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A Novel Three-Phase Current Source Rectifier
With Delta-Type Input Connection to Reduce

the Device Conduction Loss
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Abstract—The three-phase current source rectifier (CSR) fea-
tures a step-down ac–dc voltage conversion function, smaller ac
filter size compared with the traditional two-level voltage source
rectifier, and inrush current limiting capability. However, large
conduction loss of semiconductor devices has limited the wide ap-
plication of traditional CSRs. In this paper, a new CSR topol-
ogy, delta-type current source rectifier (DCSR), is proposed to re-
duce the conduction loss. The proposed rectifier has delta-type
connections on its ac input side and its dc-link current can be
shared by multiple devices at a given time. This paper introduces
the DCSR’s operation principle, modulation scheme, and design
method. Based on the analysis, the conduction loss can be re-
duced by up to 20% with the proposed topology. An 8-kW pro-
totype is then built to experimentally verify the performance of the
DCSR.

Index Terms—Buck rectifier, current source rectifier (CSR),
delta type, high efficiency.

I. INTRODUCTION

THE three-phase current source rectifier (CSR), or buck-
type rectifier, features a step-down ac–dc voltage conver-

sion function, smaller ac filter size compared with the traditional
two-level voltage source rectifier, and inrush current limiting ca-
pability [1]–[7]. It has been applied as the active front-end in
high-efficiency power supplies for telecommunication and data
centers [1], [2], where 480 or 380 V ac voltage is stepped down
to 400-V dc voltage in a single conversion stage. It can also
be used as the off-board dc fast charger for electric vehicles to
increase efficiency [3]. In high-power applications such as dc
arc furnace and induction melting, CSRs can largely reduce the
size, loss, and cost of the transformer and harmonic filter [4],
[5]. For a variable speed motor drive application, CSRs have
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Fig. 1. Traditional three-phase CSR.

lighter input EMI filter compared with the traditional two-level
voltage source rectifier [6], [7].

The switches in CSRs need to have a reverse-blocking capa-
bility to operate under ac voltage. The reverse blocking IGBT
(RB-IGBT) has been developed in recent years to reduce the
conduction loss for current source converters and matrix con-
verters [8]–[11]. But the switching loss of RB-IGBT is still
higher than standard IGBTs due to its longer “tail current”,
worse voltage overshoot, and larger reverse recovery current
[11]. The symmetric GTO or GCT usually has a blocking volt-
age of several kilovolts but is only applied in limited high-power,
high-voltage applications with less than 1-kHz switching fre-
quency [12]. In most applications of PWM CSRs, the switches
are usually formed by connecting an active device (IGBT,
MOSFET, or JFET) with a diode in series [1], [2], [5], [7],
[11], [13], [14]. Even with several devices in parallel in one
switch, the high conduction loss still accounted for up to 50%
of the total converter loss in traditional CSRs [1], [2]. In previous
comparison with voltage source converters, the large conduction
loss and corresponding heatsink size are the main drawbacks for
current source converters [15], [16].

The traditional three-phase CSR is shown in Fig. 1. In this
topology, the dc-link current flows through four devices in series,
leading to high conduction loss. Although a freewheeling diode
(Df) can be added to reduce the conduction loss during the free-
wheeling state, the efficiency does not improve much especially
when the modulation index is high. The three-switch CSR was
proposed in [17] to reduce the number of active switches. It has
even more conduction loss than the traditional topology since
the current will flow through as many as six devices in series
[15]. The buck-type third harmonic current injection rectifier
(Swiss Rectifier) was proposed in [3] to reduce the switching
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Fig. 2. Proposed DCSR.

Fig. 3. Bidirectional DCSR.

loss of the converter. But due to more devices in the current
path, it will also increase the conduction loss.

In this paper, a new three-phase CSR, referred as delta-type
current source rectifier (DCSR), is proposed to reduce the de-
vice conduction loss. As shown in Fig. 2, the three legs in the
rectifier are delta connected on the ac input side. Each leg in-
cludes two active switches and a diode bridge connected with
two phases. In this way, the dc-link current can be shared by
multiple legs during operation to reduce the device conduction
loss. Although six more diodes are added in DCSR, the current
rating of each diode is only half of that in the original topology
in Fig. 1. The control algorithm, input and output filters of the
traditional CSR can be applied to DCSR directly. Since the out-
put dc voltage must be positive, the energy transfer can only be
unidirectional from ac to dc with DCSR in Fig. 2. With the bidi-
rectional DCSR in Fig. 3, the energy can be transferred in both
directions.

The operation principle of the DCSR is demonstrated in
Section II of this paper. For the design of the DCSR, the volt-
age and current stresses of the semiconductor devices and the
passive components are derived in Section III. Then, the DCSR
and the traditional CSR are compared on their current stress
and conduction loss in Section IV. Finally, an 8-kW prototype
is built to verify the performance of the proposed topology in
Section V.

II. OPERATION PRINCIPLE

For the analysis of the DCSR rectifier, its input voltages va ,
vb , and vc , and the fundamental components ia1 , ib1 , and ic1 of
its input currents are defined in (1), where Vm and Im are the
peak values of the sinusoidal voltage and current, respectively,

Fig. 4. Fundamental components of the input current and voltage.

Fig. 5. Space vector plane.

Fig. 6. Equivalent circuit of the DCSR in Sector 12.

ω is the mains angular frequency, and ϕ is the phase angle
between va and ia1
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TABLE I
CONDUCTION STATES OF THE TRADITIONAL CSR AND THE DCSR

Sector Vector Traditional CSR DCSR Sector Vector Traditional CSR DCSR

Sector 1
(
−ϕ,

π

6

)
I1
⇀

[S1 , S6 ] [(S1 S5 ) , S4 ] Sector 7

(

π − ϕ,
7π

6

)

I4
⇀

[S3 , S4 ] [S1 , (S4 S2 )]

I2
⇀

[S1 , S2 ] [(S1 S5 ) , (S6 S2 )] I5
⇀

[S5 , S4 ] [(S3 S5 ) , (S4 S2 )]
I0
⇀

[S3 , S6 ] [S3 , S4 ] I0
⇀

[S3 , S6 ] [S1 , S6 ]

Sector 2
( π

6
,

π

3
− ϕ

)
I2
⇀

[S1 , S2 ] [(S1 S5 ) , (S6 S2 )] Sector 8

(
7π

6
,

4π

3
− ϕ

)

I5
⇀

[S5 , S4 ] [(S3 S5 ) , (S4 S2 )]

I3
⇀

[S3 , S2 ] [S3 , (S6 S2 )] I6
⇀

[S5 , S6 ] [(S3 S5 ) , S6 ]
I0
⇀

[S3 , S6 ] [S3 , S4 ] I0
⇀

[S3 , S6 ] [S1 , S6 ]

Sector 3
( π

3
− ϕ,

π

2

)
I2
⇀

[S1 , S2 ] [S5 , (S6 S2 )] Sector 9

(
4π

3
− ϕ,

3π

2

)

I5
⇀

[S5 , S4 ] [(S3 S5 ) , S2 ]

I3
⇀

[S3 , S2 ] [(S1 S3 ) , (S6 S2 )] I6
⇀

[S5 , S6 ] [(S3 S5 ) , (S4 S6 )]
I0
⇀

[S1 , S4 ] [S5 , S4 ] I0
⇀

[S1 , S4 ] [S1 , S2 ]

Sector 4

(
π

2
,

2π

3
− ϕ

)

I3
⇀

[S3 , S2 ] [(S1 S3 ) , (S6 S2 )] Sector 10

(
3π

2
,

5π

3
− ϕ

)

I6
⇀

[S5 , S6 ] [(S3 S5 ) , (S4 S6 )]

I4
⇀

[S3 , S4 ] [(S1 S3 ) , S4 ] I1
⇀

[S1 , S6 ] [S1 , (S4 S6 )]
I0
⇀

[S1 , S4 ] [S5 , S4 ] I0
⇀

[S1 , S4 ] [S1 , S2 ]

Sector 5

(
2π

3
− ϕ,

5π

6

)

I3
⇀

[S3 , S2 ] [(S1 S3 ) , S6 ] Sector 11

(
5π

3
− ϕ,

11π

6

)

I6
⇀

[S5 , S6 ] [S3 , (S4 S6 )]

I4
⇀

[S3 , S4 ] [(S1 S3 ) , (S4 S2 )] I1
⇀

[S1 , S6 ] [(S1 S5 ) , (S4 S6 )]
I0
⇀

[S5 , S2 ] [S5 , S6 ] I0
⇀

[S5 , S2 ] [S3 , S2 ]

Sector 6

(
5π

6
, π − ϕ

)

I4
⇀

[S3 , S4 ] [(S1 S3 ) , (S4 S2 )] Sector 12

(
11π

6
, 2π − ϕ

)

I1
⇀

[S1 , S6 ] [(S1 S5 ) , (S4 S6 )]

I5
⇀

[S5 , S4 ] [S5 , (S4 S2 )] I2
⇀

[S1 , S2 ] [(S1 S5 ) , S2 ]
I0
⇀

[S5 , S2 ] [S5 , S6 ] I0
⇀

[S5 , S2 ] [S3 , S2 ]

According to the input voltage and the input current, each
line period is divided into 12 sectors for CSR as in Fig. 4. On
the space vector plane in Fig. 5, the input current space vec-

tor i∗abc
⇀

=
√

2
3

(
ia1 + ib1e

j 2 π
3 + ic1e

j −2 π
3

)
=

√
3
2 Im ejωt can

be synthesized by six active space vectors I1
⇀

, I2
⇀

, . . . , I6
⇀

and
a zero vector I0

⇀
. The switches connected with phases x and

y are conducting the dc-link current in a space vector, this is
denoted by [x, y] , x, y = a, b, c, x �= y. Considering both the
switching loss and the modulation index range, i∗abc

⇀
is usually

realized by two consecutive active vectors and the zero vector
in each sector [18]–[24]. In the following analysis, Sector 12
(11π/6 ≤ ωt < 2π − ϕ, Va > Vc ≥ Vb ) will be selected as an
example to demonstrate the operation principle of the DCSR.

A. Conduction States

In Fig. 6, the equivalent circuit of the DCSR in Sector 12 is
drawn with a solid line when Va > Vc ≥ Vb . According to the
relationship of the input ac voltages, the diode bridge in each
leg will clamp the higher phase voltage to the common cathode
of two upper diodes, while clamping the lower phase voltage to
the common anode of two lower diodes. For example, the diode
D1b is blocked and D1a is conducting, since Va > Vb . Similarly,
D4a is OFF and D4b is ON in this sector.

The conduction state in the DCSR for each space vector
is different from that in the traditional CSR, as compared in
Table I. For the traditional CSR, the on state of the switches
Sx and Sy in the conduction state is indicated by [Sx, Sy ] , x =
1, 3, 5, y = 2, 4, 6. In the DCSR, the conduction states usually

Fig. 7. Conduction state [(S1 S5 ), (S4 S6 )] in the DCSR.

involve three or four switches. [(SxSy ) , (SuSv )] , x, y =
1, 3, 5, u, v = 2, 4, 6 indicates the on state of the switches Sx ,
Sy , Su , and Sv in the DCSR.

In Sector 12, the reference current vector i∗abc
⇀

is synthesized
with I1

⇀
, I2
⇀

and I0
⇀

, as shown in Table I. The current path
is shown with solid lines in Fig. 7 for the conduction state
[(S1S5) , (S4S6)] of the space vector I1

⇀
. In this state, both S1

and S5 are turned ON to share the current in phase a, and both
S4 and S6 are turned ON to share the current in phase b. In
the traditional CSR, the conduction state [S1 , S6 ] of the space
vector I1

⇀
has only S1 and S6 ON, as shown in Fig. 8.

In the DCSR, the conduction state for each space vector will
change in different sectors depending on the input voltages. In
Sector 1 (−ϕ ≤ ωt < π/6, Va > Vb ≥ Vc ), the equivalent cir-
cuit is shown in Fig. 9, which is different from that in Sector 12.
Accordingly, the conduction states of I1

⇀
, I2
⇀

, and I0
⇀

in Sector 1
are different from those in Sector 12, as shown in Table I.
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Fig. 8. Conduction state [S1 , S6 ] in the traditional CSR.

Fig. 9. Equivalent circuit of the DCSR in Sector 1.

B. Modulation Schemes

The “3-switch” and “4-switch” space vector modulation
schemes, which contain three and four commutations in a
switching period, respectively, are most widely used in tradi-
tional CSRs, because they achieve a good compromise between
the switching loss and the harmonic current level [22]. “Mod-
ified full-wave symmetrical modulation (MFSM)” was intro-
duced in [19]. The space vectors in MFSM are arranged to
make the switching voltage the lowest, such that the switching
loss is at the minimum [1], [2], [19]–[21]. The gate signals of
six switches in the traditional CSR are shown in Fig. 10 for
MFSM in Sector 12. The modulation scheme can be character-
ized through its output voltage vpn and input currents ia , ib , and
ic in Fig. 10.

The modulation scheme in the traditional CSR can be simply
transformed and applied in the DCSR by substituting the tradi-
tional conduction state of each space vector with the new one.
The modulation scheme of the DCSR for minimum conduc-
tion loss is demonstrated in Fig. 11. To reduce the conduction
loss of the converter, it is desirable to use as many devices as
possible to share the dc-link current. So the conduction state
[(S1S5) , (S4S6)] is selected for the space vector I1

⇀
instead of

[S1 , S6 ], and [(S1S5) , S2 ] is chosen for I2
⇀

to replace [S1 , S2 ].
The switching loss will remain unchanged if the switching en-
ergy is assumed to be proportional to the product of the operating
voltage and current. At the moment t1 , S1 and S5 are turned
OFF simultaneously. Since they each carry only half the dc-link
current, the total switching energy in the DCSR is comparable
to the one in the traditional CSR. In the following sections, the
modulation scheme in Fig. 11 is employed in the analysis and
experiment.

Fig. 10. Modulation scheme MFSM of the traditional CSR in Sector 12.

Fig. 11. Modulation scheme of the DCSR in Sector 12 for the minimum
conduction loss.

III. COMPONENT STRESS AND LOSS ANALYSIS

In this section, the voltage and current stresses of semicon-
ductor devices and passive components in the DCSR will be
analyzed. Based on the analysis, the device loss can be calcu-
lated and the passive components can be designed. To simplify
the analysis, several assumptions are specified as follows:

1) the input voltage on the input capacitor Cs is assumed to
be purely sinusoidal, as defined in (1);

2) the fundamental-frequency component of the input cur-
rent of the DCSR has a phase difference ϕ from the Cs

voltage, as defined in (1);
3) the load current is constant dc current Idc and the load

voltage is constant dc voltage Vdc ;
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4) the switching frequency fs is assumed to be much higher
than the ac line frequency f ;

5) the switching energy has a linear relationship with respect
to the product of the operating voltage vs and current is .
The turn-on energy is Eon = kon |vsis |, where kon is the
turn-on energy coefficient. The turn-off energy is Eoff =
koff |vsis |, where koff is the turn-off energy coefficient.

A. Stress on Semiconductor Devices

1) Active Switches: Take S1 as an example. The maximum
voltage stress VS1 ,max,DCSR on the switches in the DCSR is
1.5 times of the maximum line-to-neutral ac voltage Vm, , which
is given as

VS1 ,max,DCSR =
3
2
Vm . (2)

The modulation index is defined as

M =
Im

Idc
=

2Vdc

3Vm cosϕ
. (3)

The average and rms currents of the switch S1 are given by

IS1 ,avg ,DCSR =
IdcM

π

IS1 ,rms,DCSR = Idc

√

M
(
4 −

√
3 cos ϕ

)

4π
. (4)

Utilizing the derived rms and average currents, the conduc-
tion loss of S1 can be calculated by (5), where VS1 ,on and
RS1 ,on are the forward voltage bias and the on-resistance of S1 ,
respectively

PS1 ,conduction,DCSR = IS1 ,avg ,DCSRVS1 ,on

+ I2
S1 ,rms,DCSRRS1 ,on . (5)

The switching loss of S1 in the DCSR is given by (6), which
is the same as the one in the traditional CSR [21]

PS1 ,switching ,DCSR =
√

3Vm fsIdc (kon + koff )
2π

. (6)

2) Branch Diodes: Take D1a and D1b as an example. The
maximum voltage stress on the branch diodes is the peak line-
to-line ac voltage

√
3Vm . The average and rms currents of the

branch diodes D1a and D1b are given by

ID1 a ,avg ,DCSR =
IdcM (2 − sinϕ)

4π

ID1 a ,rms,DCSR = Idc

√

M
(
4 −

√
3cosϕ − 2sinϕ

)

8π

ID1 b ,avg ,DCSR =
IdcM (2 + sinϕ)

4π

ID1 b ,rms,DCSR = Idc

√

M
(
4 −

√
3cosϕ + 2sinϕ

)

8π
. (7)

Utilizing the derived rms and average currents, the conduction
loss of D1a and D1b are given by (8), where VD,on and RD,on

Fig. 12. kD ,rm s and kD ,svg under different ϕ.

Fig. 13. Conduction time of the branch diodes D1a and D1b , when (a) ϕ > 0
and (b) ϕ < 0.

are the forward voltage bias and the on-resistance of the branch
diodes, respectively

PD1 a ,conduction,DCSR = ID1 a ,avg ,DCSRVD,on

+ I2
D1 a ,rms,DCSRRD,on

PD1 b ,conduction,DCSR = ID1 b ,avg ,DCSRVD,on

+ I2
D1 b ,rms,DCSRRD,on . (8)

As shown in (7), the current stresses are different on D1a

and D1b and are closely related with the phase angle ϕ. To
demonstrate the difference of the current stresses on D1a and
D1b , two parameters kD,rms and kD,avg are defined in (9). The
difference between the current stresses of D1a and D1b becomes
larger as ϕ deviates from zero, as shown in Fig. 12

kD,rms =
I2
D1 a ,rms,DCSR

I2
D1 b ,rms,DCSR

kD,avg =
ID1 a , avg ,DCSR

ID1 b , avg ,DCSR
. (9)

The range of the 12 sectors in the space vector plane will
change with ϕ, impacting the conduction time of each branch
diode. As shown in Fig. 13(a) when ϕ > 0, D1a has smaller
current stress than D1b due to less conduction time. Otherwise,
D1b has smaller current stress, as shown in Fig. 13(b) when
ϕ < 0.

3) Freewheeling Diode: The maximum voltage stress on the
Df is the peak line-to-line ac voltage

√
3Vm . The average and
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rms currents of Df are given by

IDf ,avg ,DCSR = Idc −
3IdcM

π

IDf ,rms,DCSR = Idc

√

1 − 3M

π
. (10)

Utilizing the derived rms and average currents, the conduc-
tion loss of Df is given by (11), where VDf ,on and RDf ,on
are the forward voltage bias and the on-resistance of the Df,
respectively

PDf ,conduction,DCSR = IDf ,avg ,DCSRVDf ,on

+ I2
Df ,rms,DCSRRDf ,on . (11)

B. Stress on Passive Components

1) Dc-Link Inductor Ldc: The dc-link inductance is usually
selected to limit the dc-link current ripple within 15% to 20%
of the load current at full load [25]. When ϕ is close to 0, the
peak value of the dc-link current ripple can be calculated by

ΔiLd c ,peak,DCSR =
Vdc

2Ldcfs

(

1 −
√

3Vdc

3Vm

)

< 7.5% · Idc .

(12)

The rms current of the dc-link current can be derived by (13),
shown at the bottom of the page.

2) Output Capacitor Cdc: The maximum voltage stress of
Cdc is the dc output voltage. When ϕ is close to 0, the rms
current of the output capacitor can be approximated by

iCd c ,rms,DCSR =
1.11 × 10−2Vdc

Ldcfs

×
√(

180π + 45
√

3
)

M 2 −
(
352 + 600

√
3
)

M + 240π.

(14)

3) Input Capacitor CS : The maximum voltage stress of CS

is the peak ac line-to-neutral voltage Vm . The rms current of CS

is given by

iCs ,rms,DCSR =

√

4I2
dcVdc

3πVm cosϕ
− I2

m

2
. (15)

4) Input Inductor LS : When ϕ is close to 0, the rms value
of the ripple current in the input inductor LS is given by (16),
shown at the bottom of the page.

TABLE II
SPECIFICATION OF THE DCSR

Input voltage 480 Va c , 60 Hz
Input inductor LS 110 μH
Input capacitor CS 6.8 μF
Output voltage Vd c 400 Vd c

Output capacitor Cd c 150 μF
Switching frequency fS 28 kHz
DC-link inductor Ld c 1.9 mH

TABLE III
COMPONENT STRESS COMPARISON

Component stress Analysis Simulation Deviation (%)

IS 1 , av g , D C S R 4.09 A 4.13 A 0.97
IS 1 , rm s , D C S R 6.61 A 6.71 A 1.49
ID 1 a , av g , D C S R 1.97 A 1.98 A 0.51
ID 1 a , rm s , D C S R 4.51 A 4.61 A 2.17
ID 1 b , av g , D C S R 2.13 A 2.15 A 0.93
ID 1 b , rm s , D C S R 4.83 A 4.93 A 2.03
ID f , av g , D C S R 6.47 A 6.38 A 1.41

ID f , rm s , D C S R 11.02 A 10.95 A 0.64

Δ iL d c , p e a k , D C S R 1.54 A 1.54 A 0.00
iL d c , rm s , D C S R 18.77 A 18.77 A 0.00
iC d c , rm s , D C S R 0.85 A 0.81 A 4.94
iC s , rm s , D C S R 8.45 A 8.68 A 2.65
Δ iL s , rm s , D C S R 0.28A 0.28 A 0.00

For the input filter design, the total harmonic distortion (THD)
is limited to less than 5%, which is given by

ΔiLs ,rms,DCSR < 5%
Im√

2
. (17)

With the converter parameters in Table II, the stresses of
the semiconductor devices and passive components have been
calculated based on the derived equations under 7.5-kW output
power. The analytical results agree well with the simulation ones
in Table III.

IV. COMPARISON WITH THE TRADITIONAL CSR

A. Comparison of the Current Stress

The analytical expressions of the current stress of the device
have been derived in Section III for the DCSR. In the previous
research works, the design procedure has been well demon-
strated for the traditional CSR [1], [2]. The current stresses
are listed in Table IV for the traditional CSR. Compared with
the traditional CSR, the DCSR can reduce the rms current on

iLd c ,rms,DCSR =

√
(

1.11 × 10−2Vdc

Ldcfs

)2 ((
180π + 45

√
3
)

M 2 −
(
352 + 600

√
3
)

M + 240π
)

+ I2
dc . (13)

ΔiLs ,rms,DCSR =
MIdc

f 2
s LsCs

√
√
√
√ 1

36864

(

25.6 −
(

96 +
24
√

3
π

)

M 2 +
398.76

π
M 3 −

(

34 +
13.5

√
3

π

)

M 4

)

(16)
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TABLE IV
CURRENT STRESS IN THE TRADITIONAL CSR

Component Current stress

Switch S1 IS 1 , av g , C S R =
Id c M

π
, IS 1 , rm s , C S R = Id c

√
M

π

Branch diode D1 ID 1 , av g , C S R =
Id c M

π
, ID 1 , rm s , C S R = Id c

√
M

π

Freewheeling diode Df

ID f , av g , C S R = Id c − 3Id c M

π

ID f , rm s , C S R = Id c

√

1 − 3M

π

Fig. 14. kS 1 ,rm s ,DCR versus CSR under different ϕ.

the switches significantly. To compare the rms currents of S1
in two topologies, the parameter kS1 ,rms,DCSRversusCSR is de-
fined in (18), where IS1 ,rms,DCSR and IS1 ,rms,CSR are the rms
currents of S1 in the DCSR and the traditional CSR, respectively

kS1 ,rms,DCSR versus CSR =
IS1 ,rms,DCSR2

IS1 ,rms,CSR2
. (18)

The parameter kS1 ,rms,DCSRversusCSR is related with the
phase angle ϕ, as shown in Fig. 14. It has minimum value
when ϕ = 0. The rms current of the switch can be reduced by
25% in the DCSR when ϕ = 0.

To compare the rms currents of the branch diode in two
topologies, the parameter kD,rms,DCSRversusCSR is defined in
(19), where ID1 a ,rms,DCSR and ID1 b ,rms,DCSR are the rms
currents of D1a and D1b , respectively, in the DCSR, and
ID1 ,rms,CSR is the rms current of D1 in the traditional CSR.
The factor 0.5 in (19) indicates that the branch diode D1 in the
traditional CSR has half on-resistance of the branch diode D1a

in the DCSR, assuming the total chip area of the branch diodes
is the same in both topologies and the on-resistance of the diode
is inversely proportional to its chip area

kD,rms,DCSRversusCSR =
I2
D1 a ,rms,DCSR + I2

D1 b ,rms,DCSR

I2
D1 ,rms,CSR × 0.5

.

(19)

The parameter kD,rms,DCSRversusCSR is also related with the
phase angle ϕ, as shown in Fig. 15. kD,rms,DCSRversusCSR > 1,
indicating that the rms current of the branch diode will increase
in the DCSR. The rms current is increased by 6% on the branch
diodes in the DCSR when ϕ = 0, which is much lower compared
with the current stress reduction on S1 .

Fig. 15. kD ,rm s ,DCSR versus CSR under different ϕ.

TABLE V
CONDITIONS FOR CONDUCTION LOSS COMPARISON

Topology DCSR Traditional CSR

Output power 0–100 kW
Input voltage 480 Vac, 60 Hz
Modulation index 0.5–1
Phase angle ϕ −π /6 − π /6

B. Comparison of the Conduction Loss

Based on the above analysis, the conduction loss of the semi-
conductor devices can be calculated under different operating
conditions in Table V. The 1200-V SiC Schottky diode from
CREE is selected as the branch diode or the Df [26]. The
switches are realized with either 1200-V SiC MOSFET from
CREE or 1200-V Si Trench and Fieldstop IGBT from Infineon
[26], [27]. The two topologies are compared assuming the same
semiconductor chip area.

To generalize the comparison to different power levels, the
chip area is assumed to be proportional to the current rating of the
device [28]. Based on the datasheets provided by the semicon-
ductor manufacturers, this relationship is fitted by (20), where
ASiIGBT ,1200 V is the chip area of Si IGBT, ASiCMOSFET ,1200 V
is the chip area of SiC MOSFET, ASiCdiode,1200 V is the chip
area of SiC Schottky diode, and IN is the device current rating

ASiIGBT ,1200 V = (0.95IN + 3.2) mm2

ASiCMOSFET ,1200 V = (0.52IN ) mm2

ASiCdiode,1200 V = (0.45IN + 0.59) mm2 . (20)

In the calculation, the forward voltage bias of the Si IGBT
and SiC Schottky diode is assumed to be constant under differ-
ent current ratings. The on-resistance of the device is inversely
proportional to its chip area. The forward voltage drop Von of
the device can be given by (21), where Vo is the forward voltage
bias, i is the device current, Ro is the on-resistance when the chip
area is A, and Ro,N is the on-resistance when the chip area is AN

Von = Vo + i · Ro

Ro =
Ro,N · AN

A
. (21)

Given the output power level, the current rating, the die area,
and the on-resistance of the device can be determined sub-
sequently. Then, the conduction loss can be calculated under
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Fig. 16. Comparison of the conduction loss in two topologies using Si IGBT,
when (a) ϕ = 0 or (b) M = 1.

Fig. 17. Comparison of the conduction loss in two topologies using SiC
MOSFET, when (a) ϕ = 0 or (b) M = 1.

different output power levels, modulation indices, and phase
angles ϕ. As shown in Fig. 16, the DCSR has 10% to 15%
less conduction loss than the traditional CSR when Si IGBT is
applied as the switch. If SiC MOSFET is applied as the switch,
the savings on the conduction loss in the DCSR can reach 15%
to 20% in Fig. 17.

V. EXPERIMENTAL VERIFICATION

As shown in Fig. 18, an 8-kW prototype of the DCSR has
been built with the specification in Table II. The size of the
prototype is 9.1 in (L) × 6.9 in (W) × 5.0 in (H). The semicon-
ductor devices and passive components used in the prototype
are listed in Table VI. In the prototype, the 1200-V, 20-A SiC
MOSFETs and 1200-V, 18-A SiC Schottky diodes are applied as

Fig. 18. 8-kW prototype of the DCSR.

TABLE VI
DEVICE AND PASSIVE COMPONENTS IN PROTOTYPE

Component Description

Switches SiC MOSFET, 1200 V/20 A, C2M0080120D, CREE
Branch and Dfs SiC Schottky diode, 1200 V/18 A, C4D10120D, CREE
Input inductor 110 μH, Ferrite R, EE core, 0R45724EC, Magnetics 13 turns of

AWG#12 wire
Input capacitor 6.8 μF/330 Va c , film, B32916A3685, EPCOS
Dc-link inductor 1.9 mH, Nanocrystalline, C core, MK Magnetics 42 turns of copper

foil (cross section area = 12.9 mm2)
Output capacitor 3 × 50 μF/450 Vd c , film, B32776G4506, EPCOS

Fig. 19. Experimental waveforms of the DCSR under 8-kW output power
(vas 100 V/div, ias 5 A/div, idc 5 A/div, vg s1 25 V/div, time 4 ms/div).

the switches and diodes, respectively [26]. Moreover, the proto-
type can be easily configured as a traditional CSR by paralleling
the two branch diodes in the DCSR. In this way, the performance
of both topologies can be measured and compared.

A. Experimental Results Under Different
Operating Conditions

The experimental waveforms of the DCSR under 8-kW output
power are shown in Fig. 19. The input current ias has almost
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Fig. 20. Input current THD and power factor of the DCSR.

Fig. 21. Calculated loss breakdown of the DCSR and the traditional CSR.

Fig. 22. Calculated and measured efficiency of the two topologies.

sinusoidal waveform and is in phase with the input voltage vas .
The dc-link current idc is controlled to be almost constant. The
gate signal of the switch S1 is shown as vgs1 in Fig. 19 as well.

The input current THD and the power factor are shown in
Fig. 20 under different output power levels. The DCSR can
achieve unity power factor and low input harmonics in most of
the power range.

The semiconductor device loss of the DCSR and the tra-
ditional CSR can be calculated based on the analysis in the
previous sections. The loss of passive components can be calcu-
lated according to the design method in [2]. The loss breakdown
of the two topologies is shown in Fig. 21 under 8-kW output
power. The DCSR can save significant conduction loss on SiC
MOSFETs while keeping other parts of loss comparable to the
traditional CSR.

The efficiencies of both topologies are measured with
YOKOGAWA power analyzer PZ4000 and compared under dif-
ferent output power levels in Fig. 22. The DCSR has higher
efficiency over the traditional CSR, which is more obvious un-

Fig. 23. Experimental waveforms under 400 Vac (vas 100 V/div, ias 5 A/div,
idc 5 A/div, vg s1 25 V/div, time 10 ms/div).

Fig. 24. Efficiency comparison under different input voltages.

der large output power. The total loss is reduced by 13% under
8 kW with the DCSR. The peak efficiency of the DCSR is
98.3% under 4 kW. The error between the calculated efficiency
and the measured one may come from the linear model of the
switching energy and the inaccurate estimation of the junction
temperature.

The prototype is also tested under 400 Vac input voltage, as
shown in Fig. 23. When the input voltage is 400 Vac , the con-
duction loss will increase, but the switching loss will decrease.
The measured efficiency curves are compared in Fig. 24, where
the DCSR has higher efficiency than the traditional CSR under
either 400 or 480 Vac . To compensate the reactive power in the
input filter, the input current and input voltage of the rectifier
have a phase angle difference ϕ, which varies with the output
power and input voltage, as shown in Fig. 25.

Furthermore, the prototype is tested under 46-kHz switching
frequency, as shown in Fig. 26. The efficiency curves of the two
topologies are measured and compared in Fig. 27, where the
DCSR has a higher efficiency than the traditional CSR under
either 28- or 46-kHz switching frequency.

B. Device Current Sharing

To maximize the benefit of the DCSR, the dc-link current
should be shared equally between two legs. The current sharing
depends on the characteristics of the semiconductor devices, as
well as on the layout of the commutation circuit [29]–[34].
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Fig. 25. Input phase angle ϕ as function of output power.

Fig. 26. Experimental waveforms with 46-kHz switching frequency
(vas 100 V/div, ias 5 A/div, idc 5 A/div, vg s1 25 V/div, time 10 ms/div).

Fig. 27. Efficiency comparison for different switching frequencies.

In previous research works, some work has been done to
balance the current in paralleled devices (IGBTs and MOSFETs)
in a single switch [32]–[34]. The problem is not totally the same
in the DCSR, where two legs are in parallel to share the current.
Moreover, the location of the paralleled legs depends on the
input voltages and the modulation scheme.

For the DCSR design, first the device characteristics were
measured with 371B curve tracer [35]. Then, the devices with
similar characteristics were selected and applied in the proto-
type. Three legs in the DCSR were placed close to each other in
the PCB layout to reduce the parasitic inductance in the com-
mutation loop. The decoupling capacitors were then distributed
on three ac buses. The advanced power module package can be
implemented to further reduce the parasitic inductance in the
DCSR [36]. Some active control methods invented previously

can also be applied in the DCSR to control the gate drive sig-
nals of the switches to balance the transient and static currents
[32]–[34].

VI. CONCLUSION

In this paper, a new three-phase CSR topology, DCSR, has
been proposed. It has a delta connection on its input side, and
the dc-link current can be shared by more switches to reduce up
to 20% conduction loss. The conduction states and modulation
schemes have been discussed, and the analytical equations of
the current stress have been derived for the design of the DCSR.
Compared with the traditional CSR, the DCSR has lower device
current stress on the active devices. To validate the performance
of the proposed topology, an 8-kW prototype has been built and
tested. It has been shown experimentally that DCSR has higher
efficiency over the traditional CSR under various operating con-
ditions.

ACKNOWLEDGMENT

The authors would like to thank ABB for its support on this
research work.

REFERENCES

[1] A. Stupar, T. Friedli, J. Minibock, and J. W. Kolar, “Towards a 99%
efficient three-phase buck-type PFC rectifier for 400-V DC distribution
systems,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1732–1744,
Apr. 2012.

[2] F. Xu, B. Guo, L. M. Tolbert, F. Wang, and B. J. Blalock, “An all-SiC
three-phase buck rectifier for high efficiency data center power supplies,”
IEEE Trans. Ind. Appl., vol. 49, no. 6, pp. 2662–2673, Nov./Dec. 2013.

[3] T. B. Soeiro, T. Friedli, and J. W. Kolar, “Design and implementation of a
three-phase buck-type third harmonic current injection PFC rectifier SR,”
IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1608–1621, Apr. 2013.

[4] A. Siebert, A. Troedson, and S. Ebner, “AC to DC power conversion now
and in the future,” IEEE Trans. Ind. Appl., vol. 38, no. 4, pp. 934–940,
Jul./Aug. 2002.

[5] S. A. Richter, P. Gaertner, D. Hirschmann, and R. W. De Doncker, “De-
sign of a PWM current source rectifier for high power induction melting
applications,” in Proc. 13th Eur. Conf. Power Electron. Appl., Sept. 2009,
pp. 1–9.

[6] Bin Wu, High-Power Converters and AC Drives. Hoboken, NJ, USA:
Wiley, 2006.

[7] R. Cuzner, D. Drews, W. Kranz, A. Bendre, and G. Venkataramanan,
“Power-dense shipboard-compatible low-horsepower variable-frequency
drives,” IEEE Trans. Ind. Appl., vol. 48, no. 6, pp. 2121–2128, Nov./Dec.
2012.

[8] A. Lindemann, “Characteristics and applications of a new reverse blocking
IGBT,” IXYS Corp., Milpitas, CA, USA Appl. Note, 2002.

[9] T. Naito, M. Takei, M. Nemoto, T. Hayashi, and K. Ueno, “1200V reverse
blocking IGBT with low loss for matrix converter,” in Proc. Int. Symp.
Power Semicond. Dev. ICs, May 2004, pp. 125–128.

[10] T. Friedli, M. L. Heldwein, F. Giezendanner, and J. W. Kolar, “A high
efficiency indirect matrix converter utilizing RB-IGBTs,” in Proc. IEEE
Power Electron. Spec. Conf., Jun. 2006, pp. 1–7.

[11] B. Guo, F. Wang, and R. Burgos, “Modulation scheme analysis for high
efficiency three-phase buck rectifier considering different device com-
binations,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2012,
pp. 26–33.

[12] Y. Suh and P. K. Steimer, “Application of IGCT in high-power rectifiers,”
IEEE Trans. Ind. Appl., vol. 45, no. 5, pp. 1628–1636, Sep./Oct. 2009.

[13] T. Friedli, S. D. Round, D. Hassler, and J. W. Kolar, “Design and perfor-
mance of a 200-kHz all-SiC JFET current dc-link back-to-back converter,”
IEEE Trans. Ind. Appl., vol. 45, no. 5, pp. 1868–1878, Sep./Oct. 2009.

[14] C. J. Cass, R. Burgos, F. Wang, and D. Boroyevich, “Three-phase ac buck
rectifier using normally-on SiC JFETs at 150 kHz switching frequency,”
in Proc. IEEE Power Electron. Spec. Conf., Jun. 2007, pp. 2162–2167.



1084 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

[15] Y. Suh, J. K. Steinke, and P. K. Steimer, “Efficiency comparison of
voltage-source and current-source drive systems for medium-voltage ap-
plications,” IEEE Trans. Ind. Electron., vol. 54, no. 5, pp. 2521–2531, Oct.
2007.

[16] R. Lai, F. Wang, R. Burgos, Y. Pei, D. Boroyevich, B. Wang, T. A.
Lipo, V. D. Immanuel, and K. J. Karimi, “A systematic topology evalua-
tion methodology for high-density three-phase PWM AC-AC converters,”
IEEE Trans. Power Electron., vol. 23, no. 6, pp. 2665–2680, Nov. 2008.

[17] L. Malesani and P. Tenti, “Three-phase AC/DC PWM converter with
sinusoidal AC currents and minimum filter requirements,” IEEE Trans.
Ind. Appl., vol. IA-23, no. 1, pp. 71–77, Jan. 1987.

[18] T. Nussbaumer, M. Baumann, and J. W. Kolar, “Comprehensive design of
a three-phase three-switch buck-type PWM rectifier,” IEEE Trans. Power
Electron., vol. 22, no. 2, pp. 551–562, Mar. 2007.

[19] T. Halkosaari and H. Tuusa, “Optimal vector modulation of a PWM current
source converter according to minimal switching losses,” in Proc. IEEE
Power Electron. Spec. Conf., Jun. 2000, vol. 1, pp. 127–132.

[20] M. H. Bierhoff and F. W. Fuchs, “Loss minimized pulse width modulation
of IGBT current source converters,” in Proc. IEEE Ind. Electron. Annu.
Conf., Nov. 2006, pp. 1739–1744.

[21] M. Baumann, T. Nussbaumer, and J. W. Kolar, “Comparative evaluation
of modulation methods of a three-phase buck + boost PWM rectifier. Part
I: Theoretical analysis,” IET Power Electron., vol. 1, no. 2, pp. 255–267,
Jun. 2008.

[22] M. Bierhoff and F. W. Fuchs, “Analytical evaluation of the total harmonic
current in three phase voltage and current source converters,” in Proc. Eur.
Conf. Power Electron. Appl., Sep. 2005, pp. 1–10.

[23] M. Salo and H. Tuusa, “A vector controlled current-source PWM rectifier
with a novel current damping method,” IEEE Trans. Power Electron.,
vol. 15, no. 3, pp. 464–470, May 2000.

[24] J. W. Kolar and T. Friedli, “The essence of three-phase PFC recti-
fier systems—Part I,” IEEE Trans. Power Electron., vol. 28, no. 1,
pp. 176–198, Jan. 2013.

[25] F. W. Fuchs and A. Kloenne, “DC link and dynamic performance features
of PWM IGBT current source converter induction machine drives with re-
spect to industrial requirements,” in Proc. 4th Int. Power Electron. Motion
Control Conf., Aug. 2004, vol. 3, pp. 1393–1398.

[26] Datasheet of SiC devices from CREE. (2013). [Online]. Available:
http://www.cree.com/power/products

[27] Datasheet of Si IGBT from Infineon. (2010). [Online]. Available:
http://www.infineon.com/cms/en/product/igbts

[28] M. Schweizer, I. Lizama, T. Friedli, and J. W. Kolar, “Comparison of the
chip area usage of 2-level and 3-level voltage source converter topolo-
gies,” in Proc. IEEE 36th Annu. Conf. Ind. Electron. Soc., Nov. 2010,
pp. 391–396.

[29] D. Sadik, J. Colmenares, D. Peftitsis, J. Lim, J. Rabkowski, and H. Nee,
“Experimental investigations of static and transient current sharing of
parallel-connected silicon carbide MOSFETs,” in Proc. Eur. Conf. Power
Electron. Appl., Sep. 2013, pp. 1–10.

[30] M. Chinthavali, P. Ning, Y. Cui, and L. M. Tolbert, “Investigation on the
parallel operation of discrete SiC BJTs and JFETs,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2011, pp. 1076–1083.

[31] K. Kodani, T. Matsumoto, S. Saito, K. Takao, T. Mogi, T. Yatsuo, and
K. Arai, “Evaluation of parallel and series connection of silicon carbide
Schottky barrier diode (SiC-SBD),” in Proc. IEEE Power Electron. Spec.
Conf., Jun. 2004, vol. 4, pp. 2971–2976.

[32] H. Miyazaki, H. Fukumoto, S. Sugiyama, M. Tachikawa, and N. Azusawa,
“Neutral-point-clamped inverter with parallel driving of IGBTs for indus-
trial applications,” IEEE Trans. Ind. Appl., vol. 36, no. 1, pp. 146–151,
Jan./Feb. 2000.

[33] D. Bortis, J. Biela, and J. W. Kolar, “Active gate control for current
balancing of parallel-connected IGBT modules in solid-state modulators,”
IEEE Trans. Plasma Sci., vol. 36, no. 5, pp. 2632–2637, Oct. 2008.

[34] Y. Xue, J. Lu, Z. Wang, L. M. Tolbert, B. J. Blalock, and F. Wang, “Active
current balancing for parallel-connected silicon carbide MOSFETs,” in
Proc. IEEE Energy Convers. Congr. Expo., Sep. 2013, pp. 1563–1569.

[35] Datasheet of 371B curve tracer from Tektronix. (2006). [Online]. Avail-
able: http://www.tek.com/datasheet/370b-371b-curve-tracers

[36] B. Guo, F. Wang, E. Aeloiza, P. Ning, and Z. Liang “All-SiC power
module for delta-type current source rectifier,” in Proc. IEEE Energy
Convers. Congr. Expo., Sep. 2014, pp. 4388–4394.

Ben Guo (S’10) received the B.S. degree in biomedi-
cal engineering from Zhejiang University, Hangzhou,
China, in 2007, and the M.S. degree in electrical engi-
neering from Tsinghua University, Beijing, China, in
2010. He received the Ph.D. degree in electrical engi-
neering from the Center for Ultra-wide-area Resilient
Electric Energy Transmission Networks, The Univer-
sity of Tennessee, Knoxville, TN, USA, in 2014.

Since 2014, he has been working as a Senior
Power Electronics Engineer in United Technologies
Research Center, East Hartford, CT, USA. His re-

search interests include high-density, high-efficiency converters, EMI filter de-
sign, and device modeling and application.

Fei (Fred) Wang (S’85–M’91–SM’99–F’10) re-
ceived the Ph.D. degree in electrical engineering from
the University of Southern California (USC), Los An-
geles, CA, USA.

He was a Research Scientist in the USC Electric
Power Lab from 1990 to 1992. He joined the GE
Power Systems Engineering Department, Schenec-
tady, NY, USA, as an Application Engineer in 1992.
From 1994 to 2000, he was a Senior Design Engi-
neer with GE Industrial Systems, Salem, VA, USA.
From 2000 to 2001, he was the Manager of Electri-

cal Systems Technologies Lab, GE Global Research Center, Niskayuna, NY,
and Shanghai, China. From 2001 to 2009, he was an Associate Professor at
the Center for Power Electronics Systems, Virginia Tech. Since 2009, he has
been with The University of Tennessee, Knoxville (UTK), TN, USA and Oak
Ridge National Laboratory as a Professor and Condra Chair of Excellence in
Power Electronics. He is a founding member and the Technical Director of the
NSF/DOE Engineering Research Center CURENT at UTK.

Eddy Aeloiza (S’02–M’10) received the M.S.E.E.
and a Graduate degree in electrical engineering from
the University of Concepción, Chile, in 1997 and
2002, respectively. During his graduation, he also
received the Chilean Engineers Association Distinc-
tion. He received the Ph.D. degree in electrical en-
gineering from Texas A&M University, TX, USA in
2012.

From 1999 to 2001, he was an Electrical Supervi-
sor in one of the world’s largest copper mines, Doña
Inés de Collahuasi, located in the north of Chile. From

2001 to 2003 he was an Engineering Research Associate at the Power Electron-
ics and Power Quality Laboratory at Texas A&M University, TX, USA.

In 2002, Dr. Aeloiza received the First Prize Paper Award from the Industrial
Power Converter Committee in the annual meeting of the IEEE Industrial Ap-
plications Society. He also received an Honorable mention in Fuel Cell Seminar
in 2004. From 2006 to 2010, he was a senior Applications Engineer, in the Low
voltage adjustable speed drive department, Toshiba International Corporation,
Houston, Texas, USA. His research interests include power electronics, grid
interfaced power converters, and motor drives. He is currently a Sr. Scientist
in power electronics at the ABB Corporate Research Center, Raleigh, North
Carolina, USA.



<<
  /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


