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Abstract—The hybrid topology with a modular multilevel con-
verter and diode rectifiers connected in series (DR-MMC) has
emerged as a promising solution for offshore wind power transmis-
sion. Accurate steady-state analysis is critical for the parameter de-
sign, device selection, and performance evaluation of the DR-MMC.
However, existing steady-state analysis methods for this topology
demonstrate considerable errors due to insufficient consideration
of the DR commutation process and the neglect of the intercoupling
between the DR and MMC. This article presents a more elaborate
description of the DR commutation process within the DR-MMC by
taking into account the dc current ripple, ac-side equivalent series
resistance, and the coupling from the MMC. Building upon this, a
novel steady-state model constituted by double loops is developed
for the DR-MMC. Specifically, the commutation process of the DR
and the power conservation of this hybrid topology together form
the outer loop, whereas the steady-state model of the individual
MMC serves as the inner loop. Experimental results from a scaled-
down prototype validate that the proposed steady-state model can
determine the electrical quantities of the DR-MMC accurately
across its entire operating range.

Index Terms—Commutation process, diode rectifier (DR),
modular multilevel converter (MMC), offshore wind power
transmission, steady-state analysis.

I. INTRODUCTION

DUE to the superiority of wind energy resources, offshore
wind farms are rapidly constructed toward the far-reaching

sea. The high voltage dc (HVdc) transmission system has been
recognized as a preferred solution for offshore wind power
transmitting due to its less power loss and reactive power in
comparison with the ac transmission system [1].

The HVdc transmission system based on the modular mul-
tilevel converter (MMC) has come to broad academic notice
due to its excellent modularity, high controllability, and superior
harmonic performance [2]. However, such a system exhibits
large volume, heavy weight, and high cost. To make up for these
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drawbacks, the HVdc system based on the diode rectifier (DR)
was proposed in [3]. Nevertheless, owing to the inherent uncon-
trollability of the DR, the black start [4], as well as harmonic
currents and reactive power issues [5], cannot be solved without
additional equipment in such an HVdc system. To combine the
strengths of the DR and the MMC, a hybrid topology based on a
parallel connection of them was presented in [6]. However, the
high voltage requirement of the MMC in this topology poses
challenges in realizing a small-capacity design and reducing the
overall cost. Consequently, authors in [7], [8], and [9] proposed
another hybrid topology, which is based on a series connection
of the DR and the MMC (DR-MMC), as shown in Fig. 1(a). In
practical operation, the point of common coupling (PCC) voltage
is established by the MMC through closed-loop control, whereas
the total dc-link voltage Udc0 is controlled by the inverter station.
Since the MMC only needs to transmit part of the wind farm
power and undertake a portion of the total dc-link voltage, the
topology shown in Fig. 1(a) can reduce the power and voltage
levels of the MMC to a large extent on the premise that the PCC
voltage is controllable. This hybrid topology is also the focus of
this article.

To design circuit parameters, select power devices, and eval-
uate operation performance for the DR-MMC, it is essential
to obtain its electrical quantities in the steady state. For the
steady-state models of the individual MMC, a great deal of
work has been done in existing literature. Wang et al. [10]
and Liu et al. [11] calculated electrical quantities by multiply-
ing the switching function in the time domain. The dynamic
phasor (DP) model, incorporating zero sequences, fundamental
frequency DQ, and double fundamental frequency DQ2 frames,
was explored in [12] and [13]. Utilizing the harmonic state-space
modeling method, the harmonics present in the expression of
electrical quantities can be extended to any required frequency
[14], [15]. As for the steady-state models of the individual DR,
Das et al. [16] represented the ac-side current by combining two
sine waves with a trapezoidal wave. Additionally, the ac-side
current waveform was further detailed in the time domain in [17],
followed by the calculation of various frequency components
through fast Fourier transform (FFT). The authors in [18] and
[19] established a state-space averaging model that accounts for
the time-variant switching behavior of the DR. Furthermore,
Liu et al. [20] and Deriszadeh et al. [21] proposed a DP model
for the DR with the linearized switching function. Moreover,
Zhang et al. [22] utilized the actual sinusoidal one to avoid
the error caused by linearization approximation. Nevertheless,
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Fig. 1. Configuration of the DR-MMC. (a) Overall structure. (b) Circuit
configuration of the MMC. (c) Topology of the 12-pulse DR.

the research with regard to the steady-state models for the
whole DR-MMC is still in the preliminary stage. Li and Xu
[23] introduced an equivalent circuit of the DR-MMC, which
is a simple addition of the DR and MMC. More specifically,
the DR and MMC in this hybrid topology are considered to
be decoupled from each other. The electrical quantities of the
DR and MMC, therefore, are calculated separately by their
respective steady-state models.

Nevertheless, in conventional steady-state models, the overlap
angle of the DR is calculated using only the dc component
of the dc-side current [24], disregarding the effect of the dc
current ripple and ac-side equivalent series resistance (ESR) on
the commutation process. This omission results in considerable
errors in calculating electrical quantities of the DR within the
DR-MMC. Additionally, the MMC’s arm inductance can alter
the dc current ripple and further affect the calculation of the DR’s
electrical quantities. Moreover, the dc current ripple generated
by twelve-pulse DRs will introduce same-frequency compo-
nents into the MMC’s circulating current, further affecting its
electrical quantities. Such intercoupling between the DR and
MMC is also neglected by conventional DR-MMC models.
Therefore, a more elaborate DR commutation process as well as
the intercoupling between the DR and MMC should be consid-
ered for a more accurate steady-state analysis of the DR-MMC.
If so, however, the conventional models, which consider only
the dc component of the dc-side current in the calculation of
the overlap angle and treat the DR and MMC as independent
converters, become inapplicable.

In this article, a novel steady-state model based on an elaborate
description of the DR commutation process and constituted by
double loops is proposed for the DR-MMC. The novelty and
main contributions of this article can be summarized as follows.

1) An elaborate description of the DR commutation process
within the DR-MMC is established by taking into account
the effect of the dc current ripple, ac-side ESR, and the
coupling from the MMC, facilitating a more accurate
steady-state analysis of the entire DR-MMC.

2) A more accurate steady-state model constituted by double
loops is developed for the DR-MMC. Specifically, the
commutation process of the DR and the power conserva-
tion of this hybrid topology together form the outer loop,
whereas the steady-state model of the individual MMC
serves as the inner loop.

The rest of this article is organized as follows. Section II
briefly reviews the circuit configuration and conventional anal-
ysis methods of the DR-MMC. Then, in Section III, the elabo-
rate description of the DR commutation process is established,
whereafter the complete steady-state model of the DR-MMC
constituted by double loops is developed. Section IV presents
the experimental results to verify the effectiveness and accuracy
of the proposed steady-state model. Finally, Section V concludes
this article.

II. REVIEW OF THE CIRCUIT CONFIGURATION AND

CONVENTIONAL STEADY-STATE ANALYSIS OF THE DR-MMC

A. Circuit Configuration of the DR-MMC

The overall structure of the DR-MMC has been shown in
Fig. 1(a). It consists of two identical 12-pulse DRs (12P-DRs)
and one MMC. The ac-sides of the MMC and DRs are connected
in parallel via link transformers (T1, T2, T3), whereas their dc-
sides are connected in series. In addition, a set of passive power
filters is configured on the PCC to compensate for the harmonics
(mainly in the 11th and 13th orders [5]) as well as the reactive
power generated by 12P-DRs.
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Fig. 2. Conventional equivalent circuit of the DR-MMC.

Fig. 1(b) presents the circuit configuration of the MMC,
where each arm is made up of N half-bridge SMs and one arm
inductor in series. Therein, iMMC and is represent the currents
of the primary and secondary sides of the link transformer,
respectively, and Lm and Rm denote the arm inductance and
the arm resistance, respectively. Fig. 1(c) shows the topology of
the 12P-DR, which comprises two six-pulse DRs (6P-DRs) in
series. The ac-side currents of the two 6P-DRs are staggered by
30° through their link transformers, giving rise to 12 pulses per
period in the dc-side current waveform of the 12P-DR.

B. Conventional Steady-State Analysis of the DR-MMC

In the steady-state analysis of the DR-MMC, the dc-link
current idc, the ac-side current of the DR iDR, the ac-side current
of the MMC iMMC, the dc-side voltage of the MMC Udc,MMC, as
well as the internal electrical quantities of the MMC (including
the modulation signal, the SM capacitor voltage uc, and the arm
current iarm) need to be solved for according to the given active
power of the wind farm PWF, the PCC voltage uPCC, and the
dc-link voltage Udc0.

Fig. 2 shows an equivalent circuit of the DR-MMC based
HVdc transmission system [23], including the DRs, the MMC,
the dc cables, and the inverter station. The two 12P-DRs are
equated to a controlled voltage source in series with an equiv-
alent reactance [25], where nDR and XT_DR represent the turn
ratio and the leakage reactance of DR transformers, respectively,
and UPCC denotes the peak value of the phase voltage at the
PCC. Besides, Rdc is the resistance of the dc cables, and Idc
represents the dc-link current. Furthermore, the inverter station
can be represented with a dc voltage source since the dc-link
voltage of the HVdc transmission system is kept at constant
Udc0 by the closed-loop control of the inverter station.

As shown in Fig. 2, when neglecting the power losses of the
DR-MMC and the ripple of the dc-link current, the active power
of the wind farm PWF can be expressed as (1), which is used to
calculate Idc with known PWF and Udc0 as

PWF = (Udc0 + IdcRdc)Idc. (1)

In addition, the Kirchhoff’s voltage law (KVL) equation for
the circuit shown in Fig. 2 is given as follows, from which
Udc,MMC can be derived:

Udc,MMC +
12
√
3nDR

π
UPCC − 12

π
XT_DRIdc = Udc0 +RdcIdc.

(2)

When the effects of dc current ripple and ac-side ESR (in-
cluding the transformer winding resistance and the diode on-
resistance) are neglected, the overlap angle of the DR can be
calculated approximately as follows [17], [24]:

μ = arccos

(
1− 2XT_DRIdc√

3nDRUPCC

)
. (3)

Then, the amplitude and initial phase angle of iDR’s funda-
mental frequency component can be obtained through FFT [17]
as follows:⎧⎪⎪⎨

⎪⎪⎩
IDR =

3UPCC

√
sin2 (μ)− 2μ sin (μ) cos (μ) + μ2

2πnDRXT_DR

ϕDR = arctan

(
2μ− sin (2μ)

1− cos (2μ)

) . (4)

After calculating iDR, the ac-side current of the MMC iMMC

can be obtained from the Kirchhoff’s current law (KCL) equa-
tion at the PCC. Afterward, with the above-calculated Idc,
Udc,MMC, and iMMC, and the known uPCC, the internal electrical
quantities of the MMC can be determined through the steady-
state model of the individual MMC [11], [12], [13], [14], [15].
Up to now, the complete steady-state analysis of the DR-MMC
has been done.

In the steady-state analysis of the DR-MMC presented in
Fig. 2 and (1)–(4), the DR and MMC are treated as independent
converters. In this way, the models of the DR and MMC are
decoupled from each other, allowing all the electrical quantities
of the DR and the external electrical quantities of the MMC to
be expressed separately and analytically.

Nevertheless, as indicated in (3), the overlap angle of the
DR is calculated using only the dc component of the dc-side
current without considering the effect of the dc current ripple
on the DR commutation process. Additionally, the equivalent
circuit in Fig. 2 neglects the ac-side ESR, which turns out to be
another important factor affecting the DR commutation process.
If the above factors are taken into account, however, the overlap
angle as well as the other electrical quantities can no longer
be analytically expressed as (2)–(4), but has to be calculated
numerically by iterative methods.

Moreover, the intercoupling between the DR and MMC is also
neglected in the conventional DR-MMC models. This omission
leads to considerable errors in calculating the electrical quanti-
ties of both the DR and MMC. If such intercoupling is taken into
account, however, the conventional steady-state model, which
is a simple addition of the DR and MMC models, becomes
inapplicable, necessitating a new modeling approach.

III. PROPOSED STEADY-STATE MODEL FOR THE DR-MMC

Fig. 3 shows a novel equivalent circuit proposed by this article
for the DR-MMC based HVdc transmission system. Considering
the symmetry of the structure, Fig. 3 shows only half of the
DR-MMC for simplicity. On the ac side of this equivalent circuit,
Lac represents the leakage inductance of the DR transformer,
whereas Rac denotes the ac-side ESR, including the winding
resistance of transformers and the on-resistance of diodes. On
the dc side of this equivalent circuit, Ldc represents the dc-side
inductance, including the smoothing inductance and the line
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Fig. 3. Proposed equivalent circuit of the DR-MMC.

inductance; Uf is the voltage drop of the diode; and ujp and
ujn denote the upper and lower arm voltages of phase j (j =
a, b, c), respectively. The dc side of the MMC is equated to a
series connection of (ujp + ujn)/2, one-third arm inductance,
and one-third arm resistance.

Unlike the equivalent circuit in Fig. 2, which only considers
the dc component of idc, the proposed equivalent circuit incorpo-
rates all components of idc. Additionally, the ac-side ESR (Rac)
and the coupling from the MMC are also taken into account. This
equivalent circuit will be employed in the analysis of the DR
commutation process and the development of the DR-MMC’s
steady-state model subsequently.

A. More Elaborate Description of the DR Commutation
Process

Section II has pointed out that the conventional steady-state
analysis method could lead to considerable errors in calculating
the overlap angle. The commutation process of the DR will be
analyzed in detail below to obtain an accurate value of μ.

Fig. 4(a) and (b) shows the waveforms of the ac-side voltages,
the ac-side currents, and the dc-side current of two 6P-DRs
when μ≤π/6 and μ>π/6, respectively. As shown in Fig. 3, the
physical meaning of the overlap angle μ is the electrical angle
at which the commutation process continues.

In this article, the waveforms in the first π/3 period will be
analyzed. It can be seen from Fig. 4 that whether μ≤π/6 or
μ>π/6, the operating modes of the 12P-DR can be divided into
four stages (a, b, c, and d) according to whether each individual
6P-DR is in the commutating or the conducting interval.

When μ≤π/6, the differential equations with regard to idc
can be derived, as presented in (5) shown at the bottom of this
page. The detailed derivation process is given in the Appendix.
The phase voltages of the DR (ua1, ub1, and uc1 and ua2, ub2,
uc2) have already been shown in Fig. 4.

The dc-link current at ωt = 0 is set as Idc,t0, whereas that at
ωt = μ is set as Idc,min, as shown in Fig. 4. The initial conditions
for the differential equations in (5), can be expressed as{

idc (0) = idc (π/6) = Idc,t0

idc (μ) = idc (μ) = Idc,min
. (6)

Combining (5) and (6), the waveform idc(ωt) in 0–π/6 can be
solved. Since the dc-link current has a period of π/6, idc(ωt) can
be obtained across the entire time range. The only unknown in
the expression of idc(ωt) is the overlap angle μ when ujp + ujn
in (5) is known.

Similarly, when μ>π/6, the differential equation and the
corresponding initial conditions can also be derived, as shown
in (7) and (8), from which idc(ωt) across the entire time range
can be obtained as well. Therein, (7) is shown at the bottom of
this page.{

idc (0) = idc (π/6) = Idc,t0

idc (μ− π/6) = idc (μ− π/6) = Idc,min
. (8)

Next, by combining (21) and (22) in the Appendix, the dif-
ferential equation with regard to ib1 during 0–μ can be derived,
as follows:{

dib1
dt = − 1

2
didc
dt − Rac

Lac
ib1 − Rac

Lac
idc +

ub1−uc1

2Lac

ib1 (0) = −idc (0)
. (9)

The waveform ib1(ωt) during 0–μ can be obtained by solving
(9). Similarly, the only unknown variable in the expression is
μ. According to the physical meaning of the overlap angle,
a nonlinear equation ib1(μ) = 0 is obtained, from which an
accurate value of μ can be solved.

After substituting the obtained μ into (5)–(8), the complete
waveform idc(ωt) can be derived, followed by the expressions of
the ac-side current of the DR given as (10) shown at the bottom
of the next page.

So far, a more elaborate description of the DR commutation
process has been completed. The work done in this subsection

⎧⎨
⎩
(
Ldc +

Lm

3 + 3.5Lac
)

didc
dt = − (

Rdc +
Rm

3 + 3.5Rac
)
idc + 1.5ua1 + ua2 − ub2 −

(
4Uf +

Udc0

2 − ujp+ujn

2

)
, 0 ≤ ωt ≤ μ(

Ldc +
Lm

3 + 4Lac
)

didc
dt = − (

Rdc +
Rm

3 + 4Rac
)
idc + ua1 − uc1 + ua2 − ub2 −

(
4Uf +

Udc0

2 − ujp+ujn

2

)
, μ<ωt ≤ π/6

(5)

⎧⎨
⎩
(
Ldc +

Lm

3 + 3Lac
)

didc
dt = − (

Rdc +
Rm

3 + 3Rac
)
idc + 1.5ua1 − 1.5ub2 −

(
4Uf +

Udc0

2 − ujp+ujn

2

)
, 0 ≤ ωt ≤ μ(

Ldc +
Lm

3 + 3.5Lac
)

didc
dt = − (

Rdc +
Rm

3 + 3.5Rac
)
idc + 1.5ua1 + ua2 − ub2 −

(
4Uf +

Udc0

2 − ujp+ujn

2

)
, μ<ωt ≤ π/6

(7)
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Fig. 4. Waveforms of the AC-side voltages, AC-side currents, and DC-side current of the 12P-DR. (a) When μ ≤ π/6. (b) When μ > π/6.

serves as an important part of the subsequent steady-state model
of the DR-MMC, facilitating a more accurate steady-state anal-
ysis of this hybrid topology.

B. Steady-State Model Constituted by Double Loops

Fig. 5 shows the proposed steady-state model constituted by
double loops. In the upper half of Fig. 5, the commutation
process of the DR and the power conservation of this hybrid
topology together form the outer loop. This loop is utilized to
solve for all the electrical quantities of the DR and the external
electrical quantities of the MMC (including the dc-side voltage
udc,MMC and the ac-side current iMMC). In the lower half of
Fig. 5, the steady-state of the individual MMC serves as the
inner loop, to solve for the MMC’s internal electrical quantities
based on its external electrical quantities. The iterative procedure
in the outer and inner loops will be detailed in the following.

1) Outer Loop: According to the power conservation law,
the total ac-side power of the DR-MMC is equal to the sum
of its dc-side power and the power losses (including the losses
of the transformer winding resistance, diodes, and MMC arm
resistance), accordingly

PWF = Udc0Idc + 4 · 3RacI
2
DR,rms + 4 · 2UfIdc

+
3

2
Req(IMMC/nMMC)

2 +

(
2

3
Rm + 2Rdc

)
I2dc (11)

Fig. 5. Illustration of the proposed steady-state model constituted by double
loops.

where Req is equal to half of the MMC arm resistance plus the
transformer winding resistance, nMMC denotes the turn ratio of
the MMC transformer, and IMMC represents the amplitude of
iMMC.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ia1 = idc, 0 < ωt ≤ π/3

dia1

dt + Rac
Lac

ia1 = 1
2
didc
dt + Rac

2Lac
idc +

ua1−ub1

2Lac
, ia1 (π/3) = idc (0) , π/3 < ωt ≤ μ+ π/3

ia1 = 0, μ+ π/3 < ωt ≤ 2π/3

dia1

dt + Rac
Lac

ia1 = − 1
2
didc
dt − Rac

2Lac
idc +

ua1−uc1

2Lac
, ia1 (2π/3) = 0, 2π/3 < ωt ≤ 2π/3 + μ

ia1 = −idc, 2π/3 + μ < ωt ≤ π

ia1 = −ia1 (ωt− π) , π < ωt ≤ 2π

(10)
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Besides, the power conservation equation for the equivalent
circuit shown in Fig. 3 can be written as

2 · 3
2
UPCCnDRIDR cos (ϕDR)=

(
4Uf+

Udc0

2
− ujp + ujn

2

)
Idc

+ 2 · 3I2DR,rmsRac +

(
1

3
Rm +Rdc

)
I2dc (12)

where IDR andϕDR represent the amplitude and the phase angle
of the fundamental component of iDR, respectively; IDR,rms

denotes the root mean square (RMS) value of iDR, and Idc can
be solved by (11). Equation (12) can be utilized to calculate ujp
+ ujn on the condition that iDR is known.

Moreover, the DR commutation process established in Sec-
tion III-A can derive iDR on the condition that ujp+ujn is known.
In this way, the accurate DR commutation process and the power
conservation equations composed of (11) and (12) make up a
loop, as shown in the outer loop in Fig. 5. Thus, from any value
of ujp + ujn, this outer loop can calculate a new value of ujp +
ujn, which is denoted as f(ujp + ujn). The numerical solution
of ujp + ujn can be obtained by solving the nonlinear equation
f(ujp + ujn) = ujp + ujn, whereafter the numerical solutions
of iDR and idc can be obtained according to the established DR
model. The MATLAB function “fsolve” or the Newton iteration
method [26] can be employed to solve the nonlinear equation.

Afterward, it is also required to obtain the external electri-
cal quantities of the MMC (including udc,MMC and iMMC), to
calculate its internal electrical quantities through the inner loop
subsequently. Among them, udc,MMC can be expressed as [27]

udc,MMC

2
=

ujp + ujn

2
+Rmicirj + Lm

dicirj

dt
(13)

where icirj is the circulating current. Therein, the second-order
component of icirj are generally suppressed by circulating cur-
rent suppression control (CCSC) [28]. Thus, icirj can be substi-
tuted by Idc/3 in the calculation of Udc,MMC.

As for the calculation of iMMC, the KCL equation at the PCC
can be listed as

iMMC = −(iWF − 4nDRiDR − ifilter) (14)

where iWF is the wind farm current, which can be calculated
from the known wind farm power PWF, the transmission line
impedance, and UPCC. ifilter is the ac-side filter current, which
can be derived from the filter impedance and UPCC.

2) Inner Loop: The dc-side voltage and the ac-side current of
the MMC have been obtained from the iterative calculation of the
above outer loop, and the ac-side voltage of the MMC, i.e., the
PCC voltage, is known. Building upon that, the internal electrical
quantities of the MMC, including the modulation signal, the arm
current, and the SM capacitor voltage, can be calculated through
the inner loop, that is, the steady-state models of the individual
MMC. Taking phase-a as an example, the inner loop can be
detailed below.

Firstly, the circulating current icir is assumed to be unknown,
and the arm current iarm can be calculated by superimposing icir

and known iMMC, as shown in the following equation:{
iap(t) = icir(t) + iMMC(t)/2

ian(t) = icir(t)− iMMC(t)/2
(15)

where iap and ian represent the upper and lower arm currents,
respectively.

Next, the product of iarm and the switching function con-
tributes to the SM capacitor current ic is shown in the following
equation: {

ic,ap(t) = map(t) · iap(t)
ic,an(t) = man(t) · ian(t)

(16)

where the modulation signal map, which is equal to the aver-
aged switching functions. The SM capacitor voltage uc can be
expressed by integrating the SM capacitor current ic, as shown
in the following equation:{

uc,ap(t) = Uc,0 +
1

CSM

∫
ic,ap(t)dt

uc,an(t) = Uc,0 +
1

CSM

∫
ic,an(t)dt

(17)

where Uc,0 denotes the dc component of the SM capacitor
voltage and CSM represents the SM capacitance.

Then, the product of uc and the switching function contributes
to the SM voltage uSM, which is summed to get the arm voltage
uarm {

uap(t) = N ·map(t) · uc,ap(t)

uan(t) = N ·man(t) · uc,an(t)
(18)

Afterward, a new value of icir can be obtained by substituting
uarm and known udc,MMC into (13).

Besides, the inner electromotive force of phase a can be
expressed as (uan−uap)/2, which can also be derived from
transmitted active and reactive powers (PMMC and QMMC)

uan(t)− uap(t)

2
=

√
a2 + b2

3nMMCUPCC
/√

2
sin

(
ωt− arctan

(a
b

))
(19)

where a = PMMCXeq and b = 3n2
MMCU

2
PCC −QMMCXeq, Xeq

is equal to half of the MMC arm reactance plus the transformer
leakage reactance. Therein, PMMC and QMMC can be calculated
by the known UPCC and the derived iMMC from the outer loop.

In this way, the internal electrical quantities of the MMC make
up the inner loop as shown in Fig. 5. The time-varying variables
in (13) and (15)–(19) are then expressed by their respective mul-
tiple frequency components to establish a system of nonlinear
equations, by solving which all the internal electrical quantities
of the MMC can be derived.

So far, the complete DR-MMC modeling has been accom-
plished. The model established in this section is a completely
novel model. Unlike conventional models that calculate the
overlap angle using only the dc component of the dc-side current,
the proposed model solves for the accurate overlap angle through
an iterative method, based on a more elaborate description of
the DR commutation process within the DR-MMC. Moreover,
unlike conventional models that are a simple addition of the
DR and MMC models, the established model is constituted by
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Fig. 6. Experimental platform of the DR-MMC prototype. (a) Overall plat-
form. (b) Main board of the MMC. (c) Arm board and submodule board of the
MMC.

double loops. This structure allows for a thorough consideration
of the intercoupling between the DR and MMC, thereby enabling
accurate calculations of all electrical quantities within this hy-
brid topology. Moreover, in the proposed double-loop structure,
the calculation of the MMC’s internal electrical quantities can be
separated from the overall DR-MMC model, which significantly
simplifies both the programming and calculation.

IV. EXPERIMENTAL VERIFICATION

A. Introduction of the Experimental Platform

A scaled-down DR-MMC prototype was constructed to verify
the effectiveness and accuracy of the proposed steady-state
model. Fig. 6(a) shows the photograph of the overall platform,
which consists of one MMC, two DRs, and three transformers.
The dc ports of the DRs and MMC are connected in series
and then to a bidirectional dc source, whereas their ac ports
are connected to the same three-phase ac source through their
respective transformers. An upper computer is employed for
real-time data reception, status display, and to issue control
commands to the DR-MMC system. The main circuit parameters
of this prototype are listed in Table I.

The MMC’s control structure primarily includes SM balanc-
ing control [29], ac current control, and CCSC, with phase-
shifted carrier modulation [12] at a 10-kHz switching frequency.
Regarding the controller system, as shown in Fig. 6(b), a
DSP (TMS320F28335) and an field-programmable gate array
(FPGA) (EP4CE10E22) together serve as master controllers
where control strategies are implemented. Meanwhile, as shown
in Fig. 6(c), each arm is equipped with an FPGA as the slave

Fig. 7. Transient waveforms after the d-axis current reference increased.
(a) Waveforms of the SM capacitor voltage, arm current, and modulation signal.
(b) Waveforms of the DC-link current and the DR’s AC-side current.

TABLE I
MAIN CIRCUIT PARAMETERS OF THE DR-MMC PROTOTYPE

controller to collect SM capacitor voltages and generate half-
bridge driving signals. The communication between the master
and slave controllers occurs via optical fibers.

The active power transmitted by the DR-MMC is increased by
raising the MMC’s d-axis current reference in this experiment.
The sudden increase in this current reference induces dynamic
responses in the electrical quantities of the DR-MMC, as de-
picted in Fig. 7. Specifically, Fig. 7(a) shows the variations in
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Fig. 8. Comparison between calculation results and experimental waveforms
when PWF = 1.0 p.u.

Fig. 9. Comparison between calculation results and experimental waveforms
when PWF = 0.7 p.u.

the SM capacitor voltage, arm current, and modulation signal of
the MMC, whereas Fig. 7(b) presents the changes in the ac-side
current of the DR and the dc-link current. The results indicate
that the waveforms of both the MMC and DR remain stable and
quickly reach a new steady state. These responses confirm the
effectiveness of the experimental platform and control system,
supporting further validation of the proposed steady-state model.

Fig. 10. Comparison between calculation results and experimental waveforms
when PWF = 0.4 p.u.

B. Verification of Accuracy

Figs. 8–10 present comparisons between the calculated results
and experimental waveforms under three typical operating con-
ditions. In these figures, the active power is expressed in per-unit
values, with the rated power of the DR-MMC as the power
base. The calculated results are indicated by black dashed lines,
whereas the experimental waveforms are presented as colored
solid lines. Each figure displays five electrical quantities in the
following sequence from top to bottom: upper-arm current iap,
modulation signal map, SM capacitor voltage uc,ap, DR’s ac-side
current iDR, and dc-link current idc. As evident in these figures,
the calculated results closely align with the experimental wave-
forms, confirming that the proposed model achieves sufficiently
high accuracy.

To quantify the error of the proposed model more intuitively,
Tables II–IV simultaneously present the simulated, experimen-
tal, and calculated results of key electrical quantities under three
typical operating conditions. These tables include the peak value
of the modulation signal, the arm current, as well as the SM
capacitor voltage, the RMS value of the DR’s ac-side current,
the dc and ripple components of the dc-link current, and the
MMC’s dc-side voltage. Additionally, the errors between the
calculations and simulated/experimental results are listed as well
for both the proposed and conventional models. As demonstrated
in Tables II–IV, there is a high degree of agreement between
the simulated/experimental results and the calculation results
derived from the proposed model. In contrast, the calculations
obtained from the conventional model exhibit significant devi-
ations from these results, highlighting the enhanced accuracy
provided by the proposed model.
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TABLE II
COMPARISONS BETWEEN THE SIMULATED, EXPERIMENTAL, AND CALCULATED RESULTS WHEN PWF = 1.0 P.U.

TABLE III
COMPARISONS BETWEEN THE SIMULATED, EXPERIMENTAL, AND CALCULATED RESULTS WHEN PWF = 0.7 P.U.

TABLE IV
COMPARISONS BETWEEN THE SIMULATED, EXPERIMENTAL, AND CALCULATED RESULTS WHEN PWF = 0.4 P.U.

C. Evaluation of the Impacts of Additional Factors

The factors considered by the proposed model beyond those
in conventional models include the dc current ripple, the ac-
side ESR, and the intercoupling between the DR and MMC.
The impacts of these additional factors on model accuracy are
evaluated in the following.

For the DR, the coupling from the MMC primarily arises from
the arm inductance, which, along with the smoothing induc-
tance, determines the dc current ripple. As shown in Fig. 11, the
dc current ripple increases with the decrease of the dc-side equiv-
alent series inductance (ESL), which is defined as the sum of the
smoothing inductance and two-thirds of the arm inductance. As
indicated in (9), this ripple affects the commutation process of
the DR. Consequently, the maximum calculation errors of the
conventional model for both the overlap angle μ and the RMS
value of the DR’s ac-side current IDR,rms increases with the
decrease of the ESL, as indicated in Fig. 11. These observations
confirm that the dc current ripple as well as the coupling from
the MMC cannot be neglected for accurately determining the
DR’s electrical quantities.

Moreover, Fig. 11 also indicates that the maximum error in
the peak value of the MMC’s arm current increases as the ESL

Fig. 11. Impacts of the DC current ripple on the maximum calculation errors
of IDR,rms, Iarm,peak, and μ.

decreases. This owes to the fact that the dc current ripple gen-
erated by twelve-pulse DRs introduces same-frequency com-
ponents into the MMC’s circulating current. This observation
confirms that the coupling from the DR cannot be neglected for
accurately determining the MMC’s electrical quantities.

Next, the impact of the ac-side ESR on the model accuracy is
evaluated. Fig. 12 shows how the maximum calculation errors
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Fig. 12. Impacts of the AC-side ESR on the maximum calculation errors of
Uc,peak, IDR,rms, Iarm,peak, and μ.

for a few electrical quantities vary with the ac-side ESR. In this
figure, the ac-side ESR ranges from 0 to 2 Ω, corresponding
to a drop in the efficiency of the DR transformer from 100%
to 95%. Notably, the maximum errors for both μ and IDR,rms

increase significantly with the ac-side ESR. This implies that the
ac-side ESR substantially affects the DR’s commutation process
and electrical quantities. Furthermore, the MMC’s electrical
quantities Iarm,peak and Uc,peak are also affected due to the
intercoupling between the DR and MMC.

V. CONCLUSION

This article focuses on the establishment of an improved
steady-state model for the DR-MMC. The conclusions can be
drawn as follows.

1) The inability of existing steady-state analysis methods
to accurately determine electrical quantities attributes to
their neglect of the effect of the dc current ripple and
ac-side ESR on the DR commutation process, as well
as the oversight of the intercoupling between the DR
and MMC. The proposed model, which is based on an
elaborate description of the DR commutation process and
constituted by double loops, specifically addresses these
limitations.

2) The experimental waveforms from a scaled-down proto-
type are closely aligned with the calculated results form
the proposed model, but exhibit considerable discrep-
ancies when compared to the results derived from the
conventional model. This disparity confirms the enhanced
accuracy provided by the proposed model.

3) The evaluation of the impacts of the additional factors
considered by the proposed model, beyond those in con-
ventional models, confirms that all these factors are non-
negligible for accurately determining the electrical quan-
tities of the DR-MMC.

The work done in this article seeks to provide a compre-
hensive steady-state analysis method for the DR-MMC based
hybrid topology used in offshore wind power transmission. The
proposed method can offer accurate references for the circuit
parameter design, power device selection, and operation per-
formance evaluation of the DR-MMC, thereby facilitating the
economical design and safe operation of this hybrid topology.

APPENDIX

The differential equation for the dc-link current idc during the
time interval of 0–π/6 will be derived below.

According to Fig. 3, the KVL equation for the dc side of the
equivalent circuit can be listed as

(
Rdc +

Rm

3

)
idc +

(
Ldc +

Lm

3

)
didc

dt

= udc1 + udc2 −
(
4Uf +

Udc0

2
− ujp + ujn

2

)
(20)

where udc1 and udc2 are the dc-side voltages of two 6P-DRs. It
can be seen from (20) that to obtain the differential equation of
idc, the expression of udc1+udc2 must be obtained first.

When 0≤ωt<μ, as indicated in Fig. 4, for the 6P-DR con-
nected by the Y-Y transformer, the upper diode in phase a is in
the ON state, whereas the lower ones in both phase b and c are
in the commutating state. Therefore, according to Fig. 3, KVL
and KCL equations can be listed in the following equations:

⎧⎪⎪⎨
⎪⎪⎩
Lac

dia1

dt = −Racia1 + ua1 − up1

Lac
dib1
dt = −Racib1 + ub1 − un1

Lac
dic1
dt = −Racic1 + uc1 − un1

(21)

{
ia1 = idc

ib1 + ic1 = −idc
(22)

where up1 and un1 denote the potentials of the positive and
negative poles on the dc side of the 6P-DR, respectively.

In addition, when μ≤ωt<π/3, the upper diode in phase a
and the lower diode in phase c are in the ON state, whereas phase
b is in the cutoff state, accordingly

{
Lac

dia1

dt = −Racia1 + ua1 − up1

Lac
dic1
dt = −Racic1 + uc1 − un1

(23)

⎧⎨
⎩
ia1 = idc

ic1 = −idc

ib1 = 0
. (24)

Combing (21)–(24), the dc-side voltage of the 6P-DR con-
nected by the Y-Y transformer can be expressed as

udc1 = up1 − un1

=

{− 3Rac
2 idc − 3Lac

2
didc
dt + 3

2ua1 0 ≤ωt ≤ μ

−2Racidc − 2Lac
didc
dt + ua1− uc1 μ ≤ ωt ≤ π/3

.

(25)

Similarly, the dc-side voltage of the 6P-DR that is connected
by the Y-Δ transformer can be derived, and the detail expression
is related to the range ofμ. More specifically, whenμ≤π/6, udc2
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can be expressed as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

udc2 = −2Racidc − 2Lac
didc
dt + ua2 − ub2, 0 ≤ ωt ≤ π/6

udc2 = − 3Rac
2 idc − 3Lac

2
didc
dt + 3

2ua2, π/6 ≤ ωt ≤ μ+ π/6

udc2 = −2Racidc − 2Lac
didc
dt + ua2

−uc2, μ+ π/6 ≤ ωt ≤ π/3
(26)

and when μ>π/6, udc2 can be expressed as follows:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

udc2 = − 3Rac
2 idc − 3Lac

2
didc
dt − 3

2ub2, 0 ≤ ωt ≤ μ− π/6

udc2 = −2Racidc − 2Lac
didc
dt + ua2

−ub2, μ− π/6 ≤ ωt ≤ π/6

udc2 = − 3Rac
2 idc − 3Lac

2
didc
dt + 3

2ua2, π/6 ≤ ωt ≤ π/3

.

(27)

REFERENCES

[1] S. Lauria, M. Schembari, F. Palone, and M. Maccioni, “Very long distance
connection of gigawatt-size offshore wind farms: Extra high-voltage ac
versus high-voltage dc cost comparison,” IET Renewable Power Gener.,
vol. 10, no. 5, pp. 713–720, May 2016.

[2] A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, “Modular mul-
tilevel converters for HVDC applications: Review on converter cells and
functionalities,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 18–36,
Jan. 2015.

[3] R. Blasco-Gimenez, S. Añó-Villalba, J. Rodríguez-D’Derlée, F. Morant,
and S. Bernal-Perez, “Distributed voltage and frequency control of off-
shore wind farms connected with a diode-based HVDC link,” IEEE Trans.
Power Electron., vol. 25, no. 12, pp. 3095–3105, Dec. 2010.

[4] L. Yu, R. Li, and L. Xu, “Parallel operation of diode-rectifier based HVDC
link and HVAC link for offshore wind power transmission,” J. Eng.,
vol. 2019, no. 18, pp. 4713–4717, Jul. 2019.

[5] J. C. Das, Power System Harmonics and Passive Filter Designs. Hoboken,
NJ, USA: Wiley, 2015.

[6] Y. Chang and X. Cai, “Hybrid topology of a diode-rectifier-based HVDC
system for offshore wind farms,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 7, no. 3, pp. 2116–2128, Sep. 2019.

[7] T. H. Nguyen, D.-C. Lee, and C.-K. Kim, “A cost-effective converter
system for HVDC links integrated with offshore wind farms,” in Proc.
39th Annu. Conf. IEEE Ind. Electron. Soc., 2013, pp. 7978–7983.

[8] T. H. Nguyen, D.-C. Lee, and C.-K. Kim, “A series-connected topology of
a diode rectifier and a voltage-source converter for an HVDC transmission
system,” IEEE Trans. Power Electron., vol. 29, no. 4, pp. 1579–1584,
Apr. 2014.

[9] T. H. Nguyen, Q. A. Le, and D.-C. Lee, “A novel HVDC-link based on
hybrid voltage-source converters,” in Proc. IEEE Energy Convers. Congr.
Expo., Sep. 2015, pp. 3338–3343.

[10] J. Wang, J. Liang, F. Gao, X. Dong, C. Wang, and B. Zhao, “A closed-loop
time-domain analysis method for modular multilevel converter,” IEEE
Trans. Power Electron., vol. 32, no. 10, pp. 7494–7508, Oct. 2017.

[11] Z. Liu, J. Wang, L. Chen, Z. Wang, and Y. Jin, “A time-domain
analysis model for modular-multilevel-based grid-forming converters in
isolated power supply,” IEEE Trans. Power Electron., vol. 38, no. 5,
pp. 6259–6271, May 2023.

[12] A. Jamshidifar and D. Jovcic, “Small-signal dynamic DQ model of mod-
ular multilevel converter for system studies,” IEEE Trans. Power Del.,
vol. 31, no. 1, pp. 191–199, Feb. 2016.

[13] Z. Li, Y. Pei, L. Wang, L. Zhao, L. Pei, and W. Cao, “A comprehen-
sive closed-loop voltage ripple control scheme for modular multilevel
converter-based power electronic transformers,” IEEE Trans. Power Elec-
tron., vol. 38, no. 12, pp. 15225–15241, Dec. 2023.

[14] Z. Xu, B. Li, S. Wang, S. Zhang, and D. Xu, “Generalized single-phase
harmonic state space modeling of the modular multilevel converter with
zero-sequence voltage compensation,” IEEE Trans. Ind. Electron., vol. 66,
no. 8, pp. 6416–6426, Aug. 2019.

[15] J. Lyu, X. Zhang, X. Cai, and M. Molinas, “Harmonic state-space based
small-signal impedance modeling of a modular multilevel converter with
consideration of internal harmonic dynamics,” IEEE Trans. Power Elec-
tron., vol. 34, no. 3, pp. 2134–2148, Mar. 2019.

[16] J. C. Das, Harmonic Generation Effects Propagation and Control. Boca
Raton, FL, USA: CRC Press, 2017.

[17] A. Moradi et al., “Detailed estimation of grid-side current and its os-
cillations caused by adjustable speed drive systems,” IEEE Trans. Ind.
Electron., vol. 70, no. 9, pp. 8777–8787, Sep. 2023.

[18] L. Han, J. Wang, and D. Howe, “State-space average modelling of 6- and
12-pulse diode rectifiers,” in Proc. Eur. Conf. Power Electron. Appl., 2007,
pp. 1–10.

[19] A. Griffo and J. Wang, “State-space average modelling of synchronous
generator fed 18-pulse diode rectifier,” in Proc. 13th Eur. Conf. Power
Electron. Appl., 2009, pp. 1–10.

[20] C. Liu, A. Bose, and P. Tian, “Modeling and analysis of HVDC converter
by three-phase dynamic phasor,” IEEE Trans. Power Del., vol. 29, no. 1,
pp. 3–12, Feb. 2014.

[21] A. Deriszadeh, O. Karabasoglu, M. P. Alasan, and F. Mehdipour, “A
dynamic functional model of diode bridge rectifier for unbalanced input
voltage conditions,” IET Power Electron., vol. 14, no. 3, pp. 584–589,
Feb. 2021.

[22] G. Zhang, W. Xiang, M. Han, W. Zuo, M. Zhou, and J. Wen, “DC
impedance modeling of push-pull DC auto-transformer for MMC and
LCC HVDC interconnections,” IEEE Trans. Power Del., vol. 38, no. 4,
pp. 2441–2453, Aug. 2023.

[23] R. Li and L. Xu, “A unidirectional hybrid HVDC transmission system
based on diode rectifier and full-bridge MMC,” IEEE J. Emerg. Sel. Top.
Power Electron., vol. 9, no. 6, pp. 6974–6984, Dec. 2021.

[24] U. C. Nwaneto and A. M. Knight, “Dynamic phasor-based modeling and
simulation of a single-phase diode-bridge rectifier,” IEEE Trans. Power
Electron., vol. 38, no. 4, pp. 4921–4936, Apr. 2023.

[25] L. Yu, R. Li, and L. Xu, “Distributed PLL-based control of offshore
wind turbines connected with diode-rectifier-based HVDC systems,” IEEE
Trans. Power Del., vol. 33, no. 3, pp. 1328–1336, Jun. 2018.

[26] C. T. Kelley, Solving Nonlinear Equations With Newton’s Method (Fun-
damentals of Algorithms). Philadelphia, PA, USA: SIAM, 2003.

[27] S. Li, X. Wang, Z. Yao, T. Li, and Z. Peng, “Circulating current suppressing
strategy for MMC-HVDC based on nonideal proportional resonant con-
trollers under unbalanced grid conditions,” IEEE Trans. Power Electron.,
vol. 30, no. 1, pp. 387–397, Jan. 2015.

[28] Q. Tu, Z. Xu, and L. Xu, “Reduced switching-frequency modulation and
circulating current suppression for modular multilevel converters,” IEEE
Trans. Power Del., vol. 26, no. 3, pp. 2009–2017, Jul. 2011.

[29] A. Dekka, B. Wu, R. L. Fuentes, M. Perez, and N. R. Zargari, “Evolution
of topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 5,
no. 4, pp. 1631–1656, Dec. 2017.

[30] Z. Li, Y. Pei, L. Chen, L. Wang, and J. Wang, “A novel inductance and
capacitance selection method for modular multilevel converters based
on modulation margin considerations,” IEEE J. Emerg. Sel. Top. Power
Electron., vol. 12, no. 3, pp. 2431–2445, Jun. 2024.

Lu Chen (Student Member, IEEE) was born in Tang-
shan, China, in 1998. She received the B.S. degree
in electrical engineering from Hebei University of
Technology, Tianjin, China, in 2020. She is currently
working toward the Ph.D. degree in electrical engi-
neering with Xi’an Jiaotong University, Xi’an, China.

Her research interests include the topology, control,
and design of wind power transmission systems, es-
pecially the modeling, design, and control of hybrid
HVdc systems based on modular multilevel convert-
ers.

Jinyu Wang (Member, IEEE) received the B.S. de-
gree in electrical engineering and the M.S. degree in
power electronics from Jilin University, Changchun,
China, in 2010 and 2013, respectively, and the Ph.D.
degree in power systems from Shandong University,
Jinan, China, in 2017.

From 2017 to 2020, he was a research fellow with
Nanyang Technological University, Singapore. Since
2021, he has been a Full Professor in electrical engi-
neering with Xi’an Jiaotong University, Xi’an, China.
Since May 2022, he has been the Vice Chief Engineer

with TBEA Xinjiang Sunoasis Company, Ltd., Xinjiang, China. His research in-
terests include power electronics, multilevel converters, energy storage systems,
renewable energy generation, and integration techniques, as well as stability
analysis and control of modular-multilevel-converter based high-voltage dc.



3188 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

Zhixiang Li (Graduate Student Member, IEEE) was
born in Shandong, China, in 1996. He received the
B.S. degree in electrical engineering in 2019 from
Xi’an Jiaotong University, Xi’an, China, where he is
currently working toward the Ph.D. degree in electri-
cal engineering.

His research interests include the topology, control,
and design of multilevel converters and isolated dc/dc
converters, especially the control and design of power
electronic transformers, the modular multilevel con-
verters and the dual active bridge converters.

Chenyu Guo (Student Member, IEEE) was born
in 2000. He received the B.S. degree in electri-
cal engineering from Southwest Jiaotong University,
Chengdu, China, in 2022. He is currently working
toward the M.S. degree in electrical engineering with
Xi’an Jiaotong University, Xi’an, China.

His research interests include modeling and control
of modular multilevel converters.

Bobo Zhang (Student Member, IEEE) received the
B.S. degree from the College of Electrical and In-
formation Engineering, Hunan University, Changsha,
China, in 2022. He is currently working toward the
Ph.D. degree in electrical engineering with Xi’an
Jiaotong University, Xi’an, China.

His research interests include multilevel converters
and control of modular multilevel converter HVdc and
dc grids.

Zhijie Li (Student Member, IEEE) was born in 2001.
He received the B.S. degree in electrical engineering
from North China Electric Power University, Baod-
ing, China, in 2023. He is currently working toward
the M.S. degree in electrical engineering with Xi’an
Jiaotong University, Xi’an, China.

His research interests include the stability of grid-
forming voltage source converters.



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

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


