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Abstract—The isolated modular multilevel dc/dc converter
(IM2DC) based on modular multilevel converter (MMC) is a
promising dc/dc power conversion topology in HVDC/MVDC
applications. In this paper, a novel phase-shifted square wave
modulation strategy (PS-SWM) is proposed for IM2DC.
Compared to the conventional modulation methods, the proposed
technique achieves a smaller dc inductance due to higher
equivalent switching frequency. In addition, the required
capacitor energy can be reduced, which decreases the capacitor
size without total device rating (TDR) penalty. The operation
principles of the proposed method are presented. The passive
components are designed and compared with those using other
modulation methods. The experimental results are provided to
validate the proposed modulation strategy.

Keywords—phase-shifted square wave modulation; isolated
modular multilevel dc/dc converter; passive components design

L INTRODUCTION

The dc/dc converters play an essential role for flexible
power exchange and voltage regulation in HVDC/MVDC
grids. The isolated modular multilevel dc/dc converter
(IM2DC), which consists of two modular multilevel
converters(MMC) connected through a medium-frequency
transformer, provides the solution to dc/dc conversion with
low-rating devices, superior fault performance and lower cost
in HVDC/MVDC systems[1-6].

Various modulation methodologies have been proposed in
IM2DC with distinct advantages. The phase-shifted (PS)
sinusoidal modulation, which is widely applied in traditional
MMCs with high quality ac output, can be used in IM2DC
directly[2-3]. Compared to the sinusoidal modulation, the two-
level (2L) modulation generates a square wave ac-link voltage,
which leads to a higher efficient power transfer capability[4].
Recently a quasi two-level (Q2L) modulation has been
proposed for not only lower dv/dt but also soft-switching
capability[1][5]. In addition, triangular modulation is
discussed as well which exhibits lower harmonic components
than 2L modualtion and simpler implementation than
sinusoidal modulation[6].

On the other hand, the IM2DC arm voltage and current
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vary with the same delivered power via different modulations,
which affects both the total device rating (TDR) and passive
component sizes. Large cell capacitors are needed for
sinusoidal modulation. Meanwhile, triangular modulation
results in large arm RMS current leading to a higher TDR and
conduction loss. With 2L and Q2L modulation, smaller
capacitors and devices are applicable, however, the dc current
ripples of dc inductors may be larger than those using multi-
cell phase-shifted modulation method.

This paper proposes a novel phase-shifted square wave
modulation (PS-SWM) strategy to reduce the passive
components size without TDR penalty. Compared to the
conventional modulations, the PS-SWM requires smaller cell
capacitors and dc inductors at the same time. Furthermore, a
high efficient power transfer capability of the 2L modulation
and low TDR of Q2L modualtion can be achieved in the
proposed PS-SWM method. Section II introduces the
operation principle of proposed PS-SWM. The design of
passive components are presented in Section III. The
comparisons with other modulations reveal the benefits of
proposed PS-SWM. The experimental verifications are
demonstrated in Section IV. Section V is the conclusion.

II.  PROPOSED PHASE-SHIFTED SQUARE WAVE
MODULATION (PS-SWM)

High voltage side (HVS) Low voltage side (LVS)

Vae /1(

Fig. 1. The topology of IM2DC.

Fig.1 demonstrates the topology of IM2DC consisting of
two single-phase MMCs connected through a medium-
frequency transformer, where half-bridge cells are cascaded
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Fig.2.The operation modes and the corresponding waveforms of PS-SWM:
modulation waveforms, arm voltage, ac voltage and dc inductor voltage when Ny, = 4.
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Fig.3. The ac voltage and dc inductor voltage waveforms with
different modulation waveforms.

within each arm. Distributed cell capacitors are installed at the
dc link of each cell and coupled arm inductors and one extra
inductor are adopted as the dc and ac inductor respectively.

The high voltage side (HVS) waveforms of proposed PS-
SWM strategy as well as the corresponding arm voltages and
transformer voltage are illustrated in Fig.2, where four cells
within one arm is selected as an example. A square waveform
with 0.5 duty cycle is adopted as the modulation waveform,
where magnitude Msp and dc offset d are controllable. maw)pn
and mq@mn of Fig.2 are the modulation waveforms of phase a
(b) upper arm and lower arm respectively. Ny is the HVS cell
number in one arm, which is 4 in this example, C;~C, are
carrier waveforms. mgp; is the same as mpu,, which is 180°
phase-shifted with the mg., and mgn. A phase-shifted angle
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Fig.4. The key waveforms of IM2DC with PS-SWM: (a) voltage
and current; and (b) zoomed view of the shaded range in (a).

2n/Nypy, is applied among C;~Cs which increases the
equivalent switching frequency. As shown in Fig.2, when the
square modulation waveform varies with different Msp and d,
the generated arm voltage vy, (x = @, b; y = p, n) and ac
voltage v, changes accordingly, resulting in four different
operation modes. Among these operation modes, Fig.2 (a) is
considered as the desired mode with largest modulation index
since v4 can be as high as dc bus voltage Ve, which achieves
lowest converter TDR. This will be explained in the next
section.In addition, the highest voltage ripple frequency and
lowest ripple magnitude occur at the same time on the dc
inductor voltage viq, and vy, in this mode, which indicates the
smallest inductor size can be achieved. It is worth mentioning
that the phase-shifted angle can also be n/ Nyy among the
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carriers in one phase. Consequently, it is possible to reduce the
dc inductor further.

A staircase or trapezoidal modulation waveform instead of
a square wave can be utilized to reduce the ac voltage dv/dt,
Fig.3 (a) ~ (d) demonstrates v, with different staircase and
trapezoidal modulation waveforms. When the staircase level
increases, v, has more levels and smaller dv/dt, smaller dc
current ripples can be obtained as well due to higher
equivalent ripple frequency of vis and viw. Fig.3 also
indicates that 6-level staircase wave modulation already
attains the same ac voltage level with that of trapezoidal wave
modulation, which is adequate for reduced dv/dt performance.

Fig.4 depicts the key waveforms considering both HVS
and LVS with proposed modulation method. The operation
principle of LVS is similar to that of HVS, but with a phase
shift angle ¢ to transfer the power. Although the magnitude of
modulation waveform can vary in the LVS as well, usually it
equals to that of the HVS modulation waveform to ensure high
efficiency. Similar to MMC, both dc bus current iz, and
transformer current i, flow though the cells, therefore the arm
current contains both dc and ac components as shown in Fig.4
using HVS phase a arm g, and i., as examples. Moreover,
the small stair step angle a with acceptable dv/dt are preferred,
otherwise the dc voltage utilization will be sacrificed. In this
paper, this angle is assumed to be very small, such that they
can be neglected in the following analysis.

III. TDR AND PASSIVE COMPONENTS DESIGN AND
COMPARISON

A. TDR and passive components design

If considering the dc and ac components separately, the
IM2DC HVS arm voltage and current can be written as in (1).

Vi Ve voo—y = Vi | Vb
>Voph = Vann =
2 2 2

i _l _ldch +I£ l _l _ldch _lﬂ
aph_bnh_2 27bph_anh_2 2

v

aph = Vo = 2

If ignoring the stair step angle and the high frequency
ripples, the ac voltage of IM2DC can be considered as a pure
square wave as in (2):

1,96[0,72’] (2)

ab:n,SWLﬂHF{;19e(ﬂ2ﬁ

where the magnitude of the ac voltage, V,, is adjustable with
proposed PS-SWM, which can be defined as

Vs =k -V ®)

where k is the voltage ratio of ac to dc.

The voltage and current stress of the device in HVS is:

: i =y L @)
2N,, N,, 2 2

_ Vdch + Vab

Then the TDR with PS-SWM in IM2DC HVS can be
calculated as in (5), where P is the power rating of IM2DC.

V V i 2 i 2
TDR =4N,, - dch 4 ab . dch 4 Lae
S v (ZNHV 2N, J ( 2 J ( 2 j (5)

=P-(1+k)- /1+k]—2

Based on (5), the smallest TDR can be accomplished when
the ac voltage magnitude equals to dc bus voltage, i.e, £k = 1.
Similar analysis can be applied to the LVS as well, hence the
TDR of IM2DC with PS-SWM is derived as in (6):

TDR,,,pc =42 - P (6)

The cell capacitors in IM2DC serve as the energy buffer
between dc and ac terminal, which handle the maximum
energy variation over one fundamental cycle. The cell
capacitor size are determined to limit the capacitor voltage
ripples and derived as in (7):

Ny - Cuy 'Vc% o =AE, (M

Chy denotes the HVS cell capacitance, V¢ is the nominal
capacitor voltage and o is the peak-peak capacitor voltage
ripple percentage. Due to the similarity, only the design of
HVS passive components is presented.

Based on (1) and (3), the instantaneous energy stored in
one arm is calculated as:

E,,=| %P : (k - i] - S[0)dt ®)

According to the aforementioned analysis, IM2DC is
desired to operate at k£ = 1. As a result, there will be no low
frequency ripple components existing in the capacitors.
Therefore, the cell capacitors can be much smaller since they
are dedicated to smooth the switching frequency ripples only.
Thus the capacitor can be approximately sized as

2 2) oW, o 2w, (9)
N
oV, o 2o

tr

]

where @ and w,- are the angular cell switching frequency and
transformer frequency respectively, and /4 is the nominal dc
current.
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The dc inductor is designed to suppress the dc current
ripple. As can be seen from Fig.2 (a), the equivalent dc current
ripple is 2-Nuy times of the cell switching frequency. The dc
inductor can be calculated by (10), where y is the peak-peak dc
current ripple percentage and L. is the HVS dc inductance.

2wV,

Ly, =
w'NHV '7'Idch

ld| (10)

B. Comparsion with conventional modulation methods

The design results of TDR and passive components of
IM2DC using different modulation methods are shown in
Table I. The TDR of PS-SWM and Q2L [1] is 18% less than
that of PS-sinusoidal modulation due to the higher efficient
power transfer capability of square wave. The per unit value
of total capacitor energy is used to compare the capacitor size.
With PS-sinusoidal modulation, the cell capacitors have to
withstand both the fundamental and double frequency energy
variations [7]. Although the fundamental frequency voltage
ripple can be eliminated by some methods to achieve smaller
capacitors, those methods will result in higher TDR. On the
other hand, the cell capacitor with Q2L[1] and proposed PS-
SWM can be much smaller since only higher switching
frequency ripple exists when k is 1. Although the required
switching ripple energy using PS-SWM will be a little larger
than the one using Q2L[1], other factors such as the loss and
heat dissipation also need to be considered for capacitor
sizing. Hence the cell capacitors using Q2L and PS-SWM will
have similar size. Table I also gives the calculated dc
inductors using Q2L[1] and PS-SWM when £ is 1, which are
both designed to limit the dc current switching ripple. Since 1-
2D and |dl will have similar values under same converter
ratings, the dc inductor with PS-SWM will be approximately
Npy times smaller than that with Q2L. When PS-sinusoidal
modulation is applied, not only the switching ripple current
but also the double frequency circulating current /54 need to
be suppressed by the dc inductor [8], therefore the dc inductor
will be largest.

TABLE L. COMPARISON OF IM2DC WITH DIFFERENT
MODULATION METHODS
Parameters caT:?i)tlor
TDR/P el:nergy DC inductance
Modulation JKVAS!
: . 343 P/(‘”z/,, )+ Vin/2
PS- 1 AL — s
S-sinusoida 43 yy 6721, -Cpy -V
o] 27-V,,-(1-2D)°
2L [1 442 ‘— Ee—
Q2L 1] \/7 o @71y,
2id| f a 2z-V,, -|d
Proposed PS-SWM 42 M + M : & — e 1 ‘ ‘
o o f Ny, -@-y-1

* fir and f are the transformer frequency and cell switching frequency respectively.
b D is the duty cycle [1].
IV. EXPERIMENTAL VERIFICATION

A downscaled prototype is built in the lab to verify the
proposed modulation method. The experimental setup of 2kW

IM2DC is shown in Fig.5. To present the multi-level
characteristics, four cells are installed in each arm. Detailed
circuit parameters are given in Table II. The fundamental
frequency is selected as 10kHz to reduce the sizes of passive
components. The switching frequency is designed at 40kHz to
ensure the quality of ac terminal voltage. One side of IM2DC
is built and connected to an R-L load, which is adequate for
validating the proposed modulation. The open-loop control is
applied in the converter with fixed square wave magnitude
and dc offset.

FPGA
Controller

TABLE IL CIRCUIT PARAMETERS OF THE IM2DC PROTOTYPE
Parameters Specifications Parameters Specifications
Rated power P 2kW Input voltage V. 250V
Cell number N 4 Cell capacitor C 20uF
DC inductor L. 100uH AC inductor L. 17 uH
Switching 40kHz AC frequency 10kHz
frequency f°
Cell MOSFETs IRFP260N Load resistor 10Q
i Auxiliary E
oo = Power T
v =% Supplies DSP+

(b)
Fig.5 Experimental setup: (a) testbed setup; and (b) 2kW IM2DC protoytpe.

Fig.6 demonstrates the key waveforms of the IM2DC with
proposed PS-SWM. The arm voltages vap)pm and ac terminal
voltage v, are consistent with the theoretical analysis in Fig.2
(a), which exhibits the square wave shape with high equivalent
switching frequency ripples at 160kHz in this scenario. The
zoomed view of v, from Fig.6 (b) illustrates the multilevel
characteristics of proposed modulation methods.

Fig.7 shows the key waveforms of the IM2DC with lower
ac link dv/dt. A staircase wave is applied as the modulation
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Fig.8 Experimental results of capacitor voltages in the upper arms.

waveform. Since stair step angle o is as small as 1.5°, it can be
ignored in the power analysis. The zoomed view of v, from
Fig.7 (b) presents the stair steps in the edges indicating a
lower dv/dt compared to the pure square wave modulation.

Fig.8 shows the cell capacitor voltages in the upper arms
ap and bp. It shows that the capacitor voltage maintains stable
and balanced. A 10kHz fundamental frequency component
exists because the ac to dc ratio & is 0.8 instead of 1. The cell
capacitor voltages waveforms in the lower arms an and bn
exhibit the same features as shown in Fig.8.

V. CONCLUSIONS

In this paper, a novel phase-shifted square wave
modulation (PS-SWM) technique is proposed for IM2DC
application in HVDC/MVDC systems. The detailed operation
principles are explained and the converter passive components
with PS-SWM as well as TDR are derived. The results show
that the cell capacitor can be reduced significantly and lower
TDR can be achieved compared to the conventional PS-
sinusoidal method. Both Q2L and proposed PS-SWM can
achieve low TDR and small cell capacitor size, however, the
PS-SWM can allow smaller dc inductors due to the multi-cell
phase-shifted characteristics. Although Q2L can realize soft-
switching to reduce switching loss, the PS-SWM can achieve
lower switching frequency if the cell number is large enough,
therefore, the total device loss of PS-SWM is comparable with
that of Q2L.
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