The
improvement on topology together with the ingenious designed
partial compensation strategy presented in the first part of this
topic makes the system compact, modular, and flexible though
the design of the main transformer of the proposed system is a
little more difficult than the Vv traction transformer [2] (but eas-
ier than the commonly used impedance-matching transformer
[24]). Since the detailed topology introduction, compensation
principle, and new partial compensation strategy are presented
in the first part of this paper, so the implementation and veri-
fication of the proposed system are the main tasks of this part.
For implementation, the dissipation characteristic of a general
circuit-based control method [29], which has been reported in
STATCOM [30], hybrid APF [31], and ERPS [32], [33], is
applied to control MBTBC. Different from those three-phase
applications of the method, it is analyzed for single-phase ap-
plication and the related stability problems are also discussed
in detail in this paper. This paper is organized as follows. In
Section II, the system model is briefly introduced. The current
control scheme, related stability problems, and dc-link voltage
control mechanism are discussed in Section III. In Section IV,
the simulation and experimental results are fully demonstrated.
Finally, a conclusion is drawn in Section V.

II. SYSTEM MODELING

Fig. 2 shows the related equivalent circuits (the linkage
impedances of transformer are considered in link branches) of
the proposed system shown in Fig. 1 (note: in Fig. 2, vα1 +
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vα2 + . . . vαn = xvα , vmn = xvβ , and x = Wmc/WaII).
For discussing convenience, only the fundamental component
of converter’s output voltage is used in the following discussion.

The equivalent circuit of the n-level parallel-connected
converter of MBTBC can be degenerated from the left
one in Fig. 2(a) to the right one, which is the same
with the circuit of the phase-β converter shown in
Fig. 2(b), if it holds: L0 = nL1 = . . . = nLn , R0 = nR1 =
. . . = nRn , vαT = xvα , and iαT = iαc/x.

Let L0 = Lβ = L and R0 = Rβ = R, one can obtain

vαT + LdiαT /dt + RiαT = vαc (1)

vmn + Ldiβc/dt + Riβc = vβc (2)

where vαc = vαc1 + vαc2 + . . . vαcn and vβ c = vβ c1 +
vβ c2 + . . . vβ cn .

Though, iαT and iβ c are interacted each other due to the
active power exchange of both sides’ converters, the control
implementation of iαT and iβ c can be carried out independently
considering the energy-buffering effect of the dc-link capacitors.

III. CONTROL ALGORITHM

A. Current Control

Considering that the active and reactive components of the
reference currents can be calculated by the new partial compen-
sation strategy proposed in the first part of this paper, here, the
currents and voltages in (1) are expressed as

⎧
⎪⎨

⎪⎩

vαT = VαT cos(ωt) = VαT p cos(ωt)

iαT = IαT p cos(ωt) + IαT q sin(ωt)

vαc = Vαcp cos(ωt) + Vαcq sin(ωt)

(3)

where IαTp , Vαcp and IαTq , Vαcq are the amplitudes of the
active and reactive components of the corresponding current
and voltage, respectively; cos(ωt) and sin(ωt), which rely on
phase-locked loop (PLL) is used in Fig. 6, represent the active
and reactive directions of the phase-α converter.

Inserting (3) into (1), the parts on active and reactive direc-
tions satisfy

{
LdIαT p/dt + LωIαT q + RIαT p = Vαcp − VαT p

LdIαT q/dt − LωIαT p + RIαT q = Vαcq

. (4)

For discussion convenience, (4) is rewritten as

Dpx + Jx + Rx = vαc − vαT (5)

where D = [L
0

0
L ], J = [ 0

−ωL
ωL
0 ], R = [R

0
0
R ], x = [ Iα T p

Iα T q
],

vαc = [Vα c p

Vα c q
], vαT = [Vα T p

0 ], and p is the differential operator.
On the other hand, if the control variables track their refer-

ences without steady-state error, (5) can also be written as

Dpx∗ + Jx∗ + Rx∗ = vαc
∗ − vαT (6)

where x∗ = [ Iα T p
∗

Iα T q
∗ ] and vαc

∗ = [Vα c p
∗

Vα c q
∗ ] are corresponding

references.

In order to evaluate the currents’ tracking performance, an
energy function E (note: E � 0) is defined as

E = 0.5L((IαT p − IαT p
∗)2 + (IαT q − IαT q

∗)2)

= 0.5x̃T Dx̃ (7)

where x̃ = x − x∗ = [ Iα T p −Iα T p
∗

Iα T q −Iα T q
∗ ].

It can be observed from (7) that good tracking performance
of x will lead to small E. That is to say, the tracking speed can
be evaluated by the change rate of E, i.e., pE. According to the
Lyapunov theorem, if

pE ≤ −τE < 0, τ > 0 (8)

E will exponentially converge to zero, which means a good cur-
rent tracking performance is obtained. Besides, the convergence
speed is determined by τ .

Considering (7), pE can be derived as

pE = x̃T Dpx̃. (9)

Subtracting (6) from (5), one can obtain that

Dpx̃ + Jx̃ + Rx̃ = ṽαc (10)

where ṽαc = vαc − vαc
∗ = [Vα c p −Vα c p

∗

Vα c q −Vα c q
∗ ].

Inserting (10) into (9), pE can be calculated as

pE = −x̃T Rx̃ + x̃T ṽαc . (11)

If ṽαc in (11) equals to 0, i.e.,

vαc = vαc
∗ = Dpx∗ + Jx∗ + Rx∗ + vαT (12)

(8) can be definitely satisfied, i.e.,

pE ≤ −(2R/L)E = −τE < 0. (13)

So, it can be concluded that (7) can converge to zero due
to the natural dissipative characteristic of the proposed system
itself. The convergence speed, however, is relatively slow due
to the uncontrolled and small τ (see (13)).

Note if the currents have tracked its references in steady state,
(6) is satisfied. Simultaneously, one can also have

x̃ = 0. (14)

Multiplying a coefficient matrix B in both sides of (14)
leads to

Bx̃ = 0 (15)

where B = [B
0

0
B ].

Combining (15) and (6), a new equation can be obtained as

Dpx∗ + Jx∗ + Rx∗ − Bx̃ = vαc
∗ − vαT . (16)

Similar to the derivation of (12) and (13), one can obtain (17)
and (18) as follows:

vαc = vαc
∗ = Dpx∗ + Jx∗ + Rx∗ − Bx̃ + vαT (17)

pE ≤ −[(2R + B)/L]E. (18)

Comparing (13) and (18), τ changes from 2R/L to (2R +
B)/L. By tuning B, a satisfied converge speed can be obtained.
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Fig. 3. Relationship between pE and the error currents on four different
deviations. (a) ΔL = 100%, and ΔR = 100%. (b) ΔL = −100%, and
ΔR = 100%. (c) ΔL = 100%, and ΔR = −100%. (d) ΔL = −100%,
and ΔR = −100%.

Fig. 4. Basic method for x acquisition.

Fig. 5. Profile of pE if the delay in the acquisition of x is considered.

Besides, (17) also indicates that B is a virtual resistor (i.e., the
unit of B is ohm (Ω)), which is connected in series with the link
branch to enhance the system’s dissipation performance.

Finally, vαc in (17) should be transformed into the instanta-
neous quantity vαc for modulation, i.e.,

vαc =
[
cos(ωt) sin(ωt)

]
vαc . (19)

B. Stability Analysis of Current Control

Note that the derivation of the current controller is under the
assumption that system’s parameters have no deviations and x
can be obtained without delay. However, the two conditions
cannot be always satisfied in real applications.

1) Deviations of System Parameters: Considering the pa-
rameter disturbance, (16) can be rewritten as

(D + ΔD)px∗ + (J + ΔJ)x∗ + (R + ΔR)x∗ − Bx̃

= vαc
∗ − (vαT + ΔvαT ) (20)

where ΔD = [ΔL
0

0
ΔL ], ΔJ = [ 0

−ΔLω
ΔLω

0 ], ΔR = [ΔR
0

0
ΔR ],

ΔvαT = [ΔVα T p

ΔVα T q
], and ΔL, ΔR, ΔVαTp , ΔVαTq are the devi-

ations of L, R, and the active and reactive components of VαT ,
respectively.

Subtracting (20) from (5), one can obtain

Dpx̃ + Jx̃ + (R + B)x̃

= ṽαc + ΔvαT + ΔDpx∗ + ΔJx∗ + ΔRx∗. (21)

Combining (9) and (21), and assuming ṽαc = 0 leads to

pE = −x̃T (R + B)x̃

+ x̃T ΔvαT + x̃T (ΔDp + ΔJ + ΔR)x∗. (22)
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Fig. 6. Implementation of the whole control algorithm.

Considering the term x̃T ΔvαT in (22) is much smaller than
other terms, (22) can be degenerated into

pE = −x̃T (R + B)x̃ + x̃T (ΔDp + ΔJ + ΔR)x∗. (23)

Let B = 50 Ω, L = 10 mH, R = 1 Ω, pE is definitely
negative when x̃ /x∗ ∈ [−100%, 100%]. It can be seen from
Fig. 3 that the larger the x̃ /x∗ is, the stronger the dissipation
effect can be obtained, which is expected in the design of the
current controller.

2) Delay in the Acquisition of x: Fig. 4 depicts a basic x
acquisition method, in which two low-pass filters (LPF) are
involved. The transfer function of a typical second-order LPF is

G(s) =
ωn

2

s2 + sωn

Q + ωn
2 (24)

where ωn is the characteristic angular frequency; Q is the
equivalent quality factor, Q = 0.707. If ωn is set low enough,
the influence of second-order ripple can be eliminated, and
only the dc component is remained (see Fig. 4).

Fig. 7. Self-balance principle. (a) Self-balance topology. (b) Equivalent cir-
cuit. (c) Fundamental phasor relationships.
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In frequency domain, a signal x(s) inputs the LPF, the output
signal x′(s) can be obtained as

x′(s) = x(s)G(s) = x
ωn

2

s(s2 +
√

2sωn + ωn
2)

. (25)

The corresponding time-domain expression of (25) can also
be expressed as

x′(t) =L −1 [x′(s)] = x
(

1 +
√

2e
− ω n t√

2 sin
(

−ωnt√
2
− π/4

))

(26)
where L −1 is the reverse Laplace transformation operator.

Taking the delay of LPF into account, (16) can be rewritten as

Dpx∗ + Jx∗ + Rx∗ − B(x′ − x∗) = vαc
∗ − vT . (27)

Similar to the analysis process aforementioned, pE can be
recalculated as

pE = −x̃T (R + B)x̃ + x̃T Bx
√

2e
− ω n t√

2

× sin
(

−ωnt√
2
− π/4

)

. (28)

Let L = 10 mH, R = 1Ω, B = 50 Ω, and x̃ = −10%x∗,
the profile of pE is shown in Fig. 5. Obviously, an unstable region
is occurred (pE > 0). Hence, instead of the dc components
in (17), the implementation of the B related terms should be
carried out under alternating-current (ac) quantities [see the “ac
quantities” block in Fig. 6].

The designing method of the converter in phase β is the same
as aforementioned.

C. Overall DC-Link Voltage Control

As analyzed in the first part of this paper, the reference
currents include unbalanced active power components (PUB ),
balanced reactive power components (QB ), and unbalanced re-
active power components (QUB ), which are responsible for
delivering active power from one side of MBTBC to another
side, compensating inductive reactive power for both sides, and
compensating inductive reactive power for one side and com-
pensating capacitive reactive power for another side, respec-
tively. In order to make the whole dc-link voltage stable, a
small amount of energy is delivered from the source sides to
the dc link to compensate the losses of MBTBC by superposing
an active power component (PB ) (i.e., Idc , the output of the
proportional-integral (PI) regulator for dc-link overall voltage
control in Fig. 6) on PUB (I∗αTp and I∗β cp in Fig. 6).

D. Unit DC-Link Voltage Balance Control

To balance the unit dc-link voltages in this paper, the en-
ergy transmission between the source side and all units dc
links should be controlled. Since the parallel-connected topol-
ogy on phase α allows independent units currents control
(iαc1 , . . . , iαcn in Fig. 1), so a balance control is implemented
on the phase-α side (see Fig. 6).

On the other hand, though the aforementioned unit dc-link
voltage balance control is adopted, it is worth to note that the

TABLE I
SIMULATION PARAMETERS

Items Parameters Value

Three-phase grid Nominal line voltage 110 kV
Short capacity 500 MVA

YNvd-connected
balance transformer

Nominal feeder voltage 27.5 kV

Nominal tapped winding
voltage

10.5 kV

Nominal capacity 20 MVA
Multiwinding
step-down
transformer

Number of secondary
windings

8

Nominal secondary
voltage

1312.5 V

Nominal Capacity 10 MVA
Inductance Lα 1 − Lα 8 1.25 mH

Lβ 10 mH
Capacitance C1 − C8 10 mF
Controller gain B 50 Ω
PI regulator for
DC-link overall
voltage control

Proportional gain 0.1

Integral gain 3
PI regulator for
DC-link voltage
balance control

Proportional gain 10

Integral gain 200
Modulator Carrier frequency 500 Hz
DC-link voltage Overall reference 20000 V

Individual reference 2500 V
Load in phase α Nominal power 5 MW + 1 MVar
Load in phase β Nominal power 10 MW + 8 MVar

proposed converter topology has unit dc-link voltage self-
balance capability if the overall voltage is satisfactorily con-
trolled. The principle is shown in Fig. 7, in which vαck1 and
vαck2 are two arbitrary unit output voltages on phase-α side
with the assumption Vαck1 > Vαck2 . Based on the equivalent
circuit (see Fig. 7(b)) and phasor relationships (see Fig. 7(c)),
a small amount of active power will be delivered automatically
from vαck1 terminal to vαck2 terminal, as shown in Fig. 7(a),
which is good for unit dc-link voltage unbalance suppression.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

Based on the above discussed implementation process
on system modeling and controlling, the proposed system
topology, compensation principle, and partial compensation
strategy (see Appendix A for the defined partial compensation
goals) in the first part of this paper can be verified by simulati-
on and experiment.

A. Simulation Verification

Referring to Fig. 1, we built a simulation model by the MAT-
LAB software. The parameters are listed in Table I.

When the simulation starts, compensation is not enabled
first. The currents are unbalanced and PFf ≈ 0.8 (see Fig.
8(a) and (b)). When the proposed partial compensation is acti-
vated at 0.1 s, PFf improves to about 0.9 and Iunb decreases
to about 0.1, respectively. Note that the PFf in this paper is a
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Fig. 8. Simulation results. (a) Primary current waveforms under partial compensation. (b) PFf s (PFf , PFfA , PFfB , and PFfC ) and Iunb under partial
compensation. (c) DC-link voltage waveforms under partial compensation. (d) Primary current waveforms under full compensation. (e) Compensation apparent
power of each side under different compensation modes.
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TABLE II
SIMULATION RESULTS STATISTICS OF THE STEADY STATES

Items Partial Full

Before compensation Iu nb (%) 49 49
PFf 0.8 0.8

Sα (MVA) 0 0
Sβ (MVA) 0 0

After compensation Iu nb (%) 9.5 0.35
PFf 0.902 0.99

Sα (MVA) 3.4 3.78
Sβ (MVA) 6.5 10.16

After loads change Iu nb (%) 8.5 1.03
PFf 0.915 0.99

Sα (MVA) 5.0 6.85
Sβ (MVA) 8.2 11.22

comprehensive index for reactive power on the primary side,
not for the individual phases, so the power factor of each phase
on the primary side (PFfA , PFfB , and PFfC in Fig. 8(b)) is dif-
ferent from PFf . The units’ dc-link voltages are set near to the
reference value and slightly different at the beginning, as shown
in Fig. 8(c). The dc-link overall voltage is held due to the overall
voltage control, and the balance condition of the units’ dc-link
voltages is improved because of the self-balance capability, but
the differences of the units’ dc-link voltages are not eliminated
until the balance control is activated at 0.4 s. When the load
on phase α is cut down at 0.6 s, a transient process from one
steady state to another occurs, and almost no oscillation appears
on the primary currents and dc-link voltages. The dynamical
performance is satisfactory.

As a comparison, the primary three-phase currents under full
compensation condition (see Fig. 8(d)) are also presented. How-
ever, the required power ratings are much higher than that of
partial compensation mode (see Fig. 8(e)). Specifications are
listed in Table II (note, all the data are recorded on the condition
that the grid three-phase voltage sources are set 10% higher than
the nominal voltage listed in Table I).

B. Experimental Verification

To further verify the correctness of the proposed system, two
experimental setups rated at 2 kVA have been built up in the lab-
oratory. Fig. 9 is the experimental wiring diagrams and Table III
gives the specifications of experimental systems’ parameters.
One point should be noticed here is that the coupling trans-
former, which is expected to act as an isolation and voltage-
matching stage for phase-α side converter, is replaced 1) by an
autotransformer on single BTBC occasion (see Fig. 9(a)), and
2) by a combination of a autotransformer and a normal single-
phase three-winding transformer on dual BTBCs (BTBC1 and
BTBC2) occasion (see Fig. 9(b)).

Fig. 10 demonstrates the experimental results of the single
BTBC occasion in Fig. 9(a). From Fig. 10(a), (b), (e), and (f),
we can know that the transient processes during the start on and
loads change stages are satisfactory and the steady states on dif-
ferent load conditions are excellent. For the dc-link voltage, no
overshoot and oscillation appear at transient situation, especially

Fig. 9. Experimental wiring diagrams. (a) Single BTBC occasion. (b) Dual
BTBCs occasion.

when loads change (see Fig. 10(c), (d), (g), and (h)). The energy
needed for raising the dc-link voltage from the precharge to the
reference value, when the compensation is enabled, is consid-
ered to be responsible for the slight overshoot of the primary
currents (see Fig. 10(a) and (e)). Besides, the rippled dc-link
voltage of full-compensation mode is slightly larger than that
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TABLE III
EXPERIMENTAL SYSTEMS’ PARAMETERS

Items Parameters Value

YNvd-connected
balance transformer

Primary line voltage 410 V

Capacity 2 kVA
K (transformer ratio) 577/220

Current sensor Transformation ratio 100 A/50 mA
Load in phase α Resistor 25 Ω/9.2 kW
Load in phase β Resistor-reactor (7 + 6.28j)Ω/20A
Inductance Lα 3 mH/20 A

Lα 1 , Lα 2 1 mH/20 A
Lβ 5 mH/20 A

Capacitance C 4.5 mF/700 V
C1 , C2 3 mF/700 V

Intelligent power
module
(PM50RLA120)

Nominal rating 50 A/1200 V

Controller Digital chip TMS320F28335
Sample frequency 10 kHz

B 50 Ω
DC-link Reference 110 V (overall)

55 V (individual)
Precharge 83 V (for C )

53 V (for C1 )
43 V (for C2 )

PI regulator for
dc-link overall
voltage control

Proportional gain 2

Integral gain 5
PI regulator for
dc-link voltage
balance control

Proportional gain 0.2

Integral gain 1

TABLE IV
EXPERIMENTAL RESULTS STATISTICS OF THE STEADY STATES ON SINGLE

BTBC OCCASION

Items Partial Full

Before compensation Iu nb (%) 46.51 46.51
PFf 0.8026 0.8026

Sα (VA) 0 0
Sβ (VA) 0 0

After compensation Iu nb (%) 10.01 0.58
PFf 0.9017 0.9995

Sα (VA) 224 210
Sβ (VA) 398 844

After loads change Iu nb (%) 9.23 0.37
PFf 0.9058 –0.9982

Sα (VA) 358 463
Sβ (VA) 590 889

of the partial-compensation mode. This is because the power
delivered on full-compensation condition is larger than the one
on partial-compensation situation, which is demonstrated by
Fig. 10(i) (note: in order to facilitate the presentation and com-
parison of the apparent power, the experimental data recorded
by the power quality analyzer HIOKI 3198 (one data per sec-
ond) are plotted in Excel). Table IV lists the specifications of the
experimental results. It can be seen from Table IV that before
compensation, Iunb = 46.51% and PFf = 0.8026; when the
partial compensation is activated, PFf improves to 0.917 and

Fig. 10. Experimental results on single BTBC occasion. (a) Primary cur-
rent waveforms at the beginning of partial compensation. (b) Primary current
waveforms under partial compensation when loads change. (c) DC-link volt-
age waveform at the beginning of partial compensation. (d) DC-link voltage
waveform under partial compensation when loads change. (e) Primary current
waveforms at the beginning of full compensation. (f) Primary current waveforms
under full compensation when loads change. (g) DC-link voltage waveform at
the beginning of full compensation. (h) DC-link voltage waveform under full
compensation when loads change. (i) Compensation apparent power of each
side under different compensation modes.
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Fig. 11. Experimental results on single BTBC occasion for stability verifi-
cation. (a) Primary current waveforms at the beginning of partial compensa-
tion (Lβ = 3 mH). (b) Primary current waveforms under partial compensation
when loads change (Lβ = 3 mH). (c) Primary current waveforms at the begin-
ning of partial compensation (a delay in the acquisition of x is introduced).

TABLE V
EXPERIMENTAL RESULTS STATISTICS OF THE STEADY STATES ON DUAL BTBCS

OCCASION

Items Partial Full

Before compensation Iu nb (%) 46.54 46.54
PFf 0.8033 0.8033

Sα (VA) 0 0
Sβ (VA) 0 0

After compensation Iu nb (%) 10.11 0.48
PFf 0.9022 0.9996

Sα (VA) 225 213
Sβ (VA) 402 846

After loads change Iu nb (%) 9.22 0.40
PFf 0.9055 –0.9983

Sα (VA) 360 465
Sβ (VA) 593 892

the index Iunb decreases from 46.51% to 10.01%, which means
the expected compensation performance is achieved.

For the stability aspects discussed in Section III, it can be seen
from Fig. 11(a) and (b) that no deteriorated performance appears
when Lβ changes from 5 to 3 mH. While the system shows
unstable performance (see Fig. 11(c)) if a delay is introduced in
the acquisition of x.

For the dual BTBCs occasion in Fig. 9(b), the experimental
results are presented in Fig. 12 and Table V. From Fig. 12 and
Table V, it can be seen that the experimental results on this
topology show no significant difference to that on the former
topology. Besides, the system exhibits its unit dc-link voltage
self-balance capability in Fig. 12(e), though the balance perfor-
mance is not as good as that when the balance control scheme is
adopted (see Fig. 12(f)). Note: because the unit dc-link voltage
reference on this topology is 0.5 times to the former topology’s
dc-link voltage reference, the ripples of the unit dc-link voltage
are slightly larger than that shown in Fig. 10.

Fig. 12. Experimental results on dual BTBCs occasion. (a) Primary current
waveforms at the beginning of partial compensation. (b) Primary current wave-
forms under partial compensation when loads change. (c) Primary current wave-
forms at the beginning of full compensation. (d) Primary current waveforms
under full compensation when loads change. (e) DC-link voltage waveforms
without balance control. (f) DC-link voltage waveforms with balance control.
(g) Compensation apparent power of each side under different compensation
modes.

V. CONCLUSION

Based on the theoretical discussion presented in the first part
of this paper, this paper mainly focuses on the implementation
and verification of the proposed system. The system modeling
is briefly introduced; the passivity-based control scheme is also
discussed in detail, including the design of the current controller,
stability analysis, the overall and unit dc-link voltage control.
In addition, a simulation model is established and two sets of
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experimental systems are physically implemented. All the re-
sults verify the theoretical analysis. Considering the features like
high level of modularity, and integration, relatively low compen-
sating capacity, the MBTBC-YNvd transformer-integrated sys-
tem is cost efficiency for power quality improvement in ERPS.

APPENDIX A

The partial compensation goals (defined in the first part of
this paper) are

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

PFf =
∑

k=A,B ,C Pk

/∑
k=A,B ,C Sk

=
∑

k=A,B ,C Ikp

/∑
k=A,B ,C Ik ≥ 0.9

Iunb = I−/I+ × 100% ≤ 10%

(A1)

where PFf and Iunb mean the fundamental power factor and
NSC unbalance ratio, separately; Pk and Sk are the funda-
mental active power and apparent power of the primary three
phases, respectively; Ik is the amplitude of the fundamental pri-
mary three-phase currents; Ikp represents the amplitude of the
active power components of Ik ; and I− and I+ denote the am-
plitude of the fundamental NSC and positive-sequence current,
separately.

REFERENCES

[1] F. Ciccarelli, M. Fantauzzi, D. Lauria, and R. Rizzo, “Special transformers
arrangement for AC railway systems,” in Proc. Electr. Syst. Aircr., Railw,
Ship Propulsion Conf., 2012, pp. 16–18.

[2] F. Ma, A. Luo, X. Xu, H. Xiao, C. Wu, and W. Wang, “A simplified
power conditioner based on half-bridge converter for high-speed railway
system,” IEEE Trans. Ind. Electron., vol. 60, no. 2, pp. 728–738, Feb.
2013.

[3] S. R. Sama, S. Paul, and S. H. N. Dey, “Elimination of partial overloading
of generators under unbalanced operating conditions of power systems,”
CSEE J. Power Energy Syst., vol. 2, no. 1, pp. 81–87, Mar. 2016.

[4] R. E. Morrison, “Power quality issues on ac traction systems,” in Proc.
Rec. 9th Int. Conf. Harmon. Qual. Power, 2000, pp. 709–714.

[5] L. He, J. Xiong, H. Ouyang, P. Zhang, and K. Zhang, “High-performance
indirect current control scheme for railway traction four-quadrant con-
verters,” IEEE Trans. Ind. Electron., vol. 61, no. 12, pp. 6645–6654, Dec.
2014.

[6] H. Hu, Z. He, and S. Gao, “Passive filter design for China high-speed rail-
way with considering harmonic resonance and characteristic harmonics,”
IEEE Trans. Power Del., vol. 30, no. 1, pp. 505–514, Feb. 2015.

[7] Z. He, H. Hu, Y. Zhang, and S. Gao, “Harmonic resonance assessment
to traction power-supply system considering train model in China high-
speed railway,” IEEE Trans. Power Del., vol. 29, no. 4, pp. 1735–1743,
Aug. 2014.

[8] S. M. M. Gazafrudi, A. T. Langerudy, E. F. Fuchs, and K. AI-Haddad,
“Power quality issues in railway electrification: A comprehensive per-
spective,” IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 3081–3090, May
2015.

[9] L. Morán, C. Albistur, and R. Burgos, “Multi-mega VAR passive filters for
mining applications: Practical limitations and technical considerations,”
in Proc. IEEE Ind. Appl. Soc. Annu. Meet., 2015, pp. 1–8.

[10] S. Bhattacharya, P. T. Cheng, and D. M. Divan, “Hybrid solutions for
improving passive filter performance in high power applications,” IEEE
Trans. Ind. Appl., vol. 33, no. 3, pp. 732–747, May/Jun. 1997.

[11] H. Akagi, “Active harmonic filters,” Proc. IEEE, vol. 93, no. 12, pp. 2128–
2141, Dec. 2005.

[12] Y. Li et al., “A virtual impedance comprehensive control strategy for
the controllably inductive power filtering system,” IEEE Trans. Power
Electron., vol. 32, no. 2, pp. 920–926, Feb. 2017.

[13] Y. Li, T. K. Saha, O. Krause, Y. Cao, and C. Rehtanz, “An inductively active
filtering method for power-quality improvement of distribution networks
with nonlinear loads,” IEEE Trans. Power Del., vol. 28, no. 4, pp. 2465–
2473, Oct. 2013.

[14] S. Buso, L. Malesani, and P. Mattavelli, “Comparison of current con-
trol techniques for active filter applications,” IEEE Trans. Ind. Electron.,
vol. 45, no. 5, pp. 722–729, Oct. 1998.

[15] B. Singh, R. Saha, A. Chandra, and K. Al-Haddad, “Static synchronous
compensators (STATCOM): A review,” IET Power Electron., vol. 2, no. 4,
pp. 297–324, 2009.

[16] Z. Chen, J. M. Guerrero, and F. Blaabjerg, “A review of the state of the
art of power electronics for wind turbines,” IEEE Trans. Power Electron.,
vol. 24, no. 8, pp. 1859–1875, Aug. 2009.

[17] S. Yang, Y. Liu, X. Wang, D. Gunasekaran, U. Karki, and F. Z. Peng,
“Modulation and control of transformer-less UPFC,” IEEE Trans. Power
Electron., vol. 31, no. 2, pp. 1050–1063, Feb. 2016.

[18] S. B. Karanki, N. Geddada, M. K. Mishra, and B. K. Kumar, “A modi-
fied three-phase four-wire UPQC topology with reduced DC-link voltage
rating,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 3555–3566, Sep.
2013.

[19] R. Bhavani, N. R. Prabha, and C. Kanmani, “Fuzzy controlled UPQC
for power quality enhancement in a DFIG based grid connected wind
power system,” in Proc. Int. Conf. Circuit, Power Comput. Technol., 2015,
pp. 1–7.

[20] M. P. Kazmierkowski and L. Malesani, “Current control techniques for
three-phase voltage-source PWM converters: A survey,” IEEE Trans. Ind.
Electron., vol. 45, no. 5, pp. 69–703, Oct. 1998.

[21] M. Monfared, S. Golestan, and J. M. Guerrero, “Analysis, design, and
experimental verification of a synchronous reference frame voltage control
for single-phase inverters,” IEEE Trans. Ind. Electron., vol. 61, no. 1,
pp. 258–269, Jan. 2014.

[22] Z. Sun, X. Jiang, D. Zhu, and G. Zhang, “A novel active power quality
compensator topology for electrified railway,” IEEE Trans. Power Elec-
tron., vol. 19, no. 4, pp. 1036–1042, Jul. 2004.

[23] A. Bueno, J. M. Aller, J. A. Restrepo, R. Harley, and T. G. Habetler,
“Harmonic and unbalance compensation based on direct power control for
electric railway systems,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5823–5831, Dec. 2013.

[24] S. Hu, Z. Zhang, Y. Li, L. Luo, Y. Cao, and C. Rehtanz, “A new half-
bridge winding compensation-based power conditioning system for elec-
tric railway with LQRI,” IEEE Trans. Power Electron., vol. 29, no. 10,
pp. 5242–5256, Oct. 2014.

[25] S. Hu et al., “A new integrated hybrid power quality control system for
electrical railway,” IEEE Trans. Ind. Electron., vol. 62, no. 10, pp. 6222–
6232, Oct. 2015.

[26] S. Tamai, “Novel power electronics application in traction power supply
system in Japan,” in Proc. Int. Power Electron. Motion Control Conf.
Expo., 2014, pp. 701–706.

[27] K. Kunomura et al., “Electronic frequency converter feeding single-phase
circuit and controlling feeder voltage with fixed power factor method for
Shinkansen,” IEEE Trans. Power Electron., vol. 27, no. 9, pp. 3888–3896,
Sep. 2012.

[28] D. Zhang, Z. Zhang, W. Wang, and Y. Yang, “Negative sequence current
optimizing control based on railway static power conditioner in V/v trac-
tion power supply system,” IEEE Trans. Power Electron., vol. 31, no. 1,
pp. 200–212, Jan. 2016.

[29] R. Ortega, A. Lorı́a, P. J. Nicklasson, and H. Sira-Ramı́rez, Passivity-
Based Control of Euler-Lagrange Systems: Mechanical, Electrical and
Electromechanical Applications. London, U.K.: Springer-Verlag, 1998.

[30] R. Xu et al., “A novel control method for transformerless H-bridge cas-
caded STATCOM with star configuration,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1189–1202, Mar. 2015.

[31] R. Rahmani, A. Hamadi, and K. AI-Haddad, “A Lyapunov-function-based
control for a three-phase shunt hybrid active filter,” IEEE Trans. Ind.
Electron., vol. 59, no. 3, pp. 1418–1429, Mar. 2012.

[32] S. Hu et al., “A Y-D multifunction balance transformer-based power qual-
ity control system for single-phase power supply system,” IEEE Trans.
Ind. Appl., vol. 52, no. 2, pp. 1270–1279, Mar./Apr. 2016.

[33] B. Xie, Z. Zhang, S. Hu, Y. Li, L. Luo, and S. Sun, “YN/VD connected
balance transformer-based electrical railway negative sequence current
compensation system with passive control scheme,” IET Power Electron.,
vol. 9, no. 10, pp. 2044–2051, 2016.



9042 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 12, DECEMBER 2017

Bin Xie was born in Hunan, China, in 1990. He
received the B.Sc. degree in electrical engineering
from Shaoyang University, Shaoyang, China, in 2013.
He is currently working toward the Ph.D. degree
in electrical engineering at the College of Electri-
cal and Information Engineering, Hunan University,
Changsha, China.

His research interests include power quality anal-
ysis and compensation strategy of electrical railway
power systems, renewable energy, and high-power
applications of converters.

Zhiwen Zhang received the B.Sc. and M.Sc. degrees
in electrical engineering and the Ph.D. degree in con-
trol theory and control engineering from Hunan Uni-
versity, Changsha, China, in 1987, 1990, and 2006,
respectively.

From 1992 to 1993 and 2006 to 2007, he was a
Visiting Scholar with Tsinghua University, Beijing,
China, and a Visiting Professor with Ryerson Univer-
sity, Toronto, Canada, respectively. He is currently
a Full Professor with the College of Electrical and
Information Engineering, Hunan University. His re-

search interests include theory and new technology of ac/dc energy transform,
theory and application of new-type electric apparatus, harmonic suppression for
electric railway, power electronics application, and computer control.

Yong Li (S’09–M’12–SM’14) was born in Henan,
China, in 1982. He received the B.Sc. and Ph.D. de-
grees from the College of Electrical and Information
Engineering, Hunan University, Changsha, China, in
2004 and 2011, respectively. He received the second
Ph.D. degree from the Institute of Energy Systems,
Energy Efficiency, and Energy Economics (ie3), TU
Dortmund University, Dortmund, Germany, in June
2012.

In 2009, he was a Research Associate with ie3.
After then, he was a Research Fellow with The Uni-

versity of Queensland, Brisbane, Australia. Since 2014, he has been a Full
Professor of electrical engineering with Hunan University. His current research
interests include power system stability analysis and control, ac/dc energy con-
version systems and equipment, analysis and control of power quality, and HVdc
and FACTS technologies.

Dr. Li is a Member of the Association for Electrical, Electronic and Infor-
mation Technologies in Germany.

Sijia Hu (S’14–M’16) was born in Hunan, China, in
1987. He received the B.Sc. degree in electrical engi-
neering (and automation) from Hunan University of
Science and Technology, Xiangtan, China, in 2010,
and the Ph.D. degree in electrical engineering (and
automation) from Hunan University (HNU), Chang-
sha, China, in 2015.

Since 2016, he has been an Assistant Professor of
electrical engineering with HNU. His research inter-
ests include power flow and power quality control of
electric railway power systems, new topology con-

verters, and stability and power quality analyses and control of multiconverter
systems.

Longfu Luo (M’09) was born in Hunan, China, in
1962. He received the B.Sc., M.Sc., and Ph.D. de-
grees from the College of Electrical and Information
Engineering, Hunan University, Changsha, China, in
1983, 1991, and 2001, respectively.

From 2001 to 2002, he was a Senior Visiting
Scholar with the University of Regina, Regina, SK,
Canada. He is currently a Full Professor of electrical
engineering with the College of Electrical and Infor-
mation Engineering, Hunan University. His research
interests include the design and optimization of mod-

ern electrical equipment, the development of new converter transformer, and the
study of corresponding new HVDC theories.

Christian Rehtanz (M’96–SM’06) was born in
Germany in 1968. He received the Diploma and Ph.D.
degrees in electrical engineering from TU Dortmund
University, Dortmund, Germany, in 1994 and 1997,
respectively. He received the venia legend in electri-
cal power systems from the Swiss Federal Institute
of Technology, Zurich, Switzerland, in 2003.

In 2000, he joined ABB Corporate Research,
Baden, Switzerland. He became the Head of Tech-
nology for the global ABB business area of power
systems in 2003, and the Director of ABB Corporate

Research, Beijing, China, in 2005. Since 2007, he has been the Head of the
Institute of Energy Systems, Energy Efficiency and Energy Economics, TU
Dortmund University. In addition, he has been a Scientific Advisor of ef.Ruhr
GmbH, Dortmund, a joint research company of the three universities of Bochum,
Dortmund, and Duisburg-Essen (University Alliance Metropolis Ruhr) since
2007. He is an Adjunct Professor with Hunan University, Changsha, China. He
has authored more than 150 scientific publications, three books, and 17 patents
and patent applications. His research interests include electrical power systems
and power economics, technologies for network enhancement and congestion
relief, such as stability assessment, wide-area monitoring, protection, and coor-
dinated network control, and integration and control of distributed generation
and storage.

Dr. Rehtanz received the MIT World Top 100 Young Innovators Award in
2003.

Olav Krause (M’05) was born in Germany in 1978.
He received the Dipl.Ing. (M.E.) and Dr. Ing. (Ph.D.)
degrees in electrical engineering from TU Dortmund
University, Dortmund, Germany, in 2005 and 2009,
respectively.

He is currently a Lecturer of electrical engineer-
ing with the School of Information Technology and
Electrical Engineering, The University of Queens-
land, Brisbane, Qld., Australia. His main research in-
terests include distribution network automation, with
a focus on state estimation under measurement defi-

ciency and power system load ability determination. This is complemented by
work on techniques of probabilistic and harmonic power-flow analysis.



<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


