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Abstract: The subsea observation network has become an indispensable means of ocean exploration
worldwide. However, the scale of the subsea observation network is limited by the power supply
voltage and power level. Hence, to promote the development of a subsea observation network, this
paper investigates the underwater high voltage DC-DC converter (HVC), which greatly improves the
voltage and power level of the subsea observation network. The traditional series-parallel converter
based on multi-module is faced with many technical problems, such as difficult transformer isolation,
many fault points, low power density under higher input voltage level, and higher output power.
The subsea HVC of this paper adopts a modular multilevel resonant DC-DC converter. The main
circuit of HVC is designed in detail, including a module circuit, a resonant circuit, and a control
scheme. Through the combination of the sub-module removal voltage regulation and closed-loop
control, the converter can still output a stable voltage of 375 V when the input voltage changes. The
modular sub-module and centralized transformer structure enables the converter to isolate high
voltage easily, small volume, and high power density. The simulation and experiment results show
the proposed HVC meets the design requirements and has good application prospects. It can be
applied to submarine power transmission and distribution needs because of its wide range, large
transformation ratio, and high efficiency.

Keywords: subsea observation network; electric energy conversion; modular multilevel resonant

1. Introduction

The subsea observation network has received increasing attention worldwide as a
new and revolutionary means of ocean observation. The cabled submarine observation
network has become a research hotspot in the past decade because of its powerful power
supply capacity and ultra-high data transmission rate [1–4]. The basic idea is to connect
the observation instruments and seabed or ocean equipment with the power grid and in-
formation network on the land through the submarine cable to extend the land observation
to the depth of the ocean.

The concept of the submarine observation network originated at the end of the 20th
century. The early submarine observation network projects were mainly offshore and small-
scale networks, such as LEO, MVCO, HUGO, H2O [5–10]. They were simple single-node
structures with low transmission voltage and power. With the continuous development
of technology, the seabed observation network gradually developed into a medium- and
large-scale observation network. In 2009, the U.S. Institute of MBARI established the
−10 kV High Voltage DC power supply submarine observation network called MARS
in Monterey Bay. This submarine observation network is the world’s first high voltage
DC power supply submarine observation network. The main cable is 57 km long and
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has a main node. It is deployed to the sea area with a water depth of 891 m, and the
maximum power is 9 kW [11]. Ocean Networks Canada (ONC, Victoria, Canada), of
the University of Victoria in Canada, monitors the western and eastern coasts of Canada
and the Arctic region, providing continuous real-time data for scientific research. ONC is
composed of two seabed observation network systems: VENUS and NEPTUNE (Victoria,
Canada). The VENUS submarine observation network has two main cables: the first one
is about 4 km long, laid in 2006, with a depth of about 100 m, powered by about −400 V
power supply, and has an independent node; the other one is about 40 km long, powered
by −1.2 kV power supply, with two nodes [12]. The NEPTUNE (Canada) consists of a
shore-based power supply and six nodes to form a ring network that uses a −10 kV power
supply, with a total length of about 800 km of backbone cables [13]. The main part of the
RSN network in the United States includes a shore-based system powered by −10 kVDC
negative high voltage. The total length of the submarine cable is more than 850 km, and
each submarine observation node can provide a maximum power of 8 kW [14]. EMSO is a
large-scale submarine observation network jointly constructed by 14 European countries. It
includes 11 regional submarine observation networks, including several cabled submarine
observation networks, such as the OBSEA submarine observation network in the Balearic
Sea. However, the offshore base of its cabled submarine observation network is only about
4 km, with small scale and low voltage and power [15]. DONET and JMA are distributed
in the sea area around Japan, with the aim of realizing the long-term accurate monitoring
of submarine earthquakes and tsunami. They are located in earthquake-prone areas and
require a power supply and distribution system with good short-circuit resistance, and
thus use a constant current power supply [16,17]. In September 2016, the primary and
secondary junction boxes developed by Zhejiang University were deployed in the deep
sea about 150 km away from the offshore base. The primary and secondary junction boxes
provide a 10 kW power supply for ocean observation equipment and external expansion
interfaces of various voltage levels [18,19]. Yang Fan proposed a set of fault location
approach for scientific cabled seafloor observatories located in East China Sea, and the
submarine observation network in this paper adopts the voltage level of −10 kV [20].

At present, the power supply scheme of the large-scale subsea observation networks
in the world is −10 kV to 375 V. It uses a switching power converter with a three-stage
multi-module stacked composite structure. The secondary module consists of eight single
modules, each of which uses −210 V to 47 V double transistor forward converter, and the
input and output of eight single modules are in series. Thus, a secondary module can
convert –1680 V to 375 V. The highest level is a first-level module, which is composed of six
second-level modules. In order to divide −10 kV HVDC voltage into the six second-level
modules, the input sides of the six secondary modules are connected in series, and the
output sides are connected in parallel, and the power conversion of −10 kV to 375 V
is realized.

The traditional series-parallel converter based on multi-module has many technical
problems under higher input voltage level and higher output power, such as difficult
transformer isolation, many fault points, and low power density. Due to these defects, it is
difficult to improve the voltage level (−10 kV) and power level (10 kW), which makes the
scale of the subsea observation network limited by the voltage level. Based on the above-
mentioned power converters in the subsea observation network, the project adopts the
modular multilevel resonant DC-DC converter. The modular sub-module and centralized
transformer structure enables the converter to isolate high voltage easily, is small in size,
and high in power density. The voltage level is increased to −15 kV and the power
level is increased to 40 kW. The strategy of sub-module removal and closed-loop control
cooperative voltage regulation can be applied to a wide range of large transformation ratio
and high-efficiency submarine power transmission and distribution needs.
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2. System Structure

The subsea observatory distribution system is responsible for electric energy conver-
sion and data transmission. A kind of observation network is illustrated in Figure 1. The
tree topology in Figure 1 is widely used in the submarine observation network power
distribution system. The electric power from the shore station is transmitted through a
long-distance optoelectronic composite cable. The system consists of a shore station (elec-
trical power to the junction box, commands to node experiments), branch unit (BU, branch
structure of power and communication on optoelectronic composite cable), primary junc-
tion box (HVC in primary junction box for power conversion, and data communication),
and science node, which consists of a secondary junction box and science instruments, for
undersea science research. The work flow of the submarine observation network electrical
energy conversion system is as follows: −15 kV high voltage electricity is converted into
375 V medium voltage in the primary junction box, and then 375 V medium voltage is
input into the secondary junction box to be converted into 48 V low voltage required for
the scientific instruments.

1 

 

 

Figure 1. Structure of CV tree topology subsea observation network.

3. Topology Design of the Main Circuit
3.1. Topological Structure

The LLC resonant HVDC converter topology [21–23] based on the modular multilevel
converter (MMC) is shown in Figure 2. The HVDC bus current can be stabilized while
providing a neutral point for the resonant circuit by incorporating an HVDC capacitor into
the HVDC input side to absorb the AC fluctuation of the MMC bridge arm current. The
single-phase MMC structure consists of upper and lower arms, and each arm is composed
of N half bridge sub-modules and an arm inductor. The bridge arm inductor is connected
in series with the bridge arm to suppress the bridge arm current overshoot caused by
sub-module switching. Meanwhile, the two bridge arm inductors Lleg and the leakage
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inductance Lk of the high-frequency transformer are used as the resonant inductor Lr
of the LLC resonant circuit. Therefore, the resonant circuit is composed of bridge arm
inductance Lleg, resonant capacitor Cr, leakage inductance LK of the transformer, and
excitation inductance LM of the high-frequency transformer. The secondary side of the
transformer adopts the full-bridge uncontrolled rectifier circuit, which can better reduce
the voltage and current stress of the device as compared with the full-wave rectifier. Finally,
the stable DC voltage is outputted through the filter capacitor Co.
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Figure 2. Resonant DC-DC converter topology based on MMC-LLC structure.

The main functions of the MMC topology in Figure 2 are as follows. The DC voltage
is converted into a high-frequency square wave and applied to the input of the resonant
circuit. In this paper, the ladder wave modulation method of the approximate square
wave is adopted, as shown in Figure 3. The characteristics of the output square wave of
the half-bridge structure are simulated to improve the utilization rate of DC voltage. The
ladder wave output can also avoid high DC input voltage applied directly to the primary
side of the transformer, reduce the dv/dt primary side of the transformer, facilitate the
design of the transformer, and reduce the issues in manufacturing. When the input voltage
or load changes, the feed-forward control link adjusts the output voltage by adjusting the
number of upper and lower bridge arm switching sub modules.
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The LLC resonant circuit in Figure 2 has two resonant points: resonant frequency f r
composed of Lr and Cr, and resonant frequency f m composed of Lr + Lm and Cr. That is,

fr =
1

2π
√

LrCr
, fm =

1
2π
√
(Lr + Lm)Cr

(1)

when the input square wave frequency f s of the resonant circuit is equal to f r, the gain of
the resonant circuit is 1; when the input square wave frequency f s of the resonant circuit is
greater than f r, the gain of the resonant circuit is less than 1. Meanwhile, when the input
square wave frequency f s of the resonant circuit is less than f r, the gain of the resonant
circuit will be greater than 1. The detailed working principle and parameter design of the
topology are given in the following sections.

3.2. Voltage Regulation Scheme of Sub-Module Removal

Its voltage regulation mode has multiple control degrees of freedom based on the
MMC-LLC HVDC converter topology. The voltage regulation scheme adopted in this paper
is the combination of sub-module removal voltage regulation and closed-loop frequency
conversion voltage regulation. The sub-module removal voltage regulation is used as feed-
forward control, and the voltage regulation is used mainly to deal with the wide ranging
change in input voltage. The corresponding working waveform is shown in Figure 4. The
voltage regulation method uses the concept of MMC voltage modulation ratio to change the
AC output side of MMC, that is, the square wave size of the resonator input to adjust the
final output DC voltage. When the input voltage of the converter is from −9 kV to −15 kV,
it needs to output 375 V DC voltage stably. Therefore, the purpose of the sub-module
removal voltage regulation scheme is to ensure that the square wave applied to the input
of the resonant circuit can be stabilized by adjusting the number of sub-modules on the
upper and lower arms of MMC under different input voltages.
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The working principle of sub-module voltage regulation is to change the voltage range
of the MMC bridge arm by selecting whether the capacitor of K sub-modules in the upper
and lower bridge arms of MMC remains when placed into the circuit to realize voltage
regulation. When K = 0, as shown in the upper part of Figure 4, all the sub-modules in the
MMC bridge arm are normally on and off. All the sub-modules in each bridge arm are
also either on or off except for the edge switching process. At this time, the output voltage
range of the MMC single bridge arm is 0–Vi (Vi is the input voltage Vdc), and the output
voltage amplitude of the modular inverter is Vi/2. When K > 0, as shown in the lower
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part of Figure 4, the K sub-module capacitances in the MMC bridge arm are connected
to the bridge arm in series all the time, and the number of sub-modules inserted into the
circuit at most is N + K, and the capacitance-voltage of sub-module is Vi/(N + K). A bias
between varm1 and varm2 can be found and is KVi/(N + K). The peak-to-peak amplitude of
the AC component is (N − K)Vi/(N + K). At this time, the output voltage amplitude of the
modular inverter circuit becomes

(N − K)/(N + K) × Vi/2. (2)

In this paper, the input voltage is required to vary from −9 kV to −15 kV, and thus,
when the input voltage is −9 kV, all the MMC bridge arm sub-modules are put into
operation or cut off, that is, when K = 0, the square wave voltage applied to the input of the
resonant circuit is ±4.5 kV. With the increase of input voltage, to keep the square wave at
the AC output end of MMC, that is, the square wave applied at the input end of resonant
circuit unchanged, K needs to be increased. Since K must be an integer, there is a certain
error, which needs to be adjusted by further closed-loop control.

3.3. Closed-Loop Control

Due to the step fluctuation of the output voltage, it is necessary to adjust the frequency
of the output voltage by closed-loop control to reduce the error of the output voltage. The
block diagram of the closed-loop control system is shown in Figure 5. The feedforward
part determines the number of sub-modules K inserted into the bridge arm by sampling
the input voltage, and the feedback part determines the square wave frequency f s of the
resonant circuit by sampling the output voltage and the compensation network. The central
controller sorts the capacitor voltage of the bridge arm sub-modules to determine which
sub-modules are switched on and off and then generates the control signal.
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The control system structure of the system is shown in Figure 6. The main controller
adopts the combination of DSP and FPGA. The main functions of DSP include closed-loop
voltage stabilizing control, soft start of the main circuit, state monitoring and protection of
the converter, communication with the upper computer, etc. FPGA is the interaction center
between the main controller and the sub-controller, which is responsible for multiple tasks
such as module voltage sharing control, drive signal modulation, communication coding,
and decoding.
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Each sub-controller controls three sub-modules, called a sub-module group, as shown
in Figure 7. The sub-controller converts the received control signals into the real-time driv-
ing and protection signals of each sub-module, sends them to the sub-module for control
and sends the voltage and operation status data of the sub-module to the main controller.
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3.4. Error of Sub-Module Voltage Regulation

To maintain the output voltage stability of the converter under different HVDC input
voltages, the output voltage of MMC at the input port of the resonant network should be
±4.5 kV as far as possible. When the input voltage is −9 kV, the output voltage range of
the MMC bridge arm should be −9 kV~0 when the input voltage is −12 kV, the output
voltage range of the MMC bridge arm should be −10.5 kV~−1.5 kV when the input
voltage is −15kV, the output voltage range of MMC bridge arm should be −12 kV ~
−3 kV, that is when the DC input voltage is Vin, the output voltage range of bridge arm
should be (Vin/2 − 4.5 kV, Vin/2 + 4.5 kV). Therefore, the maximum output voltage of
the MMC bridge arm is required to be less than the DC input voltage. Considering the
characteristics of power devices of various voltage levels, the scheme adopts a 1200V IGBT
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single transistor, and the maximum working voltage of the sub-module is 800 V. Therefore,
the number of sub-modules required for a single bridge arm is as follows:

N =
12 kV
800 V

= 15 (3)

Considering that each bridge arm has three redundant sub-modules, the total number
of sub-modules required for the upper and lower bridge arms is 36.

According to Equations (2) and (3), the error of sub-module voltage regulation can be
obtained when K takes different values shown in Figure 8.

The curve of the shadow part in Figure 8 shows the error of sub-modules removal
voltage regulation under different input voltage. It can be concluded that since K can only
be taken as an integer, the error of sub-module voltage regulation is about ±7%.
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4. Topological Parameters of the Main Circuit
4.1. Resonant Unit

According to the voltage regulation scheme described in the previous section, no
matter how much the normal HVDC input voltage and load are, the MMC bridge arm will
adjust the number of switching sub-modules, and the output amplitude is approximately
±4.5 kV square waves as far as possible, which is applied to the input end of the resonant
circuit. Therefore, the ratio of primary and secondary side turns of the transformer should
be designed as follows:

n =
4.5 kV
375 V

= 12 (4)

Since using only the sub-module to switch the voltage regulation is a step-by-step
regulation, some errors will occur, and Figure 8 shows that the error is ±7%. Therefore,
this scheme further makes the output voltage maintained at DC 375 V by closed-loop
frequency modulation control. The parameters of the resonant network should be designed
to make the gain of the resonant network adjustable between 0.93 and 1.07 in the adjustable
frequency range.
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Figure 9 is the equivalent circuit of the resonant circuit obtained by the first harmonic
approximation (FHA). In the figure, the MMC bridge arm inductance and the transformer
leakage inductance together form the resonant inductance Lr, that is,

Lr = Lleg/2 + Lk (5)
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Req is the equivalent resistance of the load converted to the primary side of the
transformer, which is determined by the following formula:

Req =
8

π2 n2Ro =
8

π2 n2 V2
o

Po
(6)

According to Equation (6), the equivalent resistance Req is found to be related to the
load (i.e., output power), and thus, the gain of the resonant network will change under
different loads.

The switching loss limit of IGBT in the MMC bridge arm sub-module and the volume
of a high-frequency transformer are limited by frequency limitation. Thus, after estima-
tion, the resonant frequency is set as 10 kHz in this scheme. Under normal closed-loop
frequency and voltage regulation, the maximum switching frequency is set as 12 kHz and
the minimum switching frequency is set as 8 kHz. Therefore, the resonant inductor Lr and
resonant capacitor Cr satisfy the following relations:

fr =
1

2π
√

LrCr
= 10 kHz (7)

According to the concept of quality factor Q and inductance ratio λ in the resonant
circuit, they are defined as follows:

Q =
ωrLr

Req
=

2π frLr

Req
(8)

λ =
Lr

Lm
(9)

Equations (7)−(9) show that the relationship among resonant inductor Lr, resonant
capacitor Cr, and excitation inductor Lm is restricted by resonant frequency f r, quality
factor Q, and inductance ratio λ. Combined with the classic LLC gain derivation method,
taking normalized square wave frequency f n = fs/fr, quality factor Q, and inductance ratio
λ as independent variables, the relationship between resonant network DC gain M and the
three independent variables can be expressed as follows:

M( fn, Q, λ) =
1√(

1 + λ− λ
f 2
n

)
+ Q2

(
f 2
n − 1

f 2
n

) (10)
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Figure 10 shows the relationship between DC gain and frequency by changing the
quality factor Q under the premise of constant inductance ratio λ. The results show that
(1) when the square wave frequency f s is equal to the resonant frequency f r, regardless
of the Q value, the DC gain of the resonant network is 1, that is, other circuit conditions
are certain, regardless of how much the output load is, the rated DC voltage can be stably
outputted at the resonant point, and the working efficiency of the circuit is also the highest.
(2) With the decrease of Q, the DC gain of the resonant circuit at low frequency (square
wave frequency is slightly less than resonant frequency) increases, that is, the smaller Q, the
stronger amplification ability of the resonant circuit at low frequency. In the high-frequency
part (the square wave frequency is greater than the resonant frequency), the sensitivity
of gain to frequency decreases with the decrease of Q. A higher switching frequency is
needed to achieve a larger range of gain. Therefore, selecting an appropriate Q value to
synthesize the gain characteristics of low and high frequencies is necessary.
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Figure 10. Effect of quality factor Q on DC gain (λ = 0.4).

Figure 11 shows the effect of inductance ratio λ on DC gain under the premise of
certain quality factor Q. The results show that (1) when the square wave frequency f s is
equal to the resonant frequency f r, the DC gain is 1 regardless of the inductance ratio and
(2) with the increase of λ, DC gain is more sensitive to the frequency in both high and
low-frequency regions. When the input DC voltage changes, the frequency modulation
is more sensitive, and the frequency variation range will not be very wide. However, on
the premise that the excitation inductance Lr is constant, the larger λ means the excitation
inductance Lm will be smaller, which will inevitably lead to a larger excitation current and
greater loss. Therefore, for the selection of λ, it is necessary to consider comprehensively
the gain characteristics and excitation current.
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We can summarize the design process of resonant network parameters according to
the above design ideas as shown in Figure 12.
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The selection of transformer excitation inductance Lm depends on the excitation
current. As shown in Figure 13, the larger the excitation current, the larger the device
conduction loss, and the larger the transformer capacity demand. Meanwhile, the appro-
priate excitation inductor can transform the MMC bridge arm sub-module switch as a soft
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switch to reduce the switching loss as shown in Figure 14. Take the excitation inductance
Lm = 10 mH, the bridge arm voltage changes from positive to zero, and bridge arm current
is just around 0, which can realize zero current switches (ZCS), and reduce the loss during
switch conversion.

J. Mar. Sci. Eng. 2021, 9, 712 11 of 21 
 

 

Design

resonant 
frequency fr

Maximum switching 
frequency fsmax

Transformer ratio 
n

Max/min gain 
Mmin/Mmax

Calculation of equivalent 
resistance Req

Design inductance 
ratio λ  

Determine the quality 
factor Q

Minimum switching 
frequency fsmin

Calculate Lr,Cr,Lm

Is debugging 
reasonable

End

N

Y

 
Figure 12. Basic process of resonant circuit parameter design. 

The selection of transformer excitation inductance Lm depends on the excitation cur-
rent. As shown in Figure 13, the larger the excitation current, the larger the device con-
duction loss, and the larger the transformer capacity demand. Meanwhile, the appropriate 
excitation inductor can transform the MMC bridge arm sub-module switch as a soft switch 
to reduce the switching loss as shown in Figure 14. Take the excitation inductance Lm = 10 
mH, the bridge arm voltage changes from positive to zero, and bridge arm current is just 
around 0, which can realize zero current switches (ZCS), and reduce the loss during switch 
conversion. 

 
Figure 13. Effect of excitation inductance on MMC bridge arm current. 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
-10

-8

-6

-4

-2

0

2

4

6

8

10

12

14

16

Lm = 5 mH

i ar
m

Time/ms

Lm = 10 mH

−

Lm = 20 mH

−

−

−

−

−

Lm = 50 mH
Lm = 100 mH

Figure 13. Effect of excitation inductance on MMC bridge arm current.

J. Mar. Sci. Eng. 2021, 9, 712 12 of 21 
 

 

 
Figure 14. Phase relation diagram of bridge arm voltage and bridge arm current. 

Since the resonant capacitor and resonant inductor satisfy the resonant frequency re-
lation, when the resonant inductor is constant and the resonant capacitor is changed, the 
resonant voltage at both ends of the resonant capacitor will change. According to CdU/dt 
= i, when the resonance current is certain, the greater C, the smaller the voltage at both 
ends of C will be, as shown in Figure 15. 

 
Figure 15. Effect of the resonant capacitor on the resonant voltage at both ends. 

In addition, according to the gain demand, combined with the influence of the reso-
nant capacitor on the resonant network gain shown in Figure 16, the compromise value 
of Cr and Lr is selected, Cr = 300 nF, Lr = 844.3 μH. 

 
Figure 16. Influence of resonant capacitance on the gain of the resonant network. 

0
-5

0

5

10

ip

π 2π 3π stω

0

vp

dcV

t1 t3t2−

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
-1400
-1200
-1000

-800
-600
-400
-200

0

200
400
600
800

1000
1200
1400

Cr = 500 nF

Re
so

na
nt

 v
ol

ta
ge

/V

Time/ms

Cr = 400 nF
Cr = 300 nF
Cr = 200 nF

−
−
−
−

−
−
−

0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25
0.90

0.95

1.00

1.05

1.10

1.15

G

fs/fr

 Cr = 200 nF
 Cr = 300 nF
 Cr = 400 nF
 Cr = 500 nF
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Since the resonant capacitor and resonant inductor satisfy the resonant frequency
relation, when the resonant inductor is constant and the resonant capacitor is changed,
the resonant voltage at both ends of the resonant capacitor will change. According to
CdU/dt = i, when the resonance current is certain, the greater C, the smaller the voltage at
both ends of C will be, as shown in Figure 15.
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In addition, according to the gain demand, combined with the influence of the resonant
capacitor on the resonant network gain shown in Figure 16, the compromise value of Cr
and Lr is selected, Cr = 300 nF, Lr = 844.3 µH.
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With a high-frequency transformer with 10 kH, 60 kVA capacity, and primary and
secondary side ratio of 12:1, the minimum leakage inductance Lk can be about 500 µH.
According to Equation (5), The bridge arm inductance Lleg is 688.6 µH.

4.2. Modular Unit

The fluctuation of the capacitance-voltage of the sub-module depends on the current
of the bridge arm and the switching frequency. The square wave frequency is the resonance
frequency under the minimum input voltage. When the output end is a full load, the FHA
method is adopted to obtain the fundamental wave equivalent circuit of the resonance
network, as shown in Figure 17.

vNO,1 =
2
π

Vdc sin(ωst) (11)

when the fundamental frequency is equal to the resonant frequency, Lr and Cr are equiva-
lently short-circuited, and the resonant current amplitude is as follows:

Ir =
VNO,1

ZNO
=

2
π Vdc

ωsLm//Req
= 16.7 A (12)
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The input voltage angle of the phase lag square wave of theresonance current is as 
follows: 
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Figure 17. Equivalent circuit of LLC resonator fundamental wave.

The input voltage angle of the phase lag square wave of theresonance current is
as follows:

ϕ = arctan
Req

ωsLm
≈ 30.8

◦
(13)
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Ignoring the loss of converter, the maximum input DC is as follows:

Idc =
Po

Vdc,min
= 4.45 A (14)

The resonant current is divided equally between the upper and lower arms of MMC,
and the expression of arm current is obtained as follows:

ip = Idc +
1
2

Ir sin(ωst− ϕ) (15)

when the MMC bridge arm square wave is outputted, the charging and discharging of
the sub-module capacitor occurs during the operation of the bridge arm sub-module.
Therefore, combined with the voltage expression of the upper bridge arm, the waveform of
the bridge arm voltage and the bridge arm current can be drawn, as shown in Figure 18.

vp =

{
0, nTs < t < nTs + Ts/2
Vdc, nTs + Ts/2 < t < (n + 1)Ts

(16)J. Mar. Sci. Eng. 2021, 9, 712 14 of 21 
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According to Figure 18, the maximum charge of the sub-module capacitor in a square
wave period can be expressed as:

∆Q = C∆Usm =
∫ t2

t0

ipdt (17)

where t0 and t2 are respectively zero-crossing time of bridge arm current. If the voltage
fluctuation ε of the sub-module capacitor is allowed to be 3% of the rated value, the
sub-module capacitor should be selected as follows:

C =
∆Q

∆Usm
(18)

Considering the worst operating conditions, the capacitance of the sub-module is
about 10 uF when the DC input voltage is the minimum, the switching frequency is the
minimum, the excitation current is the maximum, and the load is a full load.

4.3. Transformer

As mentioned earlier, because of the reactive component in the resonant current, the
transformer capacity is 60 KVA, which is greater than the power level of the system. Since
the half-bridge MMC circuit topology is adopted in this paper, the sub-module removal
voltage regulation scheme is adopted in the control voltage regulation scheme, and thus,
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the input voltage is ±4.5 kV. Some devices in this circuit work in a hard switching state
and thus, to reduce the switching loss, the rated working frequency of the transformer is
set to 10 kHz, and the working frequency range is 8 kHz–12 kHz.

The selection of core material should be solved first in the process of transformer
design. The core selection of the transformer is based on the saturation flux density and
core loss, both of which affect the power density and efficiency of the transformer. The
magnetic core material with low loss must be selected to ensure that the temperature rise
of the medium frequency transformer is in a reasonable range. Most medium frequency
transformers are made of ferrite core material, which is relatively cheap. However, because
of the low saturation flux density of ferrite, the power level has difficulty meeting the
requirements of this project. Therefore, to reduce the volume and weight of the transformer,
this design needs to use magnetic core materials with high saturation flux density and
low loss, such as nanocrystalline. The disadvantages of these materials are relatively high
prices and a longer processing cycle.

After the core material is determined, a preliminary evaluation of the transformer
design is performed to evaluate its expected power density and loss. The process of
transformer evaluation is as follows: first, the relevant parameters, including current and
turn ratio should be determined according to the requirements of power and primary and
secondary side voltage. Then, the cross-sectional area Ae of the transformer core is set. The
simplified diagram of the core shape is shown in Figure 19. Therefore, the values of D and
E can be determined according to the size of the window area.
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The maximum working magnetic density Bmax is determined according to the working
frequency f of the transformer. The winding materials of primary and secondary sides
are selected based on the current density and current effective value. The adjacency effect
and skin effect should be considered in this selection. In this design, the primary winding
of the transformer is composed of Litz wire, and the secondary winding is composed of
copper strips. Using the wire diameter Dwire and wire area Swire of Litz wire, the number
of turns of the primary and secondary winding is determined according to Equation (19):

Npri =
Vt

2 f ·2Bmax·Ae
Nsec =

Npri
Nratio

Irmss = Irmsp·
Npri
Nsec

Nwirep =
Irmsp

J·Swire
Nwires =

Irmss
J·Swire

(19)

where Npri is the number of Litz wire strands on the primary side, Vt(L) is the volume of
transformer, f is the working frequency of transformer, Nratio is the turn ratio of transformer,
Nsec is the number of Litz wire strands on the secondary side, Irmsp(A) is the effective value
of primary side current, Irmss(A) is the effective value of secondary side current, J(A/m2) is
the maximum current density, Nwirep and Nwirep are the turns of the primary and secondary
sides of the transformer, respectively.
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The size of the transformer core is estimated according to the utilization rate of
the window:

Aw =
Npri ·Nwirep+Nsec·Nwires

Ku ·Dwire

C =
√

Aw/2; B = Aw/C; A = B + 2D;
(20)

where Ku is the window utilization of transformer core, Aw is the window area of magnetic
core, A, B, C, D are shown in Figure 19.

The volume and mass of the transformer are calculated according to the size and
density of the magnetic core material. The core loss of the transformer is calculated using
the Steinmetz formula together with the working magnetic density and working frequency
of the transformer. Finally, the total loss of the transformer is calculated according to the
core loss and winding copper loss to verify whether the design requirements are met. The
final evaluation results are shown in Table 1.

Table 1. Transformer design results.

Transformer Maximum
Flux/T Current Density Efficiency/% Size/mm

(Length ∗Width ∗ Height) Volume/L

60 kVA/10 kHz 0.302 4.04 99.6 225 ∗ 225 ∗ 127 6.429375

5. Simulation and Laboratory Test
5.1. Simulation Results

Based on the above analysis, the simulation circuit is built, and the specific simulation
parameters are shown in Table 2. The parameters of each component are selected based on
theoretical calculation, and the capacitance of the sub-module and output filter is selected
according to the worst case. At the same time, the system can also achieve the highest
potential power density.

Table 2. Simulation model parameters.

Electronic Component Value Electronic Component Value

DC input voltage Vdc −9 kV~−15 kV Bridge arm inductance Lleg 688.6 µH

DC output voltage 375 V Leakage inductance of
transformer Lk

844.3 µH

Output power Po 40 kW Resonant capacitor Cr 300 nF
Number of sub-modules of single

bridge arm N 15 + 3 Excitation inductance of
transformer Lm

10 mH

Capacitance of sub-module Csm 10 uF Closed-loop frequency
modulation range fs

8 kHz~12 kHz

Rated voltage of sub-module Vsm 655 V DC input capacitance Cin 10 µF
resonant frequency f r 10k Hz DC output filter capacitor Co 600 µF

The simulation first verifies the requirements of the circuit in the steady-state condi-
tions, and the output voltage waveform is shown in Figure 20. Under different input volt-
ages, a certain error in the output voltage can be found only through the MMC sub-module
removal voltage regulation. When the output voltage closed-loop feedback frequency
modulation control is adopted, the output voltage is stable at 375 V (as shown in the figure,
the curve in the red dotted box), and the ripple is less than 1.5 V (0.5%).
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Figure 20. Output voltage steady-state waveform.

Figure 21 shows that under the rated input voltage, when switching from half-load
to full load, the transition process is about 5 ms and the voltage fluctuation is 5 V (1.33%).
The high voltage DC converter shows good dynamic stability.
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Figure 21. Output voltage waveform of half-load switching to full load.

Figure 22 is the output voltage waveform of the load continuous change experiment.
When the load increases, the current required by the load suddenly increases, and because
the inductance element impedes the current mutation, the output capacitor discharges to
provide the current required by the load, so there is a drop in the output voltage. When the
load decreases, the change in the output voltage is just the opposite. Figure 22 shows that
the fluctuation of output voltage from full load to no-load output voltage is less than 10 V
(2.7%), and all indicators meet the design requirements.
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Figure 22. Waveform of output voltage during half-load, full load, and no-load switching.

Figure 23 shows the waveform of the sub-module capacitor voltage and output DC
voltage during startup. The capacitor voltage of the sub-module can be charged steadily to
the rated voltage, and the output DC voltage also rises steadily to the rated output voltage
of 375 V. No obvious overshoot phenomenon was observed. The above simulation results
show the circuit can start under light load.
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Figure 23. Waveform of sub-module capacitor voltage and output DC voltage during light
load startup.
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5.2. Experimental Results

To verify the above simulation results, the experimental platform of HVC electric
energy characteristics was built in the laboratory as shown in Figure 24. The platform
includes DC power supply, HVC, and electronic load. In this section, the load change and
soft start experiment of HVC are carried out in the laboratory experiment.
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Figure 24. Experimental platform of HVC electric energy characteristics.

First, the load change experiment is carried out. The output load of HVC is switched
between no-load, full load, and half-load, and the load change characteristic waveform of
HVC is obtained as shown in Figure 25. It can be concluded that under the rated input
voltage, the output voltage fluctuation from full load to no-load or from no-load to full
load is less than 10 V, and the output voltage fluctuation from half-load to full load is less
than 5 V, which is consistent with the simulation results. Moreover, the output voltage
can return to a stable state within a very short time after load change, indicating that the
proposed HVC has strong anti-load disturbance characteristics.
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The soft-start experiment of HVC is carried out to verify the soft-start function of
HVC. Start HVC under light load to get output voltage and bridge arm current waveform
of HVC. As shown in Figure 26, the output voltage is increased steadily to the rated output
voltage of 375 V without overshoot after the HVC is started. The bridge arm current also
gradually increases to the maximum value and then stabilizes, avoiding the impact on the
components. It is consistent with the simulation results shown in Figure 23, which meet
the design requirements, and verifies that HVC can realize the soft-start function.
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6. Conclusions

Based on the defects of the traditional multi-module series-parallel electric energy
converter, this paper presents an HVC based on MMC-LLC topology. The main circuit
of HVC is designed in detail, including system topology, module circuit, resonant circuit,
and control scheme. Through the combination of sub-module removal voltage regulation
and closed-loop control, the converter can still output a stable voltage of 375 V when the
input voltage changes. By selecting whether the capacitance of K sub-module in MMC
upper and lower bridge arm remains put into circuit, the voltage range of MMC bridge
arm is changed, and the voltage regulation can be realized. The topological parameters
of the main circuit are discussed and optimized by simulation. The resonant circuit and
sub-module circuit are simulated, and a complete set of design method is given. The
appropriate inductance and capacitance parameters are selected for subsequent prototype
production and experimental verification. At the same time, the parameters of the trans-
former are designed, the requirements of the transformer are analyzed, and the parameters
of the transformer are determined according to the working conditions of the transformer.
The modular sub-module and centralized transformer structure enables the converter to
easily isolate high voltage and has the characteristics of small volume and high-power
density. Finally, the simulation and laboratory experiments of converter soft start and load
change are carried out. The simulation and experiment results show the proposed HVC
meets the design requirements and has a good application prospect. It can be applied
to the submarine power transmission and distribution needs with its wide range, large
transformation ratio, and high efficiency.
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