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Dynamic DC Voltage Enhancement for Modular
Multilevel Converter Using Capacitor Voltage Ripple

Robin van der Sande
Aditya Shekhar

Abstract—High-power flexible dc links employ modular mul-
tilevel converters (MMC) for compact active power redirection
in medium and high voltage grids. During contingencies, such
converters may need to provide an enhanced active power capacity
to avoid overload in vulnerable grid locations. This article achieves
this target by using the capacitor voltage ripple margin of the
MMC submodules (SM) to enhance the dc voltage beyond the rated
value. This voltage enhancement enables the enhanced active power
capacity of the MMC while maintaining rated electro-thermal
stresses on the components. Moreover, dynamically varying the
dc side voltage reduces the MMC’s circulating current, improving
its operating efficiency. Because the average capacitor voltage is
controlled to remain constant, the overall stresses and harmonic
performance of the enhanced MMC remain the same as in the
base case. In this article, the analytical expressions for the voltage
and power enhancement limits are derived, revealing a dependence
on the grid-injected reactive power. Furthermore, a controller is
designed to achieve stable operation during transient conditions
when the power enhancement is carried out. Finally, the enhance-
ment concept is validated using simulations and experiments with
a down-scaled laboratory MMC prototype.

Index Terms—AC-DC converter, active power capacity, modular
multilevel converter (MMC), operational efficiency.

NOMENCLATURE

A. Abbreviations

EPS Electric power system.

FSM Finite state machine.

IGBT Insulated-gate bipolar transistor.
MMC Modular multilevel converter.
SM Submodule.

THD Total harmonic distortion.

VSC Voltage source converter.

B. Symbols

Csm Submodule capacitance.

Cy DC side capacitance.
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EX,E} Upper and lower arm energy.

AEZ, AEY Upper and lower arm energy ripple.
Ic Circulating current.

iq DC side current.

Ty, 1] Arm current of upper and lower arm.
i Output current of phase j € {a, b, c}.
Tsw Submodule switch current.

kq Voltage enhancement factor.

Kd,max Voltage enhancement factor boundary.
k; Current reduction factor.

kp Power enhancement factor.

L Arm inductance.

N Number of submodules per arm.

P AC side active power.

Py DC side power.

Py, Rated dc side power.

Q AC side reactive power.

R Arm resistance.

TQs Tkd»> TP Controller waiting time parameters.
10) Phase angle.

Ve Submodule capacitor voltage.

Vs U Upper and lower arm sum capacitor voltage.
AvZ,, AvZ  Arm sum capacitor voltage ripple.
Vi DC side voltage.

Var Rated dc side voltage.

Vg Grid voltage of phase j € {a,b, c}.
Vopm Operating margin voltage.

Vg Output voltage.

Vipace Spacing voltage.

Vy, U] Arm voltage of upper and lower arm.
Vi Adapted spacing voltage.

w Grid frequency.

X, Arm impedance.

1. INTRODUCTION

HE MMC is a promising technology that can serve as
T the interface between a medium-voltage ac grid and a
dc network. The MMC offers efficient energy conversion with
outstanding harmonic performance, while its modular and scal-
able design ensures a highly reliable and fault tolerant opera-
tion [1], [2], [3], [4]. The fundamental concept of the MMC
was first proposed in [5] and later extended for wide power
applications in [6]. Various applications of medium to high
voltage grid-connected MMCs, including battery energy storage
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systems, static synchronous compensators, and motor drives, are
discussed in [7].

When the MMC serves as an interface, the power balance
between the ac and dc side of the converter is maintained
by the SM capacitors. The charge balance of these capacitors
relies on the positive and negative half-cycles of the ac output
voltage [8]. The resulting capacitor voltage ripple is then directly
proportional to the operating power of the converter, with the
designed maximum value occurring under rated conditions. This
maximum ripple determines the energy storage requirements
of the MMC, impacting both the semiconductor and capacitor
costs [9], [10].

During operation, the average SM capacitor voltage is deter-
mined by the MMC'’s dc voltage and regulated through the arm
energy controller [11]. Meanwhile, the fundamental frequency
component of the arm current, which is related to the MMC’s
output power, is responsible for the alternating components in
the SM capacitor voltage [12]. Then, as long as the inserted arm
voltage of the MMC, required to maintain operation, is less than
the available sum capacitor voltage, the ac and dc side operations
are decoupled.

This decoupling imposes a degree of freedom in setting the
converter’s operating dc voltage and/or average capacitor volt-
age. A first concept that uses this freedom is proposed in [13] for
variable-speed drives. The authors reduced the MMC'’s average
capacitor voltage below the dc voltage to accommodate a higher
voltage ripple when the motor operates below the based speed,
thereby decreasing the inverter’s switching losses. A further ca-
pacitor voltage reduction was achieved using harmonic injection
techniques as proposed in [14] and [15].

However, for MMCs interfacing medium and high voltage
grids, conduction losses are dominant as compared to switching
losses [16]. Consequently, a dc voltage enhancement should
be preferred over an average capacitor voltage reduction for
medium-voltage high-power grid applications with given oper-
ating conditions. Accordingly, the ac/dc side decoupling can be
utilized to achieve a dc voltage enhancement while keeping the
average capacitor voltage and consequently the stresses/overall
ratings of the converter components fixed [16]. Following [17],
it can be inferred that the achievable dc voltage enhancement
changes with the operation point of the MMC, making the
voltage enhancement a dynamic property. An extension to this
method was proposed in [18], where third harmonic injection
was used to increase the MMC’s dc voltage by 13.4% without
altering the capacitor voltage or the number of SM. However,
the authors highlighted the need for increased galvanic isolation
of the converter station and dc cable, further requiring an inter-
facing Y/A transformer to eliminate the zero-sequence output
current.

While the concept of using a dynamic dc voltage to benefit
the system operation has been considered for MMC-based solid-
state transformers in [19] and back-to-back configured hybrid
MMC:s in [20], both methods dynamically adjust the converter’s
dc voltage below the base value. In contrast, this article intro-
duces a method for dynamically enhancing the dc voltage of an
MMC beyond the rated value by utilising the power-dependent
ripple in the capacitor voltage, thereby preserving the converter’s
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Fig. 1.  Circuit diagram of the 10-level three-phase MMC.

ac side harmonic performance and maintaining rated SM voltage
stresses through the control of the average capacitor voltage.
While this voltage enhancement directly benefits the converter’s
efficiency, the active power capacity of the MMC can also be
enhanced for a given electro—thermal rating of the components,
which is beneficial for active power redirection during (N-1)
grid contingencies. This enhancement method can be applied
to point-to-point MMC-based dc links in medium/high-voltage
grids such as the ones in [21], [22], [23]. These links adhere
to HVDC regulations, like [24], that require the system to
operate in a voltage range (e.g., 0.85—1.11 p.u. in continental
Europe). However, wider voltage ranges may be permitted if
economically and technically feasible. The rest of this article is
organized as follows:

1) Derive the analytical expressions for the voltage enhance-
ment and active power enhancement limits (see Sec-
tion III).

2) Develop a control framework to achieve the dynamic dc
voltage and active power enhancement as a function of the
varying reactive power reference (see Section V).

3) Simulate the transient behavior, SM stresses (aver-
age/ripple), and the harmonic performance of the MMC
with the proposed enhancement algorithm (see Section V).

4) Validate the proposed concepts experimentally using a
laboratory-scale MMC (see Section VI).

Finally, Section VII concludes this article.

II. SYSTEM DESCRIPTION

Fig. 1 presents the circuit diagram of a 10-level, three-phase
MMC in a double-star configuration [1]. This 10 MW MMC
serves as the interface between a 10 kV ac grid and a dc bus.
The converter comprises three phase-legs, each consisting of
an upper and a lower arm, which are formed with niner series-
connected half-bridge SM and a 100 ¢H arm inductance. The SM
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TABLE I
CONVERTER PARAMETERS USED FOR SIMULATIONS AND EXPERIMENTS

Simulation  Experiments
Control frequency (kHz) fe 10.0 5.0
Switch frequency (kHz) fs 0.313 5.0
AC side:
Grid frequency (rad/s) w 314.2 314.2
Grid voltage L-N (V) Vg 5770 33.7
Grid inductance (uH) Lg 287 -
Grid resistance (mS2) Ry 9.0 -
DC side:
Rated dc side voltage (V) Vir 17100 100
Constant Power Load (W) Py - 330
MMC:
Rated apparent power (VA) Smax 11e6 607
Submodule capacitance (mF) Csm 3.3 5.0
DC side capacitance (uF) Cq 100 -
Number of arm submodules N 9 4
Arm inductance (mH) L 4.0 2.4
Arm resistance (£2) R 0.1 0.06
Maximum output current (A)  %smax 641 6.0

are constructed using two 3.3 kV IGBT switches and a 3.3 mF
capacitor. To ensure compliance with the maximum modulation
index of 0.95, the rated dc side voltage Vg, is setat 17.1 kV [25].
Regulating the MMC is a cascaded controller derived from [26].
The converter and grid parameters used in simulations, as well
as experiments, are provided in Table 1.

III. ENHANCEMENT METHODOLOGY

During conventional operation, the dc side voltage Vg of the
MMC is fixed at the rated value V.. However, in an enhanced
operation, this dc voltage can be operated beyond the rated
condition, as given in (1), where the voltage enhancement factor
kq > 1. To maintain the MMC’s operating performance and
reliability, both the SM stresses and converter’s ac side harmonic
character must be preserved. This requires the average MMC
arm energy to be fixed at the rated condition and demands conser-
vation of the sinusoidal output voltage waveform vy throughout
the enhancement process

Va = kaVar. (D

Operating the MMC at an enhanced dc side voltage V while
maintaining the rated output power Py reduces the dc side
current 4. This lower dc current reduces the MMC'’s average
circulating current, improving the operating efficiency of the
converter. Alternatively, operating at an enhanced dc side voltage
while maintaining rated switch current condition improves the
active power capacity of the MMC. Therefore, while keeping
the average arm energy constant, a capacity enhancement is
achieved with the same SM switch and capacitor voltage rating.

A. DC Voltage Enhancement

The dc voltage enhancement considers two crucial MMC
quantities: the arm voltage v, v; and the sum capacitor voltage
vcz,u, UCZJ. The upper arm voltage is defined as the potential across

the arm submodule string and is characterized by (2). v, retains a
common-mode phase-leg voltage of %V}l and a sinusoidal output
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voltage of ¥ cos(wt)

'Uu(t> = kd;/:ir

The sum capacitor voltage is defined as the sum of the SM
capacitor voltages in the respective arm. To preserve the SM
voltage stresses throughout the enhancement, the average sum
capacitor voltage WCE’U is kept at the rated condition. This is
achieved by regulating the average SM capacitor voltage v, to a
constant value corresponding to the rated dc side voltage Vg, as

given follows:

— D5 cos(wt). 2

Ve

~ Var
=~ 3)

Since the submodule capacitor and switches are primarily
dimensioned in accordance to ¥., the average arm energy Efu
is controlled to a constant magnitude given as follows:

_ C. V2
By, = o @)

The fluctuations in the SM capacitor voltage can be identified
as energy exchanges between the upper and lower MMC arm
at the fundamental frequency w and between the MMC leg and
the grid at 2w [26]. This arm energy ripple is studied in [11],
where the authors propose differential (5), assuming a negligible
arm resistance. In this equation, i, is the circulating current, and
is cos(wt — ¢) is the sinusoidal output current, with ¢ the phase
angle between the output voltage and output current and is the
output current amplitude

s . Va o
=yl = Zg‘cos(wt — &)+ ic <2d — D cos(wt)) )

()

The ripple in the upper arm energy AEEU is obtained by

integrating both sides of (5) while assuming a steady-state power

balance. The result is expressed in (6). Following (6), it is

observed that AEEU depends on the operating active power P
and reactive power (Q of the MMC.

SEZ,
ot

‘/dis ,ﬁSiC

sin(wt — ¢) —

sin(wt) - - -

. g; sin(2wt — ¢) = EX + AEZ (). (6)

The upper arm sum capacitor voltage vEu is derived from the
average arm energy and arm energy ripple, and is approximated
in (7), following [26].

vZ (1) ~ Vg + N g (). ©)

ot C’sm V;ir ot

Combining (1), (6), and (7) and simplifying the result gives (8),
which defines the regulated upper arm sum capacitor voltage
under the dc voltage enhancement. With X, = % defined as
the MMC arm impedance ’

X .
vcz,u(t) =Var+ (2deers sin(wt — ¢) -« -
8Var

— 8iyie sin(wt) — dyis sin(2wt — qb)). ®)
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Fig. 2. MMC arm voltages in steady state for three voltage enhancement
factors operating at pf = 0.95.

Using the analytical expressions of (2) and (8), the enhance-
ment process can be visualized as in Fig. 2. This figure contains
the sum capacitor voltage and the corresponding upper arm
voltage for three indicative values of the enhancement factor
kq. In Fig. 2, Vg, is considered as 1 p.u.

For kq = 1.0, the ripple component in vZ,, caused by the

c,u’

arm’s energy exchange, creates a positive margin between vEu
and v, near wt = m. This margin can be used to bias v, while
avoiding an intersection with vfu. The dc component of v, is
then enhanced by a factor k4, which causes an increase in the dc
side voltage to Vg = kqV4:. However, as observed in Fig. 2, the
voltage enhancement is limited by the intersection of v, with vfu.
As vfu represents the available arm voltage, v, must saturate at
vfu. Any intersection of the two introduces high-frequency arm
voltage components, degrading the MMC’s output harmonic
performance. Moreover, this distortion can lead to a stability
issue in the converter operation [27].

The dc voltage enhancement thus maximizes the use of avail-
able power-dependent ripple margin between vfu and v, by
increasing the control parameter ky. However, the preservation
of the MMC'’s harmonic performance imposes a limitation on kg
that is expressed in the enhancement constraint of the following:

Veu(t)

c,u

— 0y(t) = AVpargin(t) > 0. ©)

Substituting (2) and (8) in (9) while assuming the maximum
modulation index m = 1, defines the value of the available ripple
margin AVpargin as follows:

k Var
AVinargin(t) = Var (1 - 2d> + 7(1 cos(wt) + - - -

Xc o A.s .
5 <2k‘dis sin(wt — ¢) — 4i. sin(wt) — %sm(2wt - (b)) .

(10)

Now combining constraint (9) with the ripple margin ex-
pression of (10) and rearrange for kq leads to the inequality
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expression given as follows:

X, A
kg < 2+ cos(wt) + —— <2kdis sin(wt — @) - --

AVar
— di.sin(wt) — %Ssin(th - ¢)). 11
The maximum feasible dc voltage enhancement is defined by
the minimum value obtained in the RHS of (11). As implied by
Fig. 2, this occurs near time-point wt = m because physically,
this represents the moment at which the inserted arm voltage
vy(t) is at its maximum. Thus, substituting wt = 7 into (11)
provides the boundary for the voltage enhancement factor kq max
as described by the following:

1<kg<14+ (12)

(%) sin(¢) X (kd . i) |

Var

Kd max

Physically, (12) suggests that kq max is proportional to the voltage
drop across the arm impedance X. due to the reactive arm
current component (%) sin(¢). Therefore, it can be inferred that
enhancement of the dc side voltage is positively correlated with
the grid-injected reactive power () and independent of the active
power of the converter. This observation can be supported by
rearranging (12) into the closed form solution (13) and recogniz-
ing that 4, sin(¢) = 4Q/3Vj, at the maximum modulation index
m = 1. The resulting equation, given in (14), is a monotonically
increasing function of (), causing the voltage enhancement
boundary to extend with a higher grid-injected reactive power.
Meanwhile, for a grid absorption of reactive power () < 0,
the voltage enhancement factor k4 = 1, representing no voltage
enhancement

¢ + s sin(¢) X,
1< hy < 8Vq +7;. sin(¢) X, (13)
8Var — 4is sin() X,
6V2 + QX
1<k —dr T *2C . 14
S Re < 6‘/;1%—4QXC d,max ( )

The impact of (14) on the proposed 10 MW MMC is provided
in Fig. 3. This figure shows the voltage enhancement factor
boundary k4 max as a function of the grid-injected active and reac-
tive power. Note that for an absorption of reactive power ) < 0
(a capacitive grid), the voltage enhancement factor is constant
kamax = 1. In addition, the waveforms of v, and UEU are pro-
vided for the MMC operating in rectification mode (—9.9 MW,
4.8 MVAr) as well as in inversion mode (9.9 MW, 4.8 MVAr). For
both operation points, a dc side voltage enhancement of 13.8% is
applied, as per (14). Following Fig. 3, it is concluded that kg max
increases with the grid-injected reactive power while remaining
independent of the MMC’s active power level. Although the
active power influences the capacitor voltage waveform outside
the constraining time-point wt = 7, near this point, vfu is de-
fined by the reactive power level. Consequentially, the maximum
voltage enhancement of an MMC is identical in the rectification
and inversion mode.
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Q (MVAr) | 135
Inversion

Rectification

d,max

Voltage (kV)
Voltage (kV)

0 : 0 :
0 057 =« 157 27 257 0 057 =« 157 27 257
wt (rad) wt (rad)
(b) (©)
Fig. 3. Voltage enhancement factor boundary of the 10 MW MMC as a

function of { P, @} in (a). With the MMC arm voltage and sum capacitor voltage
waveforms given in (b) for the {—9.9 MW,4.8 MVAr} rectification and (c) for
the {9.9 MW,4.8 MVAr} inversion. Both are operated with kq = 1.138.

B. Active Power Enhancement

The dc voltage enhancement at rated power Py, reduces the
dc current 74 and consequently lowers the circulating current 7.
in the MMC. As the SM switches are subjected to switching
stresses proportional to the arm current, the reduction in ¢, can
be utilized to increase the operating active power Py beyond Fy,.
To reflect the SM switching stresses, the peak switch current %SW
is given as follows:

o) ialka)
2 3

Throughout the enhancement process, the switching stresses
and, thus, the peak switch current must be kept at the rated value.
To sustain this requirement, isw should remain unaffected by the
change in kq. Taking the derivative of (15) and following the
requirement defines expression as follows:

19is(ka) 1 ia(ka)
2 0Okq 3 Okg
In steady-state conditions, the total stored energy in the MMC

is fixed. Based on the law of conservation of power, it must hold
that P, = P4, which prescribes as follows:

%sw(kd) = 7?u =

(15)

(16)

Viiqg = ;ﬁsfs cos(¢). (17)

Throughout the enhancement process, Vj is defined as a func-
tion of the voltage enhancement factor, given by (1). Meanwhile

8183

the output voltage is assumed to remain constant at v, = %manr.
Where m,, is defined as the rated amplitude modulation index.
Substituting both in (17) gives the following:

3 A
kaVariq = Zmanris cos(¢). (18)
Rearranging (18) and expressing for i gives the following:
A kqi
(. L — (19)

3my cos(o).

To achieve the MMC active power enhancement with constant
switching stresses, both (16) and (19) must apply in steady-state.
Therefore, substituting (19) into (16) and simplifying gives the

following:
<id + kd—md(kd)> = *—azd(kd) . (20)

2my, cos(¢) Okq Okq

Equation (20) can be restructured into (21), representing a first-
order linear differential equation. This differential equation is
used to find the expression for iq(kq) as given in (22). In (22),
(1 represents the constant of integration

dia(ka) " 1
Okq kq + %ma cos(9)

ia=0 @21)

ig(ka) = Cy .e—ln\kd-&-%macosw)\. (22)

At the rated condition, the dc side current is fixed at the nom-
inal value i4;. Applying this known condition to (22) provides
an analytical expression for C. As a result, the dc side current
14 can be expressed as function of kq, 74, 7,4, and ¢, as given in
(23). This expression defines the maximum dc current under the
voltage enhancement when 7, is clamped at the rated condition.
In (23) k; is the dc current reduction factor

1+ 2m, cos(¢) )

kg + £y, cos(¢) 3)

ia(ka) = tar (

ki

Combining (1) and (23) defines the expression for the maxi-
mum power enhancement under the operating voltage enhance-
ment, as given in (24), where k, represents the power enhance-
ment factor

fall ) g

kq + %ma cos(¢)

Kp

Py(kq) = Par (

Following (24), it can be concluded that k;, is a monotonically
increasing function of ky. This implies that for all operation
points of the MMC, the maximum feasible power capacity
enhancement kp ma is achieved at the maximum voltage en-
hancement kg max corresponding to the given operating (). Note
that if k4 is operated beyond kg max, high-frequency components
are injected into v,, degrading the MMC’s output harmonic
performance. Moreover, if &, is operated beyond £p max, the peak
SM switch current will exceed the rated value, degrading the
reliability of the MMC.
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Fig. 5. Yearly energy savings of the dc voltage enhancement for the 10 MW

MMC as a function of the average load profile for Q = 4.5 MVAr. The energy
savings in capacity enhancement are with respect to a higher-rated MMC.

C. Enhanced MMC Operation

To further indicate the impact of the voltage and power
enhancement on the proposed 10 MW MMC, Fig. 4 is provided.
This figure shows the limit of the voltage and power enhance-
ment factor, as well as the current reduction factor for different
phase angles ¢, as defined in (13), (24), and (23), respectively.
The corresponding power factor of the MMC is provided on the
top horizontal axis of Fig. 4. It is observed that, if the 10 MW
MMC is operated at 0.9 power factor, the dc voltage can be
enhanced by 13.9%, directly reducing the dc current by —12.2%.
Alternatively, given the voltage enhancement, the active power
capacity of the MMC can be extended with 3.78%, reducing i4 by
—8.85%, as per Fig. 4. This all while preserving the SM stresses
and maintaining the MMC’s ac side harmonic performance.

Fig. 5 quantifies the impact of the voltage and power en-
hancement on the operating losses of the 10 MW MMC. The
graph shows the yearly energy savings induced by the dc voltage
enhancement when the MMC operates at a constant reactive
power of 4.5 MVAr. It is observed that, for the MMC operating
at 90% of the rated power, a yearly energy savings of 20.2 MWh
can be achieved by employing the voltage enhancement. Using
the power enhancement increases the MMC’s active power

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

range to 10.4 MW while also achieving 25.8 MWh of yearly
energy savings when compacted to a higher-rated MMC. In
addition to the converter loss savings, the reduced 74, imposed
by the enhancement, can benefit the operating efficiency of the
connected dc system. For a 10 MW MMC-based dc link that
interfaces the grid at 0.9 pf, the dc cable conduction losses can
be reduced by —22.9% and —16.9% for the voltage and power
enhancement, respectively.

While the proposed enhanced MMC operation does provide
a direct advantage for the efficiency and power transfer capacity
of an existing MMC, it can also benefit future designs. Opting
for a higher dc voltage rating (Vj:) during the design stage
of an MMC will make the power/efficiency gain independent
of the converter’s operation point. However, this does require
additional resources. The higher dc voltage rating would demand
the MMC arms to contain additional SMs, and/or the SMs
must be redesigned with a higher switch and capacitor voltage
ratings. Both of these increase the cost and operating losses of
the converter. In contrast, the dc voltage enhancement method
benefits the MMC'’s efficiency/active power capacity at no added
cost or increased operating losses.

D. Capacitor Voltage Ripple

Throughout the dc voltage enhancement, the average arm
energy EZ,, E% in the MMC is controlled to be constant in line
with (4). However, the arm energy ripple AEEU changes with
V4, in line with (6). As a result the corresponding sum capacitor
voltage ripple Avfu changes with kg, as indicated in (25), that

is derived from (6)

8V

— 8y sin(wt) — Oyt sin (2wt — ?)).

AU~2X,:u(t) (2kd‘/dr%s sin(wt — @) - - -

(25)

The impact of (25) was observed in Fig. 2, which showed
a minor increase in the peak-to-peak ripple of vfu when kqy
increased from 1.0 to 1.1. As T)Eu was controlled to V., this
added ripple caused a slight increase in the peak sum capacitor
voltage @Eu an therefore the peak SM capacitors voltage ©r.

Fig. 6 shows the impact of the dc voltage enhancement on
AvZ, and 0%, for the 10 MW MMC. It is observed that, for the
MMC operating at a 0.9 power factor, the sum capacitor voltage
ripple increases from 2.85 to 3.49 kV when k4 is enhanced from
1.0 to 1.14 (kg max)- Meanwhile, the peak sum capacitor voltage
is increased from 18.8 to 19.1 kV, causing a 1.6% increase of
0. compared to the rated operation. Note that, for the practical
power factor range of [0.85,1], the dc voltage enhancement
imposes a maximum rise in ¥, of only 1.97%.

IV. CONTROL ALGORITHM

During operation, a grid-connected MMC must adhere to the
active and reactive power reference { P, Qi,} set by the EPS
operator [28]. Following the methodology, a positive @i, allows
the MMC to be operated with an enhanced dc side voltage,
reducing the MMC’s losses, or with an enhanced dc voltage
and active power, increasing the MMC'’s power capacity. Fig. 7
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Fig. 7. Control framework for enhanced MMC operation providing a normal,
loss reduction, and capacity enhancement operation mode. ' Capacity enhance-
ment is only performed in consultation with the EPS operator.

provides a control framework for the enhanced operation of the
MMC following the EPS operator’s reference. This framework
provides a normal, loss reduction, and capacity enhancement
operation mode, by setting the voltage and power enhancement
factor references {kqjn, kp,in}. Note that the capacity enhance-
ment mode is only considered in consultation with the EPS
operator. The control framework serves as an extension to the
MMC base controller, like the ones proposed in [26] and [29].
Following (24), an enhanced active power operation
P; > Py is admissible due to voltage enhancement Vg > V.
Meanwhile, Vg > Vg is admissible due to the presence of
grid-injected reactive power ) > 0, in line with (14). This
dependency imposes a strict dynamic order for changing Vg, P,
and () upon a reactive power reference change Q);,. For example,
when the MMC operates in an enhanced state, an increase of ()
can be performed directly. Though, only when () has reached
the steady-state value Qi,, Vg can be increased. Finally, upon the
settlement of V5, P can be enhanced. This process is reflected in
(26). Any other sequence of changing the parameters can lead
to an injection of output current harmonic components or an
increase of the peak SM switch current. For a decrease in (), the
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Fig. 8.

three parameters must be reduced in the reverse order of (26)
Increase in Qp, : [Q 1] = [Va 1] = [P 1]. (26)

A feasible solution for managing the dynamic interdepen-
dence of V3, P, and () is to incorporate a dynamic control
module between the operation mode selector and the MMC
base controllers, as outlined in the control framework of Fig. 7.
This dynamic control module, sets the reactive power reference
Q" the voltage enhancement factor reference &, and the power
enhancement factor reference k; based on Qin, kqin, and kpjn.
The sequence-based algorithm of the dynamic control module
is implemented as a FSM, given in Fig. 8. This FSM poses an
event-driven control method where state transitions are made
conditional on the operating parameters of the MMC. The FSM
is initialized in the safe steady state, which enforces the rated
dc side voltage with k3 = 1, the rated maximum power k; =1,
and sets Q* = Qjn.

Once the MMC is initialized, the FSM transitions to the
enhanced steady state. This transition involves, first, the en-
hancement of the dc side voltage to the reference value kqjn
and, second, the enhancement of the power limit to the reference
value k;n. Note that the state transitions are performed based
on tuneable waiting-time parameters. In which 7q, 7iq, and 7p
are set as the maximum step response time for a change in Q*,
Vi, and P*, respectively.

In the enhanced steady state, three process transitions can
be encountered. First, if the reset signal is triggered, the FSM
transitions back to the safe steady state by lowering k; and kj to
the rated value. Second, if @;, is increased, the FSM transitions
through the increase () sample state, increase Q) state, increase
kq state, and increase k,, state. In which it, respectively, samples
Qin, increases Q* to Qj, while keeping k& and k; fixed, increases
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Fig. 9. Dynamic controller algorithm with (a) the normal control concept and
(b) the dynamic improvement for an increase Q transition.

k5 to the new reference value kqj, while keeping k; fixed, and
increases kg to the new reference value kp;,. The third process
transition involves the decreased of (Q;,, which has a structure
similar to the increase transition, as shown in Fig. 8.

Observe in Fig. 8§ that the dynamic constraint of (26) associ-
ated with the MMC enhancement is solved through the stepwise
process of the control algorithm. This sequence-based control
algorithm, that uses fixed waiting time 7q, T4, and 7p to respond
to reference changes in Qiy, is further illustrated in Fig. 9(a). This
figure indicates that the maximum response time of the proposed
controller to a change in Qi is Ties = TQ + Tka + Tp-

The design of the dynamic control module possesses a tradeoff
between constraint compliance and the dynamic performance of
the MMC. The proposed dynamic controller provides a stable
and reliable solution, favoring output harmonic performance and
SM stress preservation over a fast response time. Though, to
improve the dynamic characteristic of the controller, state transi-
tions are added to the wait states of the FSM, depicted in Fig. 8 by
vector 7. If the controller encounters an input reference change,
Qin(t1) > Qun(to), at time t1, the FSM enters the increase Q)
transition. If a second reference change occurs while the FSM is
waiting for the increase of () or increase of kg (t3 < t1 + Ty), a
faster system response can be achieved. Following Fig. 9(b), if
Qin(t2) > Qin(t1) the FSM can re-enter the increase Q sample
state directly. Alternately, if Qi,(t2) < Qin(to) the FSM can
transition directly into the decrease Q sample state. These
transitions allow for faster input reference tracking and, thus,
an improved dynamic performance of the controller.

V. SIMULATION VERIFICATION

A simulation model of the 10 kV-10 MW MMC is used
to verify the analytical analysis of the dc voltage and active
power enhancement. The MATLAB/Simulink model uses the
parameters defined in Table I and is based on an arm-level
averaged (ALA) model of the converter, as introduced in [26].
The simulations are used to demonstrate the dependence of the
enhancement limit on the grid-injected reactive power, verify
the voltage enhancement boundary expression, and analyse the
steady state and dynamic performance of the MMC when ap-
plying the proposed control framework.
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TABLE II
COMPARISON OF VOLTAGE ENHANCEMENT LIMITS
Q Ds Analytical kgmax | Simulated kqsim Error
OMVAr | 8.16kV 1.000 0.991 -0.86 %
1MVAr | 8.22kV 1.025 1.020 -0.47 %
2MVAr | 8.28kV 1.052 1.048 -0.17 %
3MVAr | 835kV 1.079 1.081 +0.22 %

A. Enhancement Boundary

As concluded in Section III, the dc side voltage enhancement
utilises the spacing between vfu and v, to enable the rise in Vj.
This spacing was reflected in the available ripple margin expres-
sion AViarein(t), as given in (9). The voltage enhancement was
later found to be limited by the minimum value of AViyarin (%)
obtained over a fundamental interval. This minimal spacing is
defined as the spacing voltage Vipace andis givenin the following:

‘/;pace = min wte(0,27] (AVmargin(t))- (27)

For a practical rated operation of the MMC, the encountered
spacing voltage is not fixed but depends on the operated P
and Q. Following [30], the output voltage amplitude o5 of a
VSC increases with the grid-injected reactive power. As derived
in [30], 05 of an MMC can be expressed as a function of @) and
the grid voltage amplitude 0, as given in (28). This derivation
assumes a steady-state operation and uses the ac-side model of
the MMC, where the arm inductance L is mapped to a grid filter
inductance of L/2 as introduced in [26]. Following (28), it can
be concluded that the output voltage amplitude of the MMC
must exceed the grid voltage amplitude to inject the intended
reactive power into the grid.

2
o~ [02 + 5 LwQ.

This phenomenon is observed in the MMC simulations. Ta-
ble II shows the simulated output voltage amplitude for different
values of () and a constant value of P at 10 MW. It is concluded
that 95 = 9, when the converter is operated at 0 VAr. Then for
higher values of (), the output voltage amplitude 95 increases
beyond ¥,. Therefore, to meet required reactive power levels,
the modulation index of a practical MMC is constrained to 0.95,
consistent with [25].

To determine the voltage enhancement limit by simulation,
the impact of the modulation index and varying output voltage
amplitude must be isolated from the spacing voltage. To achieve
this separation, the adapted spacing voltage Vx is proposed as an
adjustment on Vipace, Which is illustrated in Fig. 10 for kg = 1.
This figure indicates that V; is obtained from Vip,ce by removing
the initial spacing between the arm voltage and the average sum
capacitor voltage. This spacing, denoted by Vipm, represents the
operational margin of the MMC used to increase 95 beyond 7,
to ensure the injection of (). Removing this margin from Vipace,
causes the remainder to solely reflect the spacing created by the
capacitor voltage ripple due to the injection of (). To calculate
Vi for kg > 1, the operating margin voltage Vipn is represented
by the spacing between the output voltage amplitude and half

(28)
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Fig. 11. Simulated V4 as a function of the operating enhancement factor for
different values of injected reactive power. The gray area represent a nonfeasible
operation region where the set operating margin is compromised.

the average sum capacitor voltage, as given in the following:

(29)

@Z
Vi =V, Vopm = V4 = =
x — Vspace = Yopm — Vspace T 92 —Us | .

Fig. 11 shows the simulated adapted spacing voltage of the
10 MW MMC as a function of the operated enhancement factor,
for different values of (Q and a constant value of P at 10 MW.
From Fig. 11, it can be concluded that a negative correlation is
encountered between the enhancement factor k4 and the adapted
spacing voltage V4. In line with Fig. 2, this suggests that V is
reduced in order to facilitate the rise in V4. Furthermore, Vi
is shown to be positively correlated with the operated reactive
power. This implies that Vy increases with a larger injection of
(2. Combining these two observations indicates that, for a fixed
V4, an increase in () expands the operated voltage enhancement
factor kq. However, it is important to note that, the preservation
of the rated MMC performance demands V4 to be non-negative.
Otherwise, with Vi < 0, the voltage enhancement will be facili-
tated through a reduction of Vp,, which is critical during system
transients and is used to ensure a steady-state injection of ().
Moreover, if Vi = —V,,m, steady-state output harmonic com-
ponents are injected into the grid, further comprising the MMC
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performance. Therefore, to ensure a proper voltage enhancement
with conservation of the MMC performance, Vi > 0 must hold,
rendering the grey area in Fig. 11 anonfeasible operation region.

The zero crossing of the kq-V4 curves in Fig. 11 indicates the
value of k4 for which the dc side voltage enhancement begins
to compromise the set operating margin in Vipace. As any rise
of kq beyond this value increases the dc side voltage at the
expense of Vipm, the zero crossing becomes a valid estimator
of kg max- Table I contains both the analytical value kg max, from
(14), and the simulated value kqgin. Comparing the analytical
and simulated results implies that (14) accurately represents the
feasible dc voltage enhancement of the 10 MW MMC. It is
found that, for lower values of @), (14) slightly overestimates
the maximum voltage enhancement. However, the overall the
accuracy is within £1% of the actual value.

B. SM Stresses and Harmonic Performance

To examine the SM stresses and ac-side harmonic perfor-
mance of the MMC throughout the voltage and power enhance-
ment, Fig. 12 is provided. This figure shows the simulated active
power P, reactive power (Q, dc side voltage V;, dc side current
14, spacing voltage Vipace, upper arm current ¢,, peak SM switch
current iy, and the sum capacitor voltage vfu all as a function
of time. During the simulation, the MMC is enhanced using the
dynamic controller of Section IV, which is initially operated
with Qi = 0 VAr in the enhanced steady state. Fig. 12 then
indicates the response of the variables to a 4 MVAr rise in @, at
t = 0.2 s when the waiting time parameters 7q, Ty4, 7p are fixed
at 1.5 s. Practically, this additional injection of 4 MVAr can be
demanded by the EPS operator to compensate for reactive power
demand in medium voltage distribution grids [28], [31].

The first part of Fig. 12 shows the MMC’s response to the 4
MVAr rise in @y, at t = 0.2 s. It is observed that this operation
point change increases Ve from 374 to 968 V, indicating
the impact of () on the capacitor voltage waveform, positively
affecting the adjusted spacing voltage. Meanwhile, the peak
SM switch current increases from 607 to 638 A, while the rms
arm current rises from 350 to 368 A. Both the rise in %SW and
1y are the result of the 0.8 MVA increase in apparent power
(from 10 to 10.8 MVA), which is due to change in { P, Qi,}
as requested by the EPS operator. Therefore, 638 A and 368 A
are the “pre-enhancement” values of %SW and 1, reflectively, as
indicated by the dotted lines in Fig. 12.

The second part of Fig. 12 shows the response of the MMC
to a 10% voltage enhancement at ¢ = 1.7 s (k] from 1.00
to 1.102). It is observed that for ¢ < 1.7 s, both V4 and vfu
demonstrate quasi-steady state behavior at the rated value of
17.1 kV. Meanwhile, 74 is constant at 584 A to supply the active
power of 10 MW. Note that in this rated condition, %SW is 638 A
while 7, is 368 A. After t = 1.7 s, V4 is enhanced to 18.9 kV
while v, is kept at 17.1 kV. To facilitate this rise in dc voltage,
itis observed that Vip,ce is reduced to 112 V. Because the active
power is maintained at 10 MW, the 10% voltage enhancement
imposes a 10% reduction in iq reaching 529 A. This 55 A
decrease in 74 lowers the MMC'’s circulating current, thereby
reducing the peak SM switch current to 620 A, which is 18.3 A
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Fig. 12.  Simulated response of the 10 MW MMC to an operation point shift at ¢ = 0.2 s (Qj, from 0 to 4 MVAr) followed by a corresponding 10.2% dc side

voltage enhancement at t = 1.7 s and 2.9% power enhancement at ¢t = 3.2 s.

TABLE IIT
MMC STEADY-STATE PERFORMANCE: CURRENTS AND CAPACITOR VOLTAGES

Operation point: Enhancement: AC-side: DC-side: MMC currents: MMC capacitor voltages:

Q S Type kq kp is(rms) THD; iq iy (rms) Tw Average vczu . Ripple UEI . A/p vczu |
OMVAr 10.0MVA | No 1.0 1.0 582 A 0.445 % 584 A 350 A 607 A 17.12kV 245kV 14.3 %
4MVAr 10.8MVA | No (rated) 1.0 1.0 625 A 0.399 % 584 A 368 A 638 A 17.12kV 2.75kV 16.0 %
4MVAr 10.8MVA | Voltage 1.10 1.0 625 A 0.399 % 520A 359A 620 A 17.11kV 3.22kV 18.8 %
4MVAr 11.1MVA | Power 1.10  1.03 641 A 0.390 % 545 A 368 A 636 A 17.11kV 3.30kV 19.3%

lower than the “pre-enhancement” value of 638 A. Moreover,
the reduced 74 lowers the rms arm current to 359 A, reducing
the MMC’s conduction and switching losses, thereby enhancing
the converter’s efficiency. However, note that the dc voltage
enhancement does impose a +2.8% higher capacitor voltage
ripple.

The final part of Fig. 12 shows the response of the MMC to a
2.9% power enhancement at ¢t = 3.2 s (k; from 1.00 to 1.029).
It is observed that P transitions from the rated to the enhanced
value while the spacing voltage, dc side voltage, and average sum
capacitor voltage remain nearly unaffected by the active power
change. Consequently, to enable the rise in active power, 74 is
increased to 545 A, imposing a higher dc circulating current
component in the MMC. This, in turn, increases the rms arm
current to 368 A and peak SM switch current to 636 A. However,
note that ¢, in the power enhanced mode equals the “pre-
enhancement” value, indicating a preservation of conduction
losses and therefore an improved converter efficiency. Moreover,
observe that %sw under the power enhancement remains below

the “pre-enhancement” value of 638 A, thereby preserving the
MMC’s SM switching stresses, in line with the requirement. This
result follows the analysis of Section III, where k, is selected to
ensure preservation of i,. However, note that the active power
enhancement does increase the ripple in vfu by an additional
+0.5% when compared to the sole voltage enhancement.

The simulation results of Fig. 12 are summarized in Table III,
which provides the MMC’s steady-state performance for both
the currents and capacitor voltages. Table III also provides the
rms values and THD of the output current ¢5. From Table I, it
is noted that the THDi remains constant at 0.399% throughout
the voltage enhancement and slightly reduces to 0.390% with
the active power enhancement. This observation ensures the
preservation of the ac side harmonic performance throughout
the enhancement process. The rms value of the output current
is observed to change in proportion to the apparent power of
the MMC. With the active power enhancement, this increased
15 is however compensated by a lower 74 to maintain the rated
arm current condition. Ultimately, this simulation verified that
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10 MW MMC can accommodate both a 10% dc voltage enhance-
ment and a 2.9% active power enhancement while preserving the
SM switching stresses, and ac side harmonic characteristics of
the MMC. The voltage enhancement then reduced the peak and
rms value of the arm current, lowering the converter’s conduc-
tion/switching losses and improving its efficiency. Alternatively,
the power enhancement keeps the peak and rms value of the arm
current at the rated condition, thereby increasing the MMC’s
active power capacity with rated converter losses.

C. Controller Feasibility

To analyze the feasibility and speed of the proposed control
framework, the simulation of Fig. 12 is repeated for multiple
values of the waiting time parameters 7q, Tiq. The results are
provided in Figs. 13 and 14, which show the minimum spacing
voltage Vipace and maximum SM switch current %SW encountered
during the increase () transition, where @, increases from 0 to
4 MVAr. From Fig. 13, it can be concluded that for 7q < Os,
Vipace hits a minimal value of 0 V during the increase () process.
This corresponds to an injection of high-frequency harmonics
components in the output current of the MMC. From Fig. 14, it
can be concluded that for 74 < 0 's, %sw is significantly higher
compared to larger values 7yq. Combined, these observations
validate the necessity of the proposed controller, requiring
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positive waiting times for the increase of k4 and k;, to preserve
Vipace and limit %sw, respectively. Furthermore, Figs. 13 and 14
show the speed of the proposed dynamic controller as 7g > 0.3's
and 7ig > 0.2s are required to maintain MMC performance.
However, note that this speed depends highly on the character-
istics of the MMC and its base controller.

VI. EXPERIMENTAL VERIFICATION

For further validation of the proposed dc voltage enhance-
ment, an experimental setup is used with a down-scaled labo-
ratory prototype MMC. The setup, demonstrated in Fig. 15, is
composed of a three-phase 5-level MMC, a grid emulator func-
tioning as an ac source, and a dc power load drawing a constant
power of 330 W. The circuit parameters of the experimental
setup are summarized in Table I. The performed experiments
are used to verify the workings of the enhancement and provide
reasonable proof for the feasibility of the enhancement concept
on a medium voltage dc setup as proposed in Section II. In
addition, an estimation of the voltage enhancement boundary
is obtained to approximate (14) experimentally. Finally, the
transient performance of the proposed dynamic control module
is measured and compared to a direct enhancement.

A. Arm Voltages

Using the laboratory setup, the dc side voltage V4, phase-a
upper arm voltage v,, and corresponding sum capacitor voltage
UEU are measured. The experimental results are provided in the
scope plot of Fig. 16, which contains the measured voltages
at rated condition {Vg;, vy, vfu,l } and at a 6% dc voltage
enhancement { Vy,, vy 2, UEU,Z }. For this measurement, the MMC
was operated at a constant active power of 330 W and supplied
200 VAr reactive power to the ac source.

In Fig. 16, it can be observed that the 6% rise of Vg to Vg,
results in the biasing of v, ; to vy 2. vy 2 maintains the sinusoidal
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output waveform shape but is offset by +3 V compared to v, ;.
Furthermore, it can be observed that vcz’u remains practically
unaffected by the change in dc link voltage. The average value
of the sum capacitor voltage is controlled to Vj;, while the ripple
in vfu is increased by an insignificant margin. As a result, the
operated dc voltage is enhanced by 6% while keeping the ac
side harmonic performance and submodule blocking voltage the

same as in the rated condition.

B. Empirical Enhancement Boundary

Applying (9) and (27) to the measured waveforms of v, and
vfu provides the empirical value of Vipace. Then, in line with (29),
the adjusted spacing voltage Vy is found from V{,ce by removing
the operating margin between the measured o5 and @Eu /2. This
measurement is performed for multiple values of k4 € [1, 1.06]
to study the impact of the dc voltage enhancement on V4. The
results are provided in Fig. 17, which shows the k,-V} curves
for a constant active power of 330 W and multiple values of
the reactive power reference (). As analytically, Vi is a linear
function of kg4, a linear interpolation curve is fitted to the data
points for the different values of ().
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Fig. 18.  Analytical enhancement factor boundary with the empirical estimate.

From Fig. 17 can be concluded that, for a fixed operating kq,
the adjusted spacing voltage is larger for higher values of Q.
This highlight the positive impact of the grid injected reactive
power on the spacing between UEU and vy, and verifies the direct
correlation between of V4 and ). Using the concept introduced
in Section V, the zero crossings of the kg-V; curves provide an
empirical estimate kg emp Of the boundary kg max. This as, for any
enhancement kg > kqemp, Vx is negative thereby facilitated the
dc voltage rise through the reduction of Vypy,, compromising the
MMC'’s steady-state and transient performance. Then revisiting
Fig. 17, it can be observed that an increase in ( causes a shift
of the k4-Vi curve, which in turn increase the zero crossing
kdemp- So, Fig. 17 validates experimentally that the voltage
enhancement boundary is extended as a result of the injection
of Q.

Performing the measurements in Fig. 17 on a more refined
scale of () results in the enhancement boundary estimate pre-
sented in Fig. 18. This figure shows the analytical enhancement
boundary kg max, following from (14), and the empirical bound-
ary estimate kqemp both as a function of (. It can be concluded
from Fig. 18 that there is a positive correlation between the
empirical enhancement boundary kqemp and the grid injected
reactive power. This provides an experimental validation of the
workings of the dc voltage enhancement, showing that the max-
imum enhancement of V5 increases with (). Moreover, Fig. 18
shows the alignment of (14) with the empirical boundary esti-
mate for larger values of (). However, this accuracy is observed
to be lower for smaller values of Q).

C. Empirical Controller Performance

The proposed dynamic control module is implemented on
the laboratory prototype MMC. To experimentally analyze the
performance, the MMC'’s response is measured for an increase in
the reactive power reference @y, from 0 to 150 VAr. In line with
(14) and (24), the dc side voltage and operating active power
are enhanced by 3.3% and 1.0%, respectively. The result of the
experiment is provided in Fig. 19, which shows the reference
of ) and P, the measured dc side voltage Vg, spacing voltage
Vipace» and peak SM switch current 2SW, all as a function of
time. Fig. 19(a) contains the dynamic response of the MMC
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Fig. 19.

with a direct enhancement, where (), V3, and P are simulta-
neously enhanced upon the change of Qy,. Fig. 19(b) contains
the dynamic response of the MMC with a stepwise enhance-
ment, resulting from the proposed dynamic control module, with
TQ = Tkd = 0.6s.

From Fig. 19(a), it can be concluded that the direct enhance-
ment causes a significant drop in Vipaee down to 0.0 V before it
settles at the steady-state value of 2.1 V. This zero breaching
of Vipace corresponds to an injection of high-frequency arm
voltage components during the system transient, degrading the
MMC’s output harmonic performance. Moreover, %SW reaches
a maximum value of 4.6 A during the system transient, which
is higher than the steady-state value of 4.3 A. From Fig. 19(b)
can be concluded that the stepwise enhancement preserves Vipace
with its minimum being at 0.8 V. This prevents the intersection of
vy and vfu, thus maintaining the MMC’s harmonic performance.
Moreover, the stepwise controlled enhancement limits the rise of
I t0 amaximum of 4.4 A. Comparing the response of the direct
and controlled enhancement in Fig. 19 validates the dynamic in-
terdependence of ), Vg, and P, confirming the need for the step-
wise enhancement as stated in (26). Furthermore, the compari-
son shows the performance advantage of the proposed controller
in achieving the MMC'’s active power enhancement dynamically.

VII. CONCLUSION

This article presents a method for enhancing the dc voltage of a
MMC beyond the rated value by utilising the converter’s power-
dependent ripple in the capacitor voltage. Operating the MMC at
an enhanced dc voltage reduces the circulating current, thereby
improving the converter’s efficiency. Alternatively, this higher

Experimental dynamic results for the active power capacity enhancement with (a) a direct enhancement (b) a stepwise controlled enhancement.

dc voltage enables the MMC to operate with an enhanced active
power capacity while maintaining the rated electro—thermal
stresses on its components. This enhancement process leverages
the spacing between the sum capacitor voltage and the arm
voltage to preserve the ac side harmonic performance of the
MMC. Meanwhile, controlling the average capacitor voltage to
remain constant ensures that the SM stresses are kept the same
as in the rated condition.

Following the arm voltage equations of the MMC, an an-
alytical expression for the maximum dc voltage enhancement
is derived. This expression ensures optimal utilisation of the
capacitor voltage ripple to bias the arm voltage, increasing the dc
side potential of the converter. The expression revealed a positive
correlation between the voltage enhancement boundary and the
grid-injected reactive power. Limiting the SM switch current of
the MMC to the rated condition provided an analytical expres-
sion for the maximum active power enhancement. Combining
the two expressions revealed the interdependence between the
voltage enhancement, power enhancement, and gird-injected re-
active power. This resulted in the need for the proposed dynamic
control module, that solved the dynamic interdependence by
making stepwise adjustments to Vg, P, and @, ensuring the
MMC’s dynamics remain compliant in the enhanced operation.

Simulations of a 10 kV-10MW MMC verified the enhance-
ment concept, where a 10.2% dc voltage enhancement could
accommodate a 2.9% active power capacity enhancement while
maintaining both the MMC’s harmonic performance and SM
stresses. Moreover, the voltage enhancement was found to
reduce the MMC’s losses, achieving a yearly energy savings
of 20.2 MWh when operating at 90% of the converter’s rated
power. Further simulations showed the accuracy of the voltage
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enhancement boundary expression for this 10 MW MMC. A
similar verification of the boundary expression was obtained
experimentally using the laboratory prototype MMC. Additional
measurements with the proposed dynamic control module val-
idated the transient performance and highlighted the dynamic
performance advantage over a direct enhancement alternative.
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