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DC Link Capacity Enhancement for MMC-based
Distribution Link using Dynamic Voltage Operation

Robin van der Sande, Rohan Deshmukh, Aditya Shekhar, and Pavol Bauer
Dept. Electrical Sustainable Energy - Delft University of Technology, The Netherlands

Abstract—When operating a modular multilevel converter
(MMC), a margin appears between the arm voltage and sum
capacitor voltage corresponding to the power dependent ripple.
This margin can be used to enhance the DC link voltage and
increase the transfer capacity of an MMC-based distribution link
while keeping the submodule (SM) stresses fixed. Consequently,
this dynamic enhancement in transfer capacity can be achieved
with the same submodule switch and capacitor voltage ratings.
Using an arm-level averaged simulation model of a 10MW MMC-
based MVDC link, the enhancement concept is verified and
shown to be beneficial to a practical link application. Besides,
a dependency is discovered between the enhancement limit and
the grid-injected reactive power, which defines the basis of the
proposed control for dynamic enhanced operation.

Index Terms—Power electronic converter, Distribution link,
Modular multilevel converter, Power systems

I. INTRODUCTION

Targeting the goal of climate neutrality starts to put a signif-

icant strain on the power transmission and distribution systems

[1], [2]. With the recent emergence of all-electric houses, heat

pump systems, and e-mobility, the localised energy demand

has grown significantly. Furthermore, energy consumption

has shown an astringent pattern caused by electric vehicle

charging [3]. On the other end, renewable generators like wind

and photovoltaic possess the downsides of intermittency and

unpredictability [2]. Power fluctuations on both the supply and

demand side cause curtailment of renewable energy sources

and puts stresses on the power distribution infrastructure

[4], [5]. All of these contribute toward the more frequent

occurrence of congestions in domestic power grids [6], [7].

A commonly proposed solution for grid congestions is to

incorporate dc links as a backbone to the existing ac power

networks [8]. DC links provide enhanced power flow control,

lower operating losses, and improved power transfer capacity

over the ac alternative [9], [10]. Implementing dc links can

enhance the overall grid stability and improve the utilisation

of renewable energy sources by aggregating remote demand-

supply imbalances [11], [12]. Also, existing ac links can be

repurposed into dc links to enhance the transfer capacity of the

given cable [13]. This improved utilisation of the existing grid

infrastructure can fulfil the increasing load demand in densely

populated areas.
Because of its characteristics, the modular multilevel con-

verter (MMC) can be used to support an exciting medium
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the DCE&S Group at Delft University of Technology. For contact email:
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This work is a contribution towards research project: TKI1621/1721 IQ-GRID.

voltage ac (MVAC) distribution network by incorporating

two terminal medium voltage dc (MVDC) distribution links

[6]. The MMC is a highly efficient converter which can be

used as an interface between an ac grid and a dc bus. It

provides promising reliability and fault handling aspects while

maintaining a highly scalable design [8]. The MMC-based

MVDC distribution link, illustrated in Figure 1, connects two

possibly asynchronous ac networks (Vg1,Vg2) via two back-

to-back connected MMCs [14]. Normally a MVDC link is

operated at a fixed rated dc voltage, set through one of the

MMCs. Though as proposed in [15], the distribution link

can be operated at an enhanced dc voltage Vd that exceeds

the rated value Vdr while maintaining the MMC performance

under specific operating conditions. This is achieved while

preserving both the average stored energy in the MMC and

the ac-side harmonic performance. Hence, the MMC can be

operated at an enhanced dc voltage while encountering the

same submodule (SM) stresses.

+

-

Fig. 1. MVDC distribution link with back-to-back MMCs.

Operating the distribution link at an enhanced dc voltage

while maintaining the rated current condition improves the

power transfer capacity of the link, e.g. during grid conges-

tions. Consequently, a link capacity enhancement is achieved

with the same SM switch and capacitor voltage ratings. Alter-

natively, for a given operating power, the voltage enhancement

can improve the efficiency of the link system by reducing the

dc component of the circulating current.

In the present work, the voltage and capacity enhancement

concept are explained and verified using a simulation of a

10MW MVDC distribution link. In addition, it elaborates

on the challenges encountered when implementing this en-

hancement in a practical dc distribution link. The rest of the

paper is organised as follows: Section II specifies the dc link

system parameters and introduces the enhancement concept.

Section III, provides various simulation results, indicating

the performance of the enhanced link system. Section IV

elaborates on the practical implementation concerns. Finally,

conclusions are drawn in Section V.
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II. METHODOLOGY

A. System Description

The simulated 10MW MMC-based MVDC link connects

two 10kV ac distribution networks via back-to-back MMCs,

forming a symmetrical monopolar configuration. The MMCs

are configured along the double-star topology, as shown in

Fig. 2 [16]. The six MMC arms are each composed of 9

series connected half-bridge submodules and a 100μH arm

inductance. The submodules are constructed using two 3.3kV

IGBT switches and a 3.3mF capacitance. During the operation

of the distribution link, the link current id,max is thermally

limited to 585A [9] and the rated dc voltage Vdr is set at

17.1kV to ensure compliance with the maximum modulation

index as proposed in [17]. Regulating the MMC is a controller

which is derived from [18], [19]. The system parameters used

during the simulation are summarised in Table I.

+

_

+

-

Fig. 2. MMC schematic in double-star configuration.

B. Enhancement Concept

As mentioned in [15], the DC link voltage enhancement

considers two crucial quantities of the MMC: the arm voltage

vu,l and the sum capacitor voltage vΣcu,l. The arm voltage is

defined as the potential across the arm submodule string and

is characterised by (1). vu,l retains a common-mode phase-

leg voltage of 0.5Vd and the sinusoidal output voltage of

v̂s cos (ωt).

vu,l = vc ∓ vs =
1

2
Vd ∓ v̂s cos (ωt) (1)

The sum capacitor voltage is defined as the sum total of the

SM capacitor voltages in the respective arm, and is given by

(2). vΣcu,l is controlled to have an average component Vd and

has two ripple components caused by the total energy ripple

ΔWΣ and imbalance energy ripple ΔWΔ as expressed in (3)

TABLE I
MVDC DISTRIBUTION LINK MODEL PARAMETERS

System parameters: Symbol Value
Control frequency fc 10kHz
AC grid:
Grid frequency ω1 314.2 rad/s
Grid voltage L-N (rms) vg 5.77kV
Grid inductance Lg 287μH
Grid resistance Rg 9mΩ
DC link:
DC link resistance Rl 0.1Ω
DC link inductance Ll 100μH
Rated DC link voltage Vdr 17.1kV
MMC:
Rated apparent power Smax 11MVA
Submodule capacitance C 3.3mF
DC link capacitance Cd 100μF
Number of arm submodules N 9
Arm inductance L 4mH
Arm resistance R 0.1 Ω
Maximum output current is,max 907A

and (4), respectively [19], [20]. Note that ΔWΣ and ΔWΔ

depend on the operating power of the MMC.

vΣcu,l ≈ Vd +
N

2CVd

(ΔWΣ +ΔWΔ) (2)

ΔWΣ = − V̂sÎs

4ω1

sin (2ω1t− φ) (3)

ΔWΔ =
VdÎs

2ω1

sin (ω1t− φ)− 2V̂sic

ω1

sin (ω1t) (4)

To achieve the link enhancement, the dc voltage Vd is op-

erated beyond the nominal value Vdr. Though, to preserve

the converter performance, both the submodule stresses and

the ac side harmonic character must remain equal to the

rated condition. Following (1) and (2), the voltage enhance-

ment corresponds to a biasing of the arm voltage vu,l while

maintaining the average sum capacitor voltage vΣcu,l at Vdr.

This enhancement concept is illustrated in Fig. 3. The figure

contains the sum capacitor voltage and corresponding upper

arm voltage for multiple values of the operating dc link

voltage. In Fig. 3 Vdr is considered as 1 p.u.
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Fig. 3. MMC steady state arm voltages.
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It can be concluded from Fig. 3 that the ripple in vΣcu,l,

caused by the arm’s energy exchange, creates a positive

spacing between the vΣcu,l and vu,l near ωt = π. This ripple

margin can be used to bias vu,l, while avoiding an intersection

with vΣcu,l. The dc component of vu,l can thus be increased by

an enhancement factor kd, causing an increase in the dc link

voltage to Vd = kdVdr.

Though, observe from Fig. 3 that the voltage enhancement is

limited by the intersection of vu,l with vΣcu,l. As this intersection

of the arm voltage and sum capacitor voltage induces high-

frequency arm voltage components, degrading the MMC’s

output harmonic performance. Eventually, this can lead to

stability issues in the converter operation [21].

III. SIMULATION RESULTS

A. Arm Voltages

To verify the workings of the dc link voltage enhancement,

a simulation of the 10MW MMC-based MVDC distribution

link is performed. The simulation is based on the arm-level

averaged (ALA) model of an MMC, as introduced in [19],

[22], [23]. The arm voltage and sum capacitor voltage of the

phase a upper arm of MMC1 are simulated. Both MMC1

and MMC2 supply a reactive power Q of 3MVAr to the

grid and together provide an active link power P of 10MW.

Fig. 4 shows the resulting vu,l and vΣcu,l for three values

of the enhancement factor kd = {1.0, 1.05, 1.1}. It can is

concluded that transitioning from no dc voltage enhancement

kd = 1.0 to a small enhancement kd = 1.05, the arm voltage

is biased but maintains its sinusoidal shape. Meanwhile the

sum capacitor voltage is kept at the rated condition. This

observation indicates a feasible 5% enhancement of the dc

link voltage. Though, at an enhancement of kd = 1.1 the arm

voltage intersects the sum capacitor voltage and saturates. This

flattening imposes a harmonic distortion in vu, which causes

distortion in the sinusoidal output voltage vs. An excessive

enhancement thus degrades the output harmonic performance

of the MMC. This indicates that the proposed distribution

link, operating at the given (P ,Q), has a feasible voltage

enhancement of kd = 1.05 but fails to comply at kd = 1.1.

B. Enhancement Dependencies

The voltage enhancement utilises the spacing between vΣcu,l

and vu,l to facilitate the rise in Vd. The minimal value of this

spacing is defined as the spacing voltage Vspace, as given by

(5). Observe in Fig. 4 that a rise in kd causes a biasing of vu,

which in turn results in a reduction of the spacing voltage.

Furthermore, notice that if Vspace becomes zero, harmonic

components start to appear in the arm voltage, lowering the

MMC ac side performance.

Vspace = min t∈[0,2π/ω]

(
vΣcu,l − vu,l

)
(5)

To study the impact of the dc link voltage enhancement on

Vspace, a simulation is performed. The result is provided in

Fig. 5, which shows the spacing voltage as a function of

the enhancement factor kd for different values of Q and a

constant value P at 10MW. From Fig. 5 can be concluded that

a negative correlation is encountered between the enhancement

factor kd and spacing voltage. In accordance with Fig. 4, it is

found that the spacing voltage is reduced in order to facilitate

the enhancement of the dc side potential. Furthermore, Vspace is

shown to be positively correlated with the operating Q. Which

implies that Vspace can be expanded by operating the converter

at a larger reactive power. These two observations combined

imply that for a fixed operating spacing voltage, e.g. 430V,

an increase in Q enables a rise of the enhancement factor

while maintaining the MMC performance. The exact solution

of the enhancement factor as a function of reactive power Q
is necessary to know, but is not the focus of the current work.

A contrary observation is made from Fig. 6, which shows

the spacing voltage as a function of the enhancement factor

kd for different values of P and a constant reactive power

of 3MVAr. The graph indicates that the spacing voltage is

nearly unaffected by the active power passing through the

distribution link. This denotes that changes in Vspace are

dominated by changes in kd and not P . For the practical

operation of the distribution link, the MMCs are simulated

with a modulation index of m = 0.95 in accordance with

[17]. This caused a preliminary spacing voltage of 390V.
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Fig. 4. Simulated MMC arm voltages for different enhancement factors at 3MVAR and 10MW.
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This margin is crucial to handle the total- and imbalance

energy ripple in vΣcu,l for different operating (P ,Q). Besides,

the spacing is utilised to prevent ac side harmonics injection

during system transients. Therefore, a fixed positive Vspace

must be maintained throughout the enhancement to preserve

the steady-state and transient ac-side harmonic performance.

Using the concept of restricting the operating spacing voltage,

the maximum dc voltage enhancement increases with the grid-

injected reactive power and remains unaffected by the link’s

active power.

C. SM Stresses and Harmonic Performance

Another system simulation is performed to verify the

preservation of the submodule stresses and ac side harmonic

performance under the dc voltage enhancement. Later this is

extended to verify the MMC performance under a transfer

capacity enhancement of the link. The simulation results are

provided in Fig. 7. This figure shows the dc link voltage Vd, dc

link current Id, active link power P , and the MMC1 spacing

voltage, peak SM switch current, sum capacitor voltage all as

a function of time. The simulated variables show the response

of the dc link system to a 5% voltage enhancement at t = 3s
(kd from 1.00 to 1.05) and a 1.5% power enhancement at

t = 4.5s (kp from 1.00 to 1.015). During the simulation,

MMC1 and MMC2 supply a reactive power Q of 3MVAr to

their corresponding ac network, and the link operates at a rated

active power of 10MW.

It is observed in Fig. 7 that for t < 3s, both the dc link

voltage and sum capacitor voltage are in quasi steady state

at the rated value of 17.1kV. Meanwhile, the dc link current

is constant at 584A to provide the active power transfer of

10MW. Notice that at the rated condition, the peak submodule

switch current îsw is 625A. After t = 3s, the dc link voltage

reference is enhanced by 5% to 18.0kV. Fig. 7 shows the dy-

namic transition of the Vd from its rated value to the enhanced

reference. It can be observed that the spacing voltage Vspace is

reduced from 823V to 394V in order to facilitate this voltage

enhancement. Because the active link power is maintained,

the 5% voltage enhancement causes a 5% reduction in the

link current to 556A. This 28A reduction contributes directly

to a reduction of the dc circulating current component and

lowers the peak submodule switch current from 625A to 615A.

Following [12], this leads to an improved efficiency of MMC

and corresponding link system. In Fig. 7 can also be observed

that the average sum capacitor voltage is controlled constant at

the rated value of 17.1kV throughout the enhancement. Note

that a downside of the voltage enhancement is the +1.2%

increase in capacitor voltage ripple.

The simulation results of Fig. 7 are summarised in Tables

II and III, which provide the MMC performance parameters

regarding the currents and capacitor voltages, respectively.

Table II also provides the total harmonic distortion (THD) of

the MMC1’s output current is before and after the voltage

enhancement. It is noted that the THDi increases slightly

from 0.419% before to 0.422% after the voltage enhancement.

So overall the 5% voltage enhancement achieves a system

efficiency gain while preserving the submodule switching

stresses and maintaining the ac side harmonic performance

of the MMC.

TABLE II
MMC PERFORMANCE IN ENHANCED OPERATION: CURRENTS

kd kp AC side THDi (%) Id (A) Peak isw (A)
1.00 1.00 0.4196 - 583.9 624.76 -
1.05 1.00 0.4226 +0.7% 555.7 615.12 -1.541%
1.05 1.015 0.4111 -2.0% 564.1 623.97 -0.126%
1.10 1.015 0.4606 +9.8% 538.2 616.69 -1.291%

TABLE III
MMC PERFORMANCE IN ENHANCED OPERATION: CAPACITOR VOLTAGE

kd kp Average vΣcu,l (kV) Ripple vΣcu,l (kV) Δ/μ of vΣcu,l

1.00 1.00 17.12 2.61 15.2%
1.05 1.00 17.12 2.83 16.4%
1.05 1.015 17.12 2.88 16.8%
1.10 1.015 17.14 3.12 18.2%

At t = 4.5s, the power reference of the MMCs is enhanced

from 10MW to 10.15MW. Fig. 7 shows the dynamic transition

of P from the rated to the enhanced value. It can be observed

that the spacing voltage and dc link voltage remain nearly
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Fig. 7. Performance of MMC-based dc link under voltage- and power enhancement.

unaffected by active power change. Consequently, the link

current id is enhanced to 564A to enable the active power

enhancement. This increase in link current causes a rise in

the dc circulating current component, which increases the

peak submodule switch current to 624A. The average sum

capacitor voltage is again controlled constant at the rated value

of 17.1kV. Note that a downside of the power enhancement is

the additional +0.4% increase in capacitor voltage ripple. The

simulation results of Fig. 7 are again summarised in Tables II

and III. From Table II, it is noted that the THDi of MMC1

reduces slightly from 0.419% before to 0.411% after the power

enhancement. So overall, the 1.5% active capacity enhance-

ment is achieved while preserving the submodule switching

stresses and maintaining the ac side harmonic performance of

the MMC.

Additionally, Tables II and III summarise the performance

parameters of a 10% voltage enhancement with a 1.5% power

enhancement. This excessive enhancement causes the injection

of output current harmonics, increasing the THDi by 9.8%

compared to the rated operation. This observation is in line

with the expectations and verifies the limit to the voltage

enhancement. Combined, this set of simulations verifies that

the dc link voltage enhancement can accommodate a transfer

capacity enhancement in the MVDC distribution link while

preserving the SM stresses and the ac side performance.

IV. IMPLEMENTATION CHALLENGES

The previous two sections focus on the link enhancement

concept, implying a set of assumptions that simplify the

analysis. Though to integrate this concept in a practical MMC-

based distribution link, a set of challenges is faced regarding

the implementation and operation of the link system. This

section elaborates on some of these challenges.

A. Operational Discrepancies
As discovered during the simulations, the set performance

constraints limit the rise in the dc voltage. Though, when

restricting the spacing voltage, the injection of reactive power

extends the voltage enhancement limit. An important assump-

tion made during the simulation is that both MMC1 and

MMC2 of the dc link operate at the same reactive power.

This operation is illustrated in case 1 of Fig. 8. It was found

that case 1 allows for a feasible 5% voltage enhancement.
However, an issue occurs if the MMCs operate at different

reactive power references, as shown in case 2 of Fig. 8.

Following the result of Fig. 5, it was found that an increase in

Q led to an extension of the maximum kd. This implies that the

enhancement limit is bounded by the MMC operating at the

lowest reactive power reference. So, in this scenario, MMC1

determines the limit to the voltage and power enhancement.
In case 3 of Fig. 8, both MMCs operate at a reactive power

of 3MVAr. Though MMC1 supplies reactive power to the

AC network, whereas MMC2 consumes reactive power from

the AC network. Following (2), (3), and (4), it is discovered

that an MMC consuming reactive power reduces the spacing

voltage below the rated condition. This effectively fixes kd at

the lower limit of 1 when the MMC operates at a lagging

pf, to ensure compliance with the performance constraints.

Combining the three cases leads to the definition of (6), in
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which fkd is an empirical function converting Q into the

operating enhancement factor.

kd = max{1, fkd(min{Q1, Q2})} (6)

+

-

+

-

+

-

Fig. 8. Operating cases of the dc link system.

B. Design Discrepancies

Another challenge with integrating the enhancement con-

cept in the distribution link system relates to the MMC

configuration. Till now, the dc link system was assumed to

be in a symmetrical monopolar configuration, where MMC1

and MMC2 have the same structure. Though in practical

implementations, the two MMCs might deviate in the number

of submodules N and the submodule capacitance C. Notice

from (2) that the sum capacitor voltage ripple is directly

proportional to N . Similarly, the ripple in vΣc,u is inversely

propositional to C. As this ripple directly affects the spacing

voltage, it can be concluded that the MMC with the lowest

N to C ratio determines the limit of kd when both MMCs

operate at the same Q.

C. Dynamic Operation

Another implementation challenge concerns the dynamic

character of the enhanced link system. With practical grid-

tied converters, reference changes can occur for both P and

Q. Note that the enhancement limit depends on the reactive

operating power of the MMC. Therefore any reference change

in Q should be done cautiously considering the operated

enhancement. For a dynamic implementation of the dc link

enhancement, a controller must regulate kd, kp and Q based

on an input reference Q∗. As kp is admissible due to voltage

enhancement kd and kd is admissible due to the reactive

operating power Q, a dependency is imposed. This causes

a strict dynamic order for changing kd, kp and Q upon a

reference change Q∗. When the MMC operates in an enhanced

voltage state, an increase of Q can directly be performed. Once

Q has reached its steady state, kd can be increased. Then upon

the settling of Vd, kp can be enhanced. This process is reflected

in (7).

Increase in Q∗ : [Q ↑] ⇒ [kd ↑] ⇒ [kp ↑] (7)

Note that any other order of increasing the three parame-

ters leads to either the injection of harmonic output current

components or a significant increase in the peak SM switch

current. Alternatively, when the MMC operates in an enhanced

voltage state, a decrease of Q can only be done after a

significant lowering of Vd. Otherwise, harmonic output current

components are injected into the ac grid. Though, to allow for

the decrease in Vd, kp must have been lowered accordingly.

Otherwise, the peak SM switch current can exceed the limiting

value. This process is reflected in (8).

Decrease in Q∗ : [kp ↓] ⇒ [kd ↓] ⇒ [Q ↓] (8)

The dynamic control procedure alters the operating kd, kp

and Q in a stepwise manner. One method to achieve the result

is with tuneable time parameters τkd, τkp and τQ. These reflect

the maximum settle time of the corresponding variable to an

input reference change. The controller concept is a stable and

reliable design philosophy, favouring no constrain violation

over dynamic performance.

V. CONCLUSIONS AND FUTURE WORK

When operating an MMC-based dc link, the energy ripple

components in the capacitor voltage induce a spacing between

the MMC arm voltage and sum capacitor voltage. This margin

can be used to enhance the dc link voltage and increase the

transfer capacity of the distribution link system. Using a sim-

ulation model of a 10MW MVDC link, it is concluded that a

5% dc voltage enhancement can be realised while keeping the

SM stresses at the rated condition and preserving the ac-side

harmonic performance. This allows the distribution link volt-

age enhancement to be implemented with the same submodule

switch and capacitor voltage ratings. The simulation was then

successfully extended to verify the capacity enhancement. It is

concluded that a 1.5% transfer capacity enhancement can be

achieved in the 10MW dc link when restricting the switching

currents to a below-rated condition. Furthermore, it was found

from the simulations that the enhancement limit of the link

increases with the MMC’s grid-injected reactive power and

remains unaffected by the link’s active power. This observation

defined the basis of the implementation challenges and the

proposed control strategy for dynamic enhanced operation.

As part of future work, an analytical analysis should be

performed to unveil the dependency between the enhancement

factor limit and gird-inject reactive power. This notion can then

be used to maximise the operating voltage enhancement while

preserving MMC performance. In addition, it would form the
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basis of the high-level controller, providing a dynamic en-

hanced operation of the link system. Another aspect of future

work relates to the application of the voltage enhancement.

The enhancement should be applied to bipolar dc links and

multi-terminal MMC-based grids to increase the concept’s

impact in practical applications.
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