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Steady-State Analysis of the DR-MMC Based Hybrid
Topology for Offshore Wind Power Transmission

Lu Chen, Student Member, IEEE, Jinyu Wang
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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.

1. INTRODUCTION

UE 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 de-link voltage Uy, 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 domainin [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.
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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, anovel 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 (Ty, 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, iyrvc and i represent the currents
of the primary and secondary sides of the link transformer,
respectively, and L, and Ry, 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 iy., the ac-side current of the DR ipR, the ac-side current
of the MMC iyivic, the de-side voltage of the MMC Uge vmnvics as
well as the internal electrical quantities of the MMC (including
the modulation signal, the SM capacitor voltage u., and the arm
current i,,,) need to be solved for according to the given active
power of the wind farm Pwp, the PCC voltage upcc, and the
dc-link voltage Uygco.

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 npr and X1 pg 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, R, is the resistance of the dc cables, and /4.
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
Ugco 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 Py can be expressed as (1), which is used to
calculate 14, with known Pwp and Uq.o as

Pyr = (Udaco + lacRac) Lac- (D

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

12v/3n 12
TDRUPCC - ?XTfDRIdc = Uch + Rchdc~

2

Ude,mmMc
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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]:

2Xt prldc )
V3nprUpcc

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

_ 3Upcc/sin” (1) — 2psin (i) cos (1) + 412

{4 = arccos (1 — 3)

I
- 2mnpr X1 DR @
2u — sin (2p)
¢pr = arctan | —————
1 —cos (2u)

After calculating ipR, the ac-side current of the MMC iyivic
can be obtained from the Kirchhoff’s current law (KCL) equa-
tion at the PCC. Afterward, with the above-calculated /4.,
Udc,mMvcs and ivivic, 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,
L, represents the leakage inductance of the DR transformer,
whereas R,. 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, Ly 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; Uy is the voltage drop of the diode; and u;, and
u;, 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 (u, + u;,)/2, one-third arm inductance,
and one-third arm resistance.

Unlike the equivalent circuit in Fig. 2, which only considers
the dc component of iy, the proposed equivalent circuit incorpo-
rates all components of i4.. Additionally, the ac-side ESR (R,.)
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 .

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 p <7/6 and p > 7/6, respectively. As shown in Fig. 3, the
physical meaning of the overlap angle p is the electrical angle
at which the commutation process continues.
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In this article, the waveforms in the first /3 period will be
analyzed. It can be seen from Fig. 4 that whether © <7/6 or
1> /6, the operating modes of the 12P-DR can be divided into
four stages (a, b, ¢, and d) according to whether each individual
6P-DR is in the commutating or the conducting interval.

When p <7/6, the differential equations with regard to iy
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 (u41, up1, and u.1 and uqo, upo,
u.2) have already been shown in Fig. 4.

The dc-link current at wt = 0 is set as Iqc, 10, Whereas that at
wt = [t is set as Iqc,min, as shown in Fig. 4. The initial conditions
for the differential equations in (5), can be expressed as

{idc (0) = ige (7/6) = Iac, 0 ©)
Z.dC (/”') - ch (,U) = Idc min

Combining (5) and (6), the waveform iy.(wf) in 0—7/6 can be
solved. Since the dc-link current has a period of 7/6, iq.(wt) can
be obtained across the entire time range. The only unknown in
the expression of iq.(w?) is the overlap angle p when uj, + u;y,
in (5) is known.

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

{idc (0) = ige (/6) = Lac.10 @)
Idc (M - 7T/6) = igc (M - 77/6) = Idc,min '

Next, by combining (21) and (22) in the Appendix, the dif-
ferential equation with regard to i;; during O—u can be derived,
as follows:

diyy _ _ 1dige  Ruc; _ Racs Ubl—Uc1
at = T aar T Latl T Totde oL ©)
1p1 (0) = —ldc (0)

The waveform iy (wt) during O—p can be obtained by solving
(9). Similarly, the only unknown variable in the expression is
. According to the physical meaning of the overlap angle,
a nonlinear equation i,1(¢) = 0 is obtained, from which an
accurate value of p can be solved.

After substituting the obtained p into (5)—(8), the complete
waveform iq.(wf) 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

(Lae + & +3.5Lqc) % = — (Rye +

B 4 3.5Ruc) ige + 1.5Ua1 + Uaz — Up2 — (4Uf + G0 — 7””’%”'") 0 <wt < p

(Lac + ; +4Loe) G = = (Rao + &+ 4Ruc) e + a1 — ter + gz — i — (405 + T — M) yicot < /6

®)

(Lae + &2 + 3Ly ) % = —
(de + m + 3. 5Lac) dldc =

(Rdc + Rg“ + 3Rac) tac + 1.Dug1 — 1.5upe — <4Uf + “CO — %) ,0<wt<p
— (Rae + 2 + 3.5Ruc) e + 1.5Ua1 + a2 — up2 — (4Uf + o — et} cot < /6

@)
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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
ude,Mmc and the ac-side current invc). 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 onits 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

Pyr = Udcolae + 4 - 3BRacIpg s + 4 - 2U s Igc

3 2
+ §Req<IMMC/nMMC)2 + (ng + 2Rdc> I3 (11)
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Tllustration of the proposed steady-state model constituted by double

where R, is equal to half of the MMC arm resistance plus the
transformer winding resistance, nyvic denotes the turn ratio of
the MMC transformer, and Iynvic represents the amplitude of

IMMC-

a1 = lde, 0<wt<m/3

dlal + L"‘Zal = %dj;t“ + R““ ch + U“QIT?CL“,Z'M (r/3) =44 (0), 7/3<wt<pu+m/3

g1 =0, p+ /3 <wt<2m/3

Bty By = — 1 Sy Mapta o) (21/3) =0, 2m/3 <wt < 2m/3+4p (o
lq1 = —flde, 2n/3+p<wt<mw

tal = —la1 (Wt — ), T <wt<2m
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Besides, the power conservation equation for the equivalent
circuit shown in Fig. 3 can be written as

3 U, c Uip + Uin
QUPCCTLDRIDR cos (ppr) = (4Uf+ ; 0 jpzj) I

1
+ 2 35 s Rac + (3Rm + Rdc) L (12)

where Ipgr and ppr represent the amplitude and the phase angle
of the fundamental component of ipgr, respectively; IpR rms
denotes the root mean square (RMS) value of ipg, and /4. can
be solved by (11). Equation (12) can be utilized to calculate u;,
-+ ujy, on the condition that ipy is known.

Moreover, the DR commutation process established in Sec-
tion ITI-A can derive ipr on the condition thatu, + u;, 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 u;, + ujy,, this outer loop can calculate a new value of u;, +
ujn, which is denoted as f(uj, + uj;,). The numerical solution
of u;, + uj, can be obtained by solving the nonlinear equation
Sfup + uj,) = ujp + uy,, whereafter the numerical solutions
of ipr and i4. 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 ugc vvc and invivc), to
calculate its internal electrical quantities through the inner loop
subsequently. Among them, uq. Mmc can be expressed as [27]

dicir J
dt

Ude, MMC  Ujp + Ujn .
2 =2 2 - + anzcirj + Lrn

13)

where i, is the circulating current. Therein, the second-order
component of i, ; are generally suppressed by circulating cur-
rent suppression control (CCSC) [28]. Thus, i, ; can be substi-
tuted by 14./3 in the calculation of Uqc vuic.

As for the calculation of iyr\ic, the KCL equation at the PCC
can be listed as

immc = —(twr — 4NMDRIDR — Tfilter) (14)
where iwp is the wind farm current, which can be calculated
from the known wind farm power Py, the transmission line
impedance, and Upcc. igiter 18 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 i.;, is assumed to be unknown,
and the arm current i,,,, can be calculated by superimposing i.;,
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and known iynvic, as shown in the following equation:

{iap (t) = Z.cir(t) + iMMC (t)/2
Gan(t) = i () — inmc(t) /2

where i,, and i, represent the upper and lower arm currents,
respectively.
Next, the product of i,.,, and the switching function con-
tributes to the SM capacitor current i is shown in the following
Map(t) - ap(t)

equation:
lc,ap(t) =
ic,an (t) = Mgan (t) . ian (t)

where the modulation signal m,;,, which is equal to the aver-
aged switching functions. The SM capacitor voltage u. can be
expressed by integrating the SM capacitor current i., as shown
in the following equation:

uc,ap(t) = cO + C flc ap
uc,an(t) - UcO + C fz(, an dt

where U, denotes the dc component of the SM capacitor
voltage and Cg)p represents the SM capacitance.

Then, the product of u. and the switching function contributes
to the SM voltage ugy, which is summed to get the arm voltage

Uap(1)
Uan (t)
Afterward, a new value of i, can be obtained by substituting
Uyrm and known uge vvic into (13).
Besides, the inner electromotive force of phase a can be
expressed as (g —Uqp)/2, Which can also be derived from
transmitted active and reactive powers (Pyvic and Onivic)

5)

(16)

a7

uarm
=N - map(t) - tic,ap(t)

18
=N- man(t) 'uc,an(t) ( )

Uan(t) = ap(t) = a?+ ¥ sin (wt — arctan (ﬂ))
2 3nmmcUpcc / V2 b
(19)
where @ = PyivicXeq and b = 3ngpcUsce — QvmcXeqs Xeg

is equal to half of the MMC arm reactance plus the transformer
leakage reactance. Therein, Pyvic and Onvivic can be calculated
by the known Upcc and the derived inpvic 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. (¢) 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 1.

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
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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

Parameter Symbol Value
Rated wind farm power Pwr 3.5kW
System Fundamental frequency ® 314 rad/s
Rated dc-link voltage Useo +320V
PCC voltage Upcc 380V
Transformer turn ratio NpR 380 V/170 V
Leakage inductance Lt pr 2.5 mH
Leakage resistance Rt pr 1.35Q
12P-DR Rated capacity Sbr 1800 VA
Rated dc-side voltage Ugepr 215V
Forward voltage of diodes Ur 0.72V
On-resistance of diodes Ron 0.01 Q
Transformer turn ratio nvMc 380 V/90 V
Leakage inductance Lt mmc 2.2 mH
Leakage resistance Rt mmc 0.58Q
Rated capacity Swmc 1680 VA
MMC Rated dc-side voltage Udemmen 210V
Number of SMs per arm N 3
Submodule capacitance Cin 1080 pF
Arm inductance Ly 5 mH
Arm resistance R 0.6 Q

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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when Pywp = 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.
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Fig. 10. Comparison between calculation results and experimental waveforms
when Pwr = 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 i,
modulation signal m,,, SM capacitor voltage i, 4, DR’s ac-side
current ipr, and dc-link current ig.. 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 Pwp = 1.0 P.U.
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Electrical Measured results Proposed model Conventional model
quantities Simulation Experiment Calculation  vs simulation vs experiment  Calculation  vs simulation vs experiment
Mpeak 0.8064 0.8169 0.8059 0.06% 1.35% 0.8580 6.40% 5.03%
Lorm peak (A) 6.917 6.855 6.929 0.17% 1.08% 6.074 12.2% 11.4%
Uepeak (V) 77.50 76.57 77.51 0.01% 1.23% 66.50 14.2% 13.2%
Iprms (A) 3.873 3.877 3.874 0.03% 0.08% 4.235 9.35% 9.23%
Lsc (A) 4.773 4.801 4.772 0.02% 0.60% 5.226 9.49% 8.85%
Aige (A) 0.7450 0.7331 0.7514 0.86% 2.50% Ignored 100% 100%
Ugemmc (V) 210.3 209.6 210.4 0.05% 0.38% 182.4 13.3% 13.0%
TABLE III
COMPARISONS BETWEEN THE SIMULATED, EXPERIMENTAL, AND CALCULATED RESULTS WHEN Pwp = 0.7 P.U.
Electrical Measured results Proposed model Conventional model
quantities Simulation Experiment Calculation  vs simulation  vs experiment Calculation  vs simulation  vs experiment
Mpeak 0.8318 0.8311 0.8315 0.04% 0.05% 0.8726 4.91% 4.99%
Litmpeak (A) 4.673 4.573 4.681 0.17% 2.36% 4.217 9.76% 7.78%
Uepeak (V) 72.39 71.60 72.39 0.00% 1.10% 64.57 10.8% 9.82%
Iprms (A) 2.783 2.708 2.786 0.11% 2.88% 2.952 6.07% 9.01%
Lac (A) 3.419 3.408 3.422 0.09% 0.41% 3.638 6.41% 6.75%
Aige (A) 0.7357 0.7315 0.7393 0.49% 1.07% Ignored 100% 100%
Ugemme (V) 202.9 202.6 202.9 0.00% 0.15% 181.9 10.3% 10.2%
TABLE IV
COMPARISONS BETWEEN THE SIMULATED, EXPERIMENTAL, AND CALCULATED RESULTS WHEN Pwr = 0.4 P.U.
Electrical Measured results Proposed model Conventional model
quantities Simulation Experiment Calculation  vs simulation  vs experiment Calculation  vs simulation  vs experiment
Mpeak 0.8599 0.8574 0.8597 0.02% 0.27% 0.8874 3.20% 3.50%
Lorm peak (A) 2.571 2.579 2.575 0.16% 0.16% 2.359 8.25% 8.53%
Ue peax (V) 67.40 66.89 67.40 0.00% 0.76% 62.67 7.02% 6.31%
Iprms (A) 1.613 1.550 1.609 0.25% 3.81% 1.658 2.79% 6.97%
I (A) 1.968 1.956 1.970 0.10% 0.72% 2.040 3.66% 4.29%
Aige (A) 0.6966 0.6897 0.6937 0.42% 0.58% Ignored 100% 100%
Ugemmc (V) 194.8 195.1 194.8 0.00% 0.15% 181.5 6.83% 6.97%
C. Evaluation of the Impacts of Additional Factors 30 \ 15
. [DR,rms
The factors considered by the proposed model beyond those \ \ —— Lmpeak g
in conventional models include the dc current ripple, the ac- = 20 — 4 10 ©
side ESR, and the intercoupling between the DR and MMC. % \\ de ripple 5
i it o \ =
The 1mpac'ts of these a.ddltlonal factors on model accuracy are E \ § =
evaluated in the following. 10 55
. S N = =
For the DR, the coupling from the MMC primarily arises from \ a
the arm inductance, which, along with the smoothing induc- — =
tance, determines the dc current ripple. As shown in Fig. 11, the 0 . 3 s S 5 T 0
dc current ripple increases with the decrease of the dc-side equiv- . . .
alent series inductance (ESL), which is defined as the sum of the DC-Side Equivalent Series Inductance (mH)
SmOOthlng inductance and two-thirds of the arm inductance. As Fig. 11.  Impacts of the DC current ripple on the maximum calculation errors

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 i and the RMS
value of the DR’s ac-side current Ipgr ;s 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

of IDR,,I‘II]Ss Iarm,peaka and M-

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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for a few electrical quantities vary with the ac-side ESR. In this
figure, the ac-side ESR ranges from O to 2 €2, corresponding
to a drop in the efficiency of the DR transformer from 100%
to 95%. Notably, the maximum errors for both 1 and Ipr 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 lorm peak and U pearc 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.

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.

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.

2)

3)
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APPENDIX

The differential equation for the dc-link current iq. during the
time interval of O—7/6 will be derived below.

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

Rm . Lm didc
e+ — L —
(Rd+ 3>2dc+(dc+ 3>dt
U . n
g s (4Uf+ ;CO B U]p‘;‘u] )

(20)

where uq.1 and uqco are the de-side voltages of two 6P-DRs. It
can be seen from (20) that to obtain the differential equation of
idc, the expression of ugc1 + 4.2 must be obtained first.

When 0 <wt <y, 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 ¢ are
in the commutating state. Therefore, according to Fig. 3, KVL
and KCL equations can be listed in the following equations:

digi __ .
Ly = —Racia1 + Ua1 — Up1
di .
Lac dl;/l = *Raclbl + up1 — Un1 (21)
L dicy R..i
ac g5 = —Llaclel + Uel — Uni
lal = Tdc (22)
1p1 + lel = —lde

where uy; and u,; denote the potentials of the positive and
negative poles on the dc side of the 6P-DR, respectively.

In addition, when p <wt < /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

di .
Ly Zﬁl = —Raclal + Ua1 — Up1 (23)
dici __ .
Ly ;tl = —Raclc1 + Ue1 — Un1
lal = lde
lel = —lde (24)
i1 =0

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

Udc1 = Upl — Un1

Similarly, the dc-side voltage of the 6P-DR that is connected
by the Y-A transformer can be derived, and the detail expression
isrelated to the range of . More specifically, when p < 70/6, t4c2

3La dige
2 dt

— ey, + 3uq 0<wt<p

*2Racidc - 2Lac%+ Ugl — Uc1 M S wt S ’/T/3
(25)
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can be expressed as follows:

Udc2 = *2Racidc - 2Lac% + U2 — Up2, 0 S wt S 77/6
ac ; Lye dige
Uger = — g — L bt 4 By 0 7/6 <wt < p+7/6
. di
Ugez = —2Ryctge — 2Lacf3& + Uqg2

—Uea, b+ 7/6 <wt < 7/3
(26)

and when g > 7/6, uq.2 can be expressed as follows:

[2]

[4]

[5]
[6]

[7]

[8]

[9]

(10]

(11

[12]

[13]

[14]

[15]

Uger = — ey — BLaedle _ 30y 0 <wt < p— /6
Udez = —2Ryctac — 2Lac% + Ug2

—up2, pp — /6 < wt < 7w/6
Uger = — 3 ige — %dd’—;‘ + g0, /6 <wt < m/3
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