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Abstract—Offshore wind farms connected with HVDC 

transmission line is a promising solution to bring the power to 

shore and assure the system efficiency. A DC-DC converter with 

high step ratio is required for such application. The modular 

multilevel converter (MMC) for transformer-less DC-DC 

converter application is regarded as an alternative solution to 

replace the two-stage DC-AC-DC conversion. A hybrid multiport 

modular multilevel DC-DC converter is proposed in this paper, 

which have one high voltage port and multiple low voltage ports. 

The low voltage ports can be connected to the dc output of wind 

turbines. The bidirectional power flow is realized by controlling 

the arm voltages. The proposed converter has a lower circulating 

currents as compared to the single-port MMC DC-DC converter. 

By using the full bridge submodules (FBSMs), the converter also 

has DC fault blocking capability.  

 
Index Terms—modular multilevel converter, DC-DC 

converter. 

 

I. INTRODUCTION 

With the increasing number of high voltage DC (HVDC) 

transmission lines being installed all over the world, the 

research on DC grid is becoming more and more interesting for 

industry and academia [1]-[5]. With a high penetration of 

renewable energies, medium voltage DC (MVDC) distribution 

grid is considered as more efficient than AC distribution grid 

[6]-[8]. In order to reduce the loss, offshore wind farms located 

far away from the shore require HVDC lines to transfer the 

power. High power DC-DC converter is needed to boost the 

low voltage output of wind generators to connect to the MVDC 

collection point [9]. 

Benefited by the advantages of high efficiency, good 

harmonic performance and modularity, modular multilevel 

converter (MMC) has been widely used in high power 

applications.  The application of MMC for DC-AC conversion 

including HVDC, FACTS and motor drive has been presented 

in [10]-[15]. The MMC for DC-DC conversion is also 

attracting more attention. The conventional MMC topology for 

DC-DC conversion is the front to front connection of two 

MMCs, which has two cascaded DC-AC stages. An 

intermediate transformer is required [16]-[20], which results in 

an increased size and cost of the system. Although medium 

frequency transformer can be adopted to reduce the size, soft 

switching is required to reduce the loss caused by the increased 

switching frequency. However, soft switching of MMC is 

difficult to implement. 

 The MMC for transformer-less DC-DC conversion has been 

investigated in [21]-[23]. Different from the MMC for DC-AC 

application where the AC current flows through the upper and 

lower arm to the AC grid, the transformer-less MMC DC-DC 

converter has the AC current circulating inside the phases to 

balance the power between the upper and lower arms. A large 

inductor filter is needed to block the AC components from 

appearing at the low voltage DC side, as shown in Fig. 1. The 

AC circulating current will become large if the voltage 

conversion ratio increases, which results in a high loss and a 

high current rating of the switches. Thus, the single-port 

transformer-less MMC DC-DC converter is ideal for 

connecting two DC links with a small voltage step ratio close to 

2:1 [24]. 

In this paper, a hybrid modular multilevel DC-DC converter 

topology with multiple ports is proposed. The upper arm adopts 

the half bridge submodules (HBSMs), and the SMs of lower 

arm are connected to the low voltage output of wind generators. 

Full bridge submodules (FBSMs) are used to block the DC fault 

happens on the high voltage side. The proposed topology has a 

high voltage conversion ratio while the circulating current is 
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Fig. 1.  Single-port transformer-less MMC DC-DC converter. 
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kept small by flexibly choosing the AC component of the upper 

and lower arm voltages. The system has a high reliability. It can 

operate by adjusting the AC voltages if some of the low voltage 

DC links are disconnected, which does not require the 

overdesigned of the system. The bidirectional power flow is 

realized by controlling the arm voltages. 

II. PROPOSED HYBRID MULTIPORT DC-DC CONVERTER  

A. Proposed Topology  

The proposed three-phase topology is shown in Fig. 2. Based 

on the differences of the components, the SMs are divided into 

two groups, including HBSMs and FBSMs. The upper arm is 

composed by standard HBSMs, while the lower arm is 

composed by FBSMs.  The FBSMs have extra ports that can 

connect to the low voltage wind generators. The equivalent 

circuit of the three-phase system is shown in Fig. 3. The upper 

arm voltage contains DC and AC components, while the lower 

arm voltage only contains AC component. The blue line 

represents the DC current flow loop and the red line represents 

the AC current flow loop. 

B. Steady-State Analysis  

According to the equivalent circuit in Fig. 3. The upper arm 

and lower arm voltages are defined as  

_ _upi upi AC upi DCv v v                               (1) 

_lowi lowi ACv v                                    (2) 

where, i represents the phase, vupi_AC and vupi_DC represents the 

AC component and DC component of upper arm, respectively. 

vlowi_AC represents the AC component of lower arm.  

From KVL, the relationship between the voltages can be 

expressed as  

_ _ _

ciri

MVDC upi AC upi DC lowi AC arm

di
V v v v L

dt
             (3) 

where, VMVDC represents the medium voltage DC, and iciri 

represents the AC current which circulate between the arms.  

The system can be further decoupled into DC and AC loops, 

which is derived as   

_MVDC upi DCV v                                   (4) 

_ _ 0ciri

upi AC lowi AC arm

di
v v L

dt
                     (5) 

According to (5), the phasor diagram of the AC loop is 

shown in Fig. 4. 

The arm current is expressed as  

1

3
armi MVDC cirii i i                                (6) 

In steady-state, the energy in the upper arm should be kept 

constant, which means the DC component of the upper arm 

power should be zero, otherwise the upper arm energy will keep 

increasing or decreasing. If only the fundamental frequency is 

considered, the AC components of arm voltages can be 

expressed as 

_ _ cos( )upi AC upi ACv V t                            (7) 

_ _ cos( )lowi AC lowi ACv V t                         (8)  

where, is the angular frequency, and is the phase shift 

between the upper and lower arm which controls the power 

flow direction.   

From (5), (7) and (8), the AC current iciri is calculated as  

_ _

1
( sin( ) sin( ))ciri upi AC lowi AC

arm

i V t V t
L

  


         (9) 

Then, the power of upper and lower arm is calculated as 

 
_ _

1
( ) ( )

3
upi upi upi upi AC upi DC MVDC ciriP v i v v i i           (10) 

_

1
( )
3

lowi lowi lowi lowi AC MVDC ciriP v i v i i               (11) 

From (10) and (11), the DC parts of the upper and lower arm 

power are calculated as 

_ _ _

1 1
sin( )

2 3
upi DC upi AC lowi AC MVDC MVDC

arm

P V V V i
L




    (12) 

_ _ _

1
sin( )

2
lowi DC upi AC lowi AC

arm

P V V
L




            (13) 

If the input power is equal to the output power, the DC 
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Fig. 2.  Proposed three-phase multiport MMC DC-DC converter. 
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Fig. 3.  Equivalent circuit of three-phase multiport MMC DC-DC 

converter. 
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Fig. 4.  Phasor diagram of the AC loop. 
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component of upper arm power is zero in (12). The equation of 

the transferred power of the system is derived as  

_ _3 sin( )

2

upi AC lowi AC

MVDC MVDC

arm

V V
P V i

L




             (14) 

From (14), the bidirectional power flow can be realized by 

control the angle θ. Vupi_AC and Vlowi_AC should be maximized to 

get the high power transfer capability and make the full 

utilization of the switches. In the single-port MMC DC-DC 

topology, there will be a high circulating current if the 

difference between the upper arm voltage and lower arm 

voltage is large. Thus, the single-port MMC DC-DC topology 

is optimal for low voltage step ratio application. In the proposed 

topology,  by stacking the low voltage DC ports, Vupi_AC and 

Vlowi_AC can be designed with close value. 

III. PREDICTIVE CURRENT CONTROL AND SORTING STRATEGY 

The predictive current control is adopted in this paper to 

control the AC current which circulates inside the converter. 

The control diagram is shown in Fig. 5. For the upper arm, the 

reference voltage is fixed which is defined as 

_ _ cos( )ref

upi AC upi DCv ma v t                        (15) 

Based on (5), the forward euler method is used to derive the 

discrete-time model of the system 

_ _

( 1) ( )
( ) ( ) 0ciri ciri

upi AC lowi AC arm

s

i k i k
v k v k L

T

 
      (16) 

where, vupi_AC (k) and iciri (k) is the measured value at time k. iciri 

(k+1) is the circulating current at time k+1. 

The reference voltage of the lower arm is calculated by the 

predictive current control. In (16), iciri (k+1) is replaced by its 

reference value, then 

_ _

( 1) ( )
( ) ( )

ref

ref ciri ciri

lowi AC upi AC arm

s

i k i k
v k v k L

T

 
        (17) 

The references of arm voltages are calculated as  

_

ref

upi upi AC MVDCv v V                           (18) 

_

ref

lowi lowi ACv v                                (19) 

The AC current reference is obtained by the power and upper 

arm AC voltage reference. The reference of active power is 

obtained by the balancing control of the sum of the capacitor 

voltages in each valve. The individual capacitor voltages are 

balanced by the sorting strategy, which has a tolerance band as 

shown in Fig. 6. ∆n is the required modification on-state SMs at 

current step. The number of SMs that exceed tolerance band of 

the nominal capacitor voltage is denoted as ntb. This sorting 

strategy is applied for the HBSMs. 

IV. PERFORMANCE RESULTS 

The real-time MMC model developed by OPAL-RT is used 

to validate the proposed topology and control strategy. The 

performance is tested by steady-state and transient-state 

operation. The power is transferred from the low voltage side to 

the high voltage side. The system parameters are shown in 

Table I.  

A. Steady-state Performance 

In this scenario, the converter is connecting multiple low 

voltage DC sources with 1 kV to a 20 kV DC load. The power 

rating is 20 MW. The results are shown in Fig. 7. In Fig. 7 (a), 

the MVDC voltage is kept close to 20 kV. The DC current in 

Fig. 7 (b) is negative since the power is transferred from low 

voltage side to high voltage side.  The arm current is shown in 

Fig. 7 (c) which has the DC component and AC component. 

The upper arm voltage is shown in Fig. 7 (d), which has a 20 kV 

DC component voltage. The lower arm voltage is shown in Fig. 

7 (e), which is a pure AC voltage. The average capacitor 
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Fig. 5.  Diagram of the control strategy. 
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Fig. 6.  Flowchart of sorting strategy. 

 

Table I. System parameters 

Parameter Symbol Value 

Power rating P 20 MW 

Sampling time step Ts 25 us 

Number of upper SMs N 40 

Number of lower SMs M 20 

MVDC voltage VMVDC 20 kV 

LVDC voltage VLVDC 1 kV 

AC frequency fcirc 180 Hz 

Carrier frequency f 600 Hz 

Arm inductance Larm 10 mH 

SM capacitance C 5 mF 
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voltages are shown in Fig. 7 (f), and several individual 

capacitor voltages are shown in Fig. 7 (g). The capacitor 

voltages are maintained close to 1 kV the nominal capacitor 

voltage. 

B. Transient-state Performance 

The transient-state results are shown in Fig. 8. A power step 

from 10 MW to 20 MW is enabled at t=1s. In order to 

investigate the transient-state performance, the value of resistor 

load at the high voltage side is reduced by half when the power 

step happens. From Fig. 8, the system reaches the steady-state 

very fast. The fast dynamic response of MVDC current and arm 

current are achieved by the predictive control, which are shown 

in Fig 8. (b) and (c). The capacitor voltages of SMs are also 

quickly balanced during the transient operation as shown in Fig. 

 
(a) MVDC voltage 

 
(b) MVDC current 

 
(c) Arm current 

 

(d) Upper arm voltage 

 

(e) Lower arm voltage 

 

 

 

 

 
(f) Average capacitor voltage of upper arm 

 

(g) Individual capacitor voltage of phase a 

Fig. 7.  Simulation results during steady-state. 
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8 (f) and (g).  

V. CONCLUSION 

In this paper, a hybrid transformer-less multiport modular 

multilevel DC-DC converter is proposed to connect offshore 

wind farms to a medium voltage DC collection point. The 

proposed topology has multiple DC interfaces which can 

connect to the wind generators. Compared to the single-port 

MMC DC-DC converter, a high voltage conversion ratio is 

achieved with a small circulating current. The converter has the 

capability of bidirectional power flow control by adjusting the 

phase difference between the arm voltages. The predictive 

control method is used to control the arm current. Both 

steady-state and transient-state performances of the proposed 

topology are validated by simulation. 
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Fig. 8.  Simulation results during transient-state. 
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