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Abstract—The modular multilevel converter (MMC) containing
full-bridge submodules (FBSMs) can increase the modulation index
to reduce the energy storage requirement. The MMCs containing
FBSMs can also adjust the dc voltage to fit special applications.
However, limited research explores the energy storage charac-
teristics of MMCs with variable dc voltages, and few effective
approaches can ensure low-energy storage requirements. This
study proposes an approximate analysis method for the energy
storage requirement in MMC with variable dc voltages. Results
reveal that the energy variation under low dc voltages restricts
the reduction effects of the increased modulation index on the
energy storage requirement. Then, on the basis of the fact that
the low ac component of the arm current under low dc voltages
provides a large current margin, an optimal circulating current
(OCC) is proposed to optimize the energy variation under low dc
voltages. In addition, a practical curve-fitting approach is proposed
to facilitate the calculation of OCC in real-time controllers. With
these approaches, the energy storage requirement with variable
dc voltage becomes similar to that with constant rated dc voltage.
Simulation and experimental results verify the analysis.

Index Terms—Circulating current, energy storage requirement,
energy variation, modular multilevel converter (MMC), variable
dc voltage.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) have been
widely applied to high-voltage dc (HVdc) projects

[1]–[3] because of their advantages, which include modular
design, multiple levels, low harmonics, and low power losses [4],
[5]. However, given the energy variations in the converter arms,
MMCs require large submodule (SM) capacitors to provide
sufficient energy storage, such that the capacitor voltage ripple is
limited to an acceptable level. For the SM, the capacitor occupies
over half of the volume and entails approximately 30% of the
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cost [6], [7]. As such, suppressing the energy variation and
thereby reducing the capacitance have become urgent issues.

One of the common approaches to reduce the energy storage
requirement of conventional MMCs based on half-bridge SMs
(HBSM) is the active control of the double-frequency circulating
current [8]–[11], which is used to suppress the energy variation
and capacitor voltage ripples. However, as revealed in [10], the
double-frequency circulating current required to suppress the
capacitor voltage ripple increases the peak and the root-mean-
square (RMS) values of arm current. The necessary current
margin under rated power only allows for a limited circulating
current. Therefore, the effect of the double-frequency circulating
current on the reduction of energy storage requirement is also
limited in conventional HBSM-based MMCs.

Recently, the amplitude of the fundamental-frequency com-
ponent of the energy variation is noted to decrease as the
modulation index increases [12]–[14]. Therefore, increasing the
modulation index to a specific value can effectively reduce the
energy storage requirement. For instance, at a modulation index
of

√
2, the energy storage requirement can be reduced by 70%

at unity power factor [12], [13]. At nonunity power factors, a
reduction can be achieved by also injecting an auxiliary circu-
lating current [14]. The modulation index can be increased by
using the full-bridge SMs (FBSMs), which have negative voltage
capability. A variant of FBSM called unidirectional current
FBSM (UC-FBSM), also with negative voltage capability, was
developed to reduce the usage of semiconductors [15], [16].

Another advantage of the MMCs containing FBSMs or UC-
FBSMs is the wide-range adjustable dc voltage. The FBSM
and UC-FBSM can output negative voltages. Therefore, the
difference of the upper and lower arm voltages in an MMC that
contains FBSMs or UC-FBSMs cannot be affected even if the
sum of them decreases. This means that the FBSM-based MMCs
(FB-MMCs), hybrid MMCs that consist of FBSMs and HBSMs
(HYB-MMCs), and UC-FBSM-based MMCs (UC-FB-MMCs)
can have a wide-range adjustable dc voltages while their ac
voltage capabilities are not affected. This feature enables the
FB-MMCs, the HYB-MMCs, and the UC-FB-MMCs to fit many
applications. For instance, in the Kunliulong HVdc project,
China, each pole is composed of several series-connected MMCs
that can be smoothly switched in or out online by increasing the
dc voltage from 0 to the rated value or decreasing it from the
rated value to zero, without affecting the operation of other parts
in the system [1], [17], [18]. In the proposal of active dc-fault
clearing, the MMCs keep operating after detecting the dc fault
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and quickly reduce the dc voltage from the rated value to zero
to actively clear the dc faults [19]–[21]. In the hybrid HVdc that
consists of a line-commutated converter (LCC) and an MMC
[17], [18], [22] or in the series-connected multiterminal HVdc
[23]–[25], the MMCs can flexibly adjust the power by regulating
the dc voltage in a wide range.

However, literature on the energy storage requirement of
MMCs that utilize the negative voltage capability of SMs mainly
focuses on the condition of the constant rated dc voltage. In
the applications of variable dc voltages, the amplitude of the
energy variation also changes under different dc voltages, and
its maximum does not always appear at the rated dc voltage [26],
[27]. For example, if the modulation index is relatively high,
the voltage ripple becomes even larger under low dc voltages
than at the rated dc voltage [26], [27]. The existing optimization
approaches to reduce the energy storage requirement by sim-
ply increasing the modulation index are no longer suitable for
MMCs with variable dc voltages. However, limited studies ex-
plored the energy storage characteristics of MMCs with variable
dc voltages. Furthermore, although an optimization approach of
dynamically adjusting the dc component to allow high capacitor
voltage ripples was proposed in [26], the control of capacitor
voltages usually takes tens to hundreds of fundamental cycles
and the high voltage ripples may also affect the lifespan of
the capacitors. This condition evidently makes the MMCs with
variable dc voltages less attractive.

This article proposes the analysis and optimization methods of
the energy variation and energy storage requirement of MMCs
with variable dc voltages. First, in Section II, an approximate
analysis approach is proposed for analyzing the energy storage
requirement considering the entire dc voltage range. The results
reveal that when the modulation index increases and exceeds
an inflection point (approximately 1.123), the energy variations
under low dc voltages restrict the reduction effects on the energy
storage requirement. In Section III, on the basis of the fact that
the reduced fundamental-frequency ac component of the arm
current under low dc voltages provides a large margin for in-
jecting a large double-frequency circulating current, an optimal
circulating current (OCC) that does not affect the maximum
RMS value of the arm current is proposed to reduce the energy
storage requirement in the entire dc voltage range to be close to
that under the rated dc voltage. Furthermore, a practical online
calculation is proposed for the required OCC in a real-time
controller. In Sections IV and V, the proposed analysis and opti-
mization methods are verified using simulation and experimental
results, respectively. Finally, Section VI concludes this article.

II. ANALYSIS OF ENERGY STORAGE REQUIREMENT UNDER

ZERO OR NATURAL CIRCULATING CURRENT

A. DC Voltage Range of MMCs That Contains FBSMs

Fig. 1(a) shows the topology of MMC. The arm voltages
according to Kirchhoff’s Law are

{
uxp = udc/2 − ux

uxn = udc/2 + ux
(1)

Fig. 1. Considered MMC model. (a) Topology of MMC. (b) SMs with negative
voltage capability.

Fig. 2. Arm voltages at rated dc voltage and reduced dc voltage. (a) Rated dc
voltage. (b) Reduced dc voltage.

where x = a, b, c; uxp and uxn are the upper and lower arm
voltages of phase x; udc is the dc voltage; and ux is the equivalent
ac voltage of the converter. According to (1), the ac and dc
voltages are {

udc = uxp + uxn

ux =
uxn−uxp

2

. (2)

The sum of the upper and lower arm voltages determines the
dc voltage of the MMC, while the difference of them determines
the ac voltage. If only the sum of the arm voltages varies without
affecting the difference of them, as shown in Fig. 2(a) and (b),
then the MMC can adjust the dc voltage without affecting the
ac voltage capability. As shown in Fig. 2(b), this results in
negative sections in the arm voltages. As shown in Fig. 1(b), if the
MMC contains SMs that can output negative voltage levels (e.g.,
FB-MMC and HYB-MMC), the MMC can have adjustable dc
voltage.

B. Energy Variation and Energy Storage Requirement

Given that the MMC operates symmetrically, the lower arm of
phase A is taken as an example in the analysis. The arm voltage
and current generate the power variation in the converter arm,
expressed as

pan (t) = uan (t) ian (t) (3)
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where pan(t) is the power variation in the converter arm; uan(t)
is the arm voltage; and ian(t) is the arm current, as shown in
Fig. 1. The power variation then generates the energy variation
ẽ (t) in the converter arm, that is,

ẽ (t) =

∫
pan (t) dt =

∫
uan (t) ian (t) dt. (4)

Then, the energy variation can be normalized [28] as

ẽ∗ (t) =
ẽ (t)

SN
(5)

where SN is the rated apparent power of the MMC, and thus the
unit of ẽ∗(t) is kJ/MVA. The energy variation ẽ∗(t) is a periodic
function of time, and its amplitude is denoted by Ẽ∗. Under a
certain modulation index, the value of Ẽ∗ is determined by the
operating point (i.e., dc voltage).ΔE∗

max denotes the maximum
of Ẽ∗ in the entire operating region.

The total use of capacitor in an MMC can be evaluated using
the normalized energy storage requirement in the unit of kJ/MVA
[28], which is denoted by W∗

MMC and defined as

W ∗
MMC =

6×N × 0.5× Csm × U2
cN

SN
(6)

where N is the number of SMs in each converter arm, Csm

is the SM capacitance, and UcN is the rated voltage of the
SM capacitor. The upper limit of the ratio of the capacitor
voltage ripple is denoted by εlim. According to Appendix A,
the minimum energy storage requirement can be expressed as

W ∗
MMC =

6

(1 + εlim)
2 − 1

×ΔE∗
max. (7)

Clearly, the energy storage requirement has a linear rela-
tionship with the maximum amplitude of the energy variation
in the entire operating region, that is, ΔE∗

max. Therefore, the
optimization problem of energy storage requirement becomes a
minimization problem of the maximum amplitude ΔE∗

max.
Given that the amplitude of the energy variation under a

certain value of dc voltage is proportional to the dc current, only
the rated dc current condition is considered when determining
the maximum amplitude of energy variation. This study focuses
on pure active power conditions. The ac current decreases
with the dc voltage because the active power declines. Aside
from the fundamental-frequency ac and dc components, the
arm current may also include a double-frequency circulating
component. Without a special optimization strategy, the natural
circulating current is typically much smaller than the dc and
the fundamental-frequency ac components. Another common
method is to suppress the circulating current to zero. In both sce-
narios, the circulating current has smaller effects on energy vari-
ation compared with those caused by the fundamental-frequency
ac and dc components of the arm current. Therefore, this study
excludes the effect of the circulating current to simplify the anal-
ysis. According to the deduction in Appendix B, the expression
of energy variation is

ẽ∗ (t) = ẽ∗1ω (t) + ẽ∗2ω (t) (8)

where ẽ∗1ω(t) and ẽ∗2ω(t) represent the fundamental- and double-
frequency components of the energy variation, respectively.

Fig. 3. Amplitudes of energy variations varying with the dc voltage under a
certain value of M0.

These components are, respectively, expressed as⎧⎨
⎩ ẽ∗1ω (t) = 1

3ω

(
M0

2 − u∗2
dc

M0

)
sinωt+

M0X
∗u∗

dc
12ω cosωt

ẽ∗2ω (t) = − u∗
dc

12ω sin 2ωt− X∗u∗2
dc

24ω cos 2ωt
(9)

whereω is the angular frequency of the ac grid, X∗ is the per-unit
value of the arm inductance, and u∗dc is the per-unit value of
the dc voltage. M0 denotes the base modulation index and is
expressed as

M0 =

√
2UacN

UdcN/2
(10)

where UacN and UdcN are the rated ac and dc voltages, respec-
tively. The base modulation index M0 represents the ac voltage
normalized by the rated dc voltage and does not change with the
operating points.

C. Approximate Analysis of the Maximum Amplitude of the
Energy Variation

Although the energy variation is expressed in (8) and (9),
obtaining the exact analytical expression of its amplitude re-
mains difficult because the energy variation consists of the
components in two frequencies. A numerical calculation based
on (8) and (9) can be used to calculate the exact amplitude of the
energy variation, but cannot clearly reveal how the key variables
(e.g., u∗dc and M0) influence the amplitude of energy variation.
Therefore, an approximate analysis approach is proposed, where
the expressions in (9) are reasonably simplified.

The per-unit value of the arm inductance (i.e., X∗) is often
lower than 0.2 p.u. Thus, the coefficients of the terms with X∗

are much lower than the others in (8) and (9). The expressions are
simplified by first excluding the effect of X∗ in the approximate
analysis. Then, the fundamental-frequency energy variation can
be approximated as

ẽ∗1ω (t) ≈ 1

3ω

(
M0

2
− u∗2

dc

M0

)
sinωt. (11)

Clearly, under a certain value of M0, the amplitude of the
fundamental-frequency energy variation is a quadratic function
of u∗dc, and reaches the minimum 0 when the condition of
M0/2−u∗2

dc/M0 = 0 is fulfilled, as shown in Fig. 3. The dc
voltage where the amplitude of ẽ∗1ω(t) reaches 0 is denoted
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using U∗
V as

U ∗
V =

M0√
2
. (12)

Fig. 3 shows that using U∗
V as the dividing point, the entire

dc voltage range can be divided into two segments, namely,
high and low dc voltage segments (HDV and LDV, respectively).
The amplitude of the fundamental-frequency energy variation is
denoted by Ẽ∗

1ω. If the effect of X∗ is neglected, then Ẽ∗
1ω in

the HDV and LDV segments can be approximated as

Ẽ∗
1ω(u

∗
dc) ≈

⎧⎨
⎩

1
3ω

(
M0

2 − u∗2
dc

M0

)
u∗

dc < U ∗
V

1
3ω

(
u∗2

dc
M0

− M0

2

)
u∗

dc≥ U ∗
V

. (13)

The amplitude of the double-frequency energy variation is
denoted by Ẽ∗

2ω . If the effect of X∗ is neglected, then Ẽ∗
2ω can

be approximated as

Ẽ∗
2ω(u

∗
dc) ≈

u∗
dc

12ω
. (14)

Fig. 3 also shows the curves of the amplitudes of the
fundamental- and double-frequency energy variations when the
dc voltage varies under a value of M0. The amplitude of the
fundamental-frequency energy variation, Ẽ∗

1ω(u∗dc), first de-
creases and then increases with the dc voltage and has a mini-
mum of 0 at the dividing point U∗

V, i.e., M0/
√
2. The amplitude

of the double-frequency energy variation, Ẽ∗
2ω(u∗dc), has a

linear relationship with the dc voltage.
Although the amplitudes of the fundamental- and double-

frequency energy variations are obtained, deriving the exact
analytical expression of the amplitude of the total energy vari-
ation remains difficult because it also requires the phases of
the fundamental- and the double-frequency energy variations.
Another approach in the approximate analysis is to ignore the
influence of phases and to directly use the sum of Ẽ∗

1ω and
Ẽ∗

2ω as the amplitude of the total energy variation. Although
errors may occur, this approximation can help in understanding
the trend of the amplitude of the total energy variation when
the dc voltage varies under different values of M0. Furthermore,
because the sum of amplitudes of the fundamental- and double-
frequency components is not lower than the real amplitude
of the synthesized waveform, this approach is a conservative
approximation that can ensure the normal operation of MMCs.

According to (13) and (14), the approximate expression of the
amplitude of the energy variation varying with u∗dc is

Ẽ∗(u∗
dc) ≈ Ẽ∗

1ω(u
∗
dc)+Ẽ∗

2ω(u
∗
dc)

=

⎧⎨
⎩

1
3ω

(
−u∗2

dc
M0

+ M0

2 +
u∗

dc
4

)
u∗

dc ∈ [0, U ∗
V)

1
3ω

(
u∗2

dc
M0

− M0

2 +
u∗

dc
4

)
u∗

dc ∈ [U ∗
V, 1]

.
(15)

As illustrated in Fig. 3, the maximum amplitude of the energy
variation in the HDV and LDV segments can be obtained,
respectively, as

1) in HDV segment (U∗
V ≤ u∗dc ≤ 1)

Fig. 4. Amplitudes of the energy variation in an MMC arm related to the
modulation index and the dc voltage.

The HDV segment consists of high dc voltages, and the
derivative of the amplitude of energy variation is

dẼ∗(u∗
dc)

du∗
dc

=
2

3ω

(
u∗

dc

M0
+

1

8

)
. (16)

According to (16), the derivative of the amplitude of the
energy variation is always greater than zero, and thus the ampli-
tude of the energy variation increases monotonously with the dc
voltage. Its maximum value appears at u∗dc = 1.0 p.u., which
can be obtained as

ΔE∗
maxHDV (M0) =

1

3ω

(
u∗2

dc

M0
− M0

2
+

u∗
dc

4

)∣∣∣∣
u∗

dc=1

=
1

3ω

(
1

M0
− M0

2
+

1

4

)
. (17)

2) in LDV segment (0 ≤ u∗dc < U∗
V)

The LDV segment consists of low dc voltages, and the deriva-
tive of the amplitude of energy variation is

dẼ∗(u∗
dc)

du∗
dc

=
2

3ω

(
− u∗

dc

M0
+

1

8

)
. (18)

The extreme point of u∗dc = M0/8 can be obtained by let-
ting (18) be equal to zero. The maximum amplitude of energy
variation in the LDV segment can be obtained as

ΔE∗
maxLDV (M0) =

1

3ω

×
(
M0

2
− u∗2

dc

M0
+

u∗
dc

4

)∣∣∣∣
u∗

dc=
M0
8

=
11M0

64ω
. (19)

The maximum amplitudes of the energy variations in the HDV
and LDV segments are expressed in (17) and (19), respectively.
Thus, under a certain value of M0, in the entire dc voltage range,
the maximum amplitude of the energy variation can be obtained
as

ΔE∗
max(M0) = max [ΔE∗

maxHDV(M0),ΔE∗
maxLDV(M0)] .

(20)
Under selected modulation indices, Fig. 4 shows the locations

of ΔE∗
max (M0). According to (17), (19), (20), and Fig. 4, when

the modulation index is relatively low, the maximum amplitude
of energy variation is determined by ΔE∗

maxHDV, but when the
modulation index is relatively high, the maximum amplitude of
energy variation is determined by ΔE∗

maxLDV. This case can
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Fig. 5. Comparison of capacitor voltage ripples under u∗dc = 0 and u∗dc =
1.0 p.u. when the base modulation index is 0.8. (a) u∗dc = 0. (b) u∗dc = 1.0
p.u.

Fig. 6. Comparison of capacitor voltage ripples under u∗dc = 0 and u∗dc =
1.0 p.u. when the base modulation index is 1.4. (a) u∗dc = 0. (b) u∗dc = 1.0
p.u.

also be intuitively illustrated by the SM capacitor voltage. Fig. 5
shows the waveforms of capacitor voltage ripple under zero and
rated dc voltages when the base modulation index is 0.8. The
voltage ripple at the rated dc voltage is much larger than that
at zero dc voltage. However, the opposite is true if the base
modulation index is 1.4, as shown in Fig. 6.

Therefore, the modulation index has an inflection point,
which can be calculated by establishing ΔE∗

maxLDV(M0) =
ΔE∗

maxHDV(M0) as

11M0

64
=

1

3M0
− M0

6
+

1

12
. (21)

The inflection point is the solution of (21), as

M0_inflec = 1.123. (22)

Then, the maximum amplitude of the energy variation under
a certain value of M0 can be expressed as

ΔE∗
max(M0)=

{
1
3ω

(
1

M0
−M0

2 + 1
4

)
whenM0<M0_inflec

11M0

64ω whenM0 ≥ M0_inflec

.

(23)
According to (23), the curve of the approximate maximum

amplitude of the energy variation varying with M0 is plotted
in Fig. 7. Besides, using the numerical calculation, the exact
maximum amplitude of the energy variation based on (8) and
(9) considering the entire dc voltage range is also plotted in
Fig. 7 for comparison. The error between the approximate and
exact results is not significant. The advantage of the approximate
analysis is that it not only clearly reveals the relationship between
the amplitude of the energy variation and the dc voltage, but

Fig. 7. Maximum amplitude of the energy variation varying with the value of
M0, and the corresponding energy storage requirements under εlim = 10%.

the maximum amplitude of the energy variation can also be
approximated under some reasonable assumptions. With the
proposed approximate analysis, how the base modulation index
influences the energy storage requirement considering the entire
dc voltage range can be revealed, which is indicated on the right
y-axis in Fig. 7.

According to the existing studies, the amplitude of the energy
variation and the energy storage requirement can be reduced
greatly by increasing M0 to about

√
2, if only considering the

constant rated dc voltage [12], [13], [29]. However, when the
variable dc voltage is considered, the amplitude of the energy
variation under all possible dc voltages should be considered,
and the maximum amplitude does not always appear at the rated
dc voltage. Specifically, when M0 is increased and exceeds the
inflection point M0_inflec (approximately 1.123), the maximum
amplitude of the energy variation appears at the operating points
in low dc voltages, and it increases with the increase in M0.
Therefore, the reduction of the energy storage requirement by
simply increasing the modulation index cannot achieve the
desired effect.

The phenomenon that the amplitudes of energy variations
under low dc voltages is higher than those under high dc voltages
if M0 is greater than its inflection point M0_inflec can also be ex-
plained with physical mechanisms. The fundamental-frequency
energy variation is dominant in the total energy variation. As
shown in (11), the fundamental-frequency energy variation is
mainy determined by the difference between two factors. The
first one, determined by the product of the dc component in the
arm voltage and the fundamental-frequency component in the
arm current, is proportional to the dc voltage; while the second
one, determined by the product of the fundamental-frequency
ac component in the arm voltage and the dc component in
the arm current, is proportional to the amplitude of ac voltage.
When the dc voltage decreases, the second factor remains almost
unchanged, while the first one decreases accordingly. The base
modulation index M0 indicates the amplitude of the ac voltage
under a given rated dc voltage. If M0 is very high, such that the
amplitude of the second factor is even greater than the difference
between them at the rated dc voltage, then the amplitudes of the
fundamental-frequency energy variations under low dc voltages
would be higher than that under high dc voltages. Given that the
fundamental-energy variation is dominant, the total energy vari-
ations under low dc voltage would also have higher amplitudes
than those under high dc voltages.
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Fig. 8. Margin of the circulating current considering the RMS value of the
arm current.

III. OPTIMIZATION OF ENERGY STORAGE REQUIREMENT

THROUGH OPTIMAL CIRCULATING CURRENT INJECTION

A. Optimal Circulating Current Injection for Optimizing
Energy Storage Requirement of MMCs With Variable DC
Voltage

When the base modulation index exceeds the inflection point,
the maximum amplitude of the energy variation appears in the
low dc voltage segment, and therefore, increasing the modula-
tion index cannot effectively reduce the energy storage require-
ment.

In fact, the low dc voltage also provides a large space for
injecting the double-frequency circulating current to suppress
the energy variation. As depicted in Fig. 8, even if the dc compo-
nent of the arm current retains the rated value, the fundamental-
frequency ac component of the arm current will decrease with the
decrease in the dc voltage because the active power decreases.
This condition makes it possible to inject large double-frequency
circulating current under low dc voltages to suppress the energy
variation, without increasing the maximum RMS value of the
arm current.

The expression of the normalized double-frequency circulat-
ing component of the arm current is

i∗cir =
√
2I∗CC cos (2ωt− θCC) (24)

where I∗CC is the RMS value of the circulating current, nor-
malized by the rated dc current, and θCC is the initial phase.
According to Appendix B, when the circulating current is taken
into consideration, the expression of the energy variation is

ẽ∗ (t)=ẽ∗1ω (t) + ẽ∗2ω (t) + ẽ∗3ω (t) + ẽ∗4ω (t) (25)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẽ∗1ω (t)=
(

M0

6ω − u∗2
dc

3ωM0

)
sinωt+

√
2M0I

∗
CC

4ω sin(ωt− θCC)

+
M0X

∗u∗
dc

12ω cosωt+
√
2M0X

∗I∗
CCu∗

dc
8ω cos (ωt− θCC)

ẽ∗2ω (t) = − u∗
dc

12ω sin 2ωt+
√
2I∗

CCu∗
dc

4ω sin (2ωt− θCC)

−X∗u∗2
dc

24ω cos 2ωt−
√
2M2

0X
∗I∗

CC

8ω cos (2ωt− θCC)

ẽ∗3ω (t) =
√
2M0I

∗
CC

12ω sin (3ωt− θCC)

+
√
2M0X

∗I∗
CCu∗

dc
8ω cos (3ωt− θCC)

ẽ∗4ω (t) = − 3M2
0X

∗I∗2
CC

16ω cos (4ωt− 2θCC)

.

(26)

Fig. 9. Amplitude of energy variation and the corresponding optimal circulat-
ing current.

The interaction between the double-frequency circulating cur-
rent and the fundamental-frequency component of the arm volt-
age can generate an additional fundamental-frequency energy
variation. This additional energy variation can be used to coun-
teract the original fundamental-frequency energy variation, and
helps to suppress the fundamental-frequency energy variation,
as shown in (25) and (26). However, the amplitude of the total en-
ergy variation is not only affected by the fundamental-frequency
energy variation but is also affected by the components in other
frequencies, thus complicating the optimization of the amplitude
of the energy variation using circulating current.

Based on the analytical model of the energy variation, a
searching approach is used to obtain the OCC. Fig. 9 illustrates
that the optimization objective is considered as a problem of
minimizing the maximum amplitude of the energy variation by
injecting an appropriate circulating current, on the prerequisite
that the RMS value of the arm current does not exceed the rated
value. At the rated dc voltage, the maximum amplitude of the
energy variation, ΔE∗

maxHDV, is considered as not optimized
and regarded as a benchmark. The reason is that when the dc
voltage reaches the rated value, the arm current already reaches
the maximum RMS value, and the permitted circulating current
for reducing the energy variation is considered zero.

For each dc voltage lower than the rated value, the initial value
of I∗CC is first set as zero, and then the OCC is searched according
to the following principles.

1) If the original amplitude of the energy variation without
circulating current injection is already lower than the
benchmarkΔE∗

maxHDV, then no injection of any circulating
current is necessary, and I∗CC can be simply set as zero.

2) If the original amplitude of the energy variation is greater
than the benchmark ΔE∗

maxHDV, then the value of I∗CC is
increased step by step (at each value of I∗CC, the value of
θCC also varies from−π toπ). This process continues until
the resultant amplitude of energy variation becomes lower
than the benchmark ΔE∗

maxHDV.
3) If the amplitude of the energy variation is always greater

than the benchmarkΔE∗
maxHDV even when I∗CC reaches the

maximum permitted value, then the problem is converted
to finding the minimum amplitude of the energy variation.
The prerequisite is that I∗CC and θCC are in the permissible
ranges.
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Fig. 10. Searching results of I∗CC and θCC of the optimal circulating currents.

Fig. 11. Maximum amplitudes of the energy variations with the value of M0,
and the corresponding energy storage requirements under εlim = 10%.

Fig. 10 plots the curves of the RMS value I∗CC and the
initial phase θCC of the OCCs under several typical values of
M0. Another detail that must be noted is that, as analyzed in
Section II, when M0 is lower than M0_inflec (approximately
1.123), no injection of circulating current is needed. The reason
is that the original maximum amplitude of the energy variation
exactly appears at the rated dc voltage. When M0 is greater than
M0_inflec, the RMS value I∗CC and the initial phase θCC of the
OCC vary with the dc voltage.

Fig. 11 shows the comparison of the maximum amplitude of
energy variation under constant rated dc voltage, under variable
dc voltage without OCC injection, and under variable dc voltage
with OCC injection. The corresponding energy storage require-
ment is indicated on the right y-axis. The comparison result
shows that the proposed OCC injection has a considerable effect
on the reduction of the maximum amplitude of energy variation
and energy storage requirement under variable dc voltage. With
OCC injection, the energy storage requirement under variable
dc voltage becomes close to that under constant rated dc voltage.

B. Practical Curve-Fitting Approach in Real-Time Controller

Although the energy storage requirement of MMCs with
variable dc voltage can be optimized using the proposed OCC
based on the searching approach, this method is time-consuming
and difficult to implement into a real-time controller in practical
applications. As a simple and fast approach to calculating the
required OCC in a real-time controller, a practical curve fitting
approach is proposed to achieve similar results to those in
Fig. 10. For the initial phase θCC, the approximation of θCC =
−π rad is reasonable. For the RMS value I∗CC, trials of several
functions show that the quadratic function has the best fitting

Fig. 12. Comparisons of I∗CC calculated by the searching and curve-fitting
approaches. (a) M0 = 1.2, (b) M0 = 1.3, (c) M0 = 1.5, and (d) M0 = 1.6.

effect, expressed as:⎧⎨
⎩ I∗CC=

{
K1(M0)×

(
K2(M0)−u∗2

dc

)
whenu∗

dc<K3(M0)
0 whenK3(M0)<u∗

dc≤1
θCC = −π

,

(27)
where K1(M0), K2(M0), and K3(M0) are the fitting coefficients,
with values that are functions of M0. On the basis of the nu-
merical results, K1(M0), K2(M0), and K3(M0) can be calculated
using the following equations:⎧⎨

⎩
K1 (M0) = −0.938M0 + 1.725
K2 (M0) = 2.646M0 − 2.961
K3 (M0) = 1.8M0 − 1.675

. (28)

Fig. 12 shows the comparison of the curves of I∗CC obtained by
the searching and curve-fitting approaches under typical values
of M0. The results indicate that the proposed formulas have a
good fitting effect, and the RMS values of the OCCs are always
below the maximum permissible values. Thus, the RMS values
of the arm current containing the injected OCC do not exceed
the rated value. Fig. 11 shows the maximum amplitudes of the
energy variation using the curve fitting OCC injection. The OCC
obtained through curve fitting approach has a similar effect to
that obtained through the exact searching approach, thereby
allowing for implementation in a real-time controller.

Given that the proposed OCC helps to reduce the maximum
amplitude of energy variation, the voltage ripples on the SM
capacitors can also be suppressed. Fig. 13(a) shows the original
capacitor voltage ripple when the OCC is not injected (dashed
line) under a modulation index of 1.4, and the capacitor voltage
ripple when the OCC controller is implemented (solid line). The
comparison results show that the capacitor voltage at low dc
voltage is effectively reduced, and the peak voltage under low
dc voltage is equal to that under the rated dc voltage.

IV. CONTROL SCHEMES

The entire controller of MMC is divided into ac, dc, and circu-
lating current controllers, as shown in Fig. 14. When the MMC is
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Fig. 13. Suppression effects of OCC on capacitor voltage ripples under a base
modulation index of 1.4. (a) u∗dc = 0. (b) u∗dc = 1.0 p.u.

Fig. 14. Block diagram of control scheme for MMC with OCC injection under
variable dc voltage.

connected with a power grid, the ac controller controls the active
and reactive power; when the MMC is connected with passive
loads, the ac controller controls the ac voltages. The output of the
ac controller is the ac intermediate controllable voltages (ICVs)
ea, eb, and ec [30]. The capacitor voltages uc indicate the power
balance between the ac and dc sides. Therefore, the capacitor
voltages are controlled to their references uc_ref by dynamically
adjusting the dc ICV edc [30]. The circulating current references
are calculated based on the dc voltage using (27). The output of
the circulating current controller is the ICVs ecira, ecirb, and ecirc
[30].

The capacitor voltages are assumed to be well balanced by the
sorting and balancing algorithms. Using ucxp and ucxn to denote
the capacitor voltages of the upper and lower arms of phase
x, according to [30], the modulation functions can be obtained
using {

e∗xp_ref =
(edc+ecirx)/2−ex

Nucxp

e∗xn_ref =
(edc+ecirx)/2+ex

Nucxn

. (29)

V. SIMULATION RESULTS

A. Simulations of the MMC With and Without OCC Injection

A 1000-MW, ±320-kV FB-MMC is built within MAT-
LAB/Simulink to verify the analysis of energy variation and
reduction effect of the OCC on the energy storage requirement.
Fig. 15 shows the diagram of the simulation, and Table I shows
the simulation parameters. The base modulation index is de-
signed as 1.4 to verify that the amplitudes of energy variations

Fig. 15. Diagram of the simulation model.

TABLE I
PARAMETERS OF SIMULATION

(MW)

(kV)

(kA)

(kV)

(kV)

(mF)

(kJ/MVA)

under low dc voltages are higher than those under the rated dc
voltage.

In the first simulation, the circulating current is suppressed
to 0. Fig. 16 shows the results. In Fig. 16(a), the dc voltage
decreases from 640 to 0 kV. In the simulation, the dc current
is constant and at a rated current of 1.5625 kA while the ac
current varies according to the transmitted power. The active
power is proportional to the dc voltage and is shown to decrease.
Fig. 16(d) shows the capacitor voltages of the upper and lower
arms of phase A. The low dc voltages result in high capacitor
voltage ripples, which is consistent with the theoretical analysis.

In the second simulation, the proposed OCC is implemented,
and the results are shown in Fig. 17. The dc voltage and the
transmitted power still decrease from the rated values to 0.
Fig. 17(b) shows the injection of circulating current, more of
which is injected when the dc voltage is at low values but is
suppressed to 0 when the dc voltage reaches 640 kV. Fig. 17(d)
shows that the OCC helps to significantly reduce the capacitor
voltage ripples.

B. Comparison of the Calculation and the Simulation Results
of Amplitudes of Energy Variations Under Different DC
Voltages

Fig. 18 shows the calculation and simulation results of the
amplitude of energy variation with different dc voltages under
the modulation indices of 1.2 and 1.4. In the simulation, the
amplitudes of energy variation are calculated on the basis of
the data output. In Fig. 18(a), where M0 = 1.2, the amplitudes
of energy variation under low dc voltages are optimized to be
equal to the amplitude under the rated dc voltage by the OCC.
In Fig. 18(b), where M0 = 1.4, the amplitude of the energy
variation is also optimized by the OCC. However, under certain
dc voltages, the amplitudes of energy variation are still higher
than that under the rated dc voltage because the circulating
current has reached the maximum permitted values, and no
space is available for higher OCC. The comparison between the
calculation and the simulation results fits well, thereby verifying
the analysis in the previous sections.
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Fig. 16. Simulation result with zero circulating current. (a) dc voltage. (b) ac,
dc, and circulating current. (c) transmitted active power. (d) Capacitor voltages
of the upper and lower arms of phase A.

TABLE II
PARAMETERS OF EXPERIMENTAL PLATFORM

(W)

(V)

(A)

(V)

(V)

(mF)

C. Comparisons of the Calculation and the Simulation Results
of Maximum Amplitudes of Energy Variations Under Different
Modulation Indices

Fig. 19 shows the calculation and simulation results of the
maximum amplitudes of energy variations under different mod-
ulation indices. The results show that the theoretical calculation
and simulation results fit well, thereby verifying the analysis
in the previous sections. The simulation also shows that the
OCC significantly reduces the maximum amplitude of energy
variation.

VI. EXPERIMENTAL RESULTS

A downscaled MMC experimental platform is built to verify
the analysis of energy variation under adjustable dc voltages
and to verify the effects of the proposed OCC. Four SMs are
contained in each converter arm. Table II presents the parameters
and Fig. 20 shows the photograph of the experimental platform.

Fig. 21(a)–(c) shows the experimental results as the circu-
lating current is suppressed to 0. Fig. 21(a) shows the result
when the dc voltage is at the rated value (240 V), and the MMC

Fig. 17. Simulation result with the proposed OCC. (a) dc voltage. (b) ac, dc,
and circulating current. (c) Transmitted active power. (d) Capacitor voltages of
the upper and lower arms of phase A.

Fig. 18. Comparison of the calculation and simulation results of the amplitudes
of energy variations under different dc voltages. (a) M0 = 1.2. (b) M0 = 1.4.

Fig. 19. Comparison of the calculation and simulation results of the maximum
amplitudes of energy variations under different modulation indices.
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Fig. 20. Photograph of the experimental platform.

Fig. 21. Experimental results with suppressed circulating current. (a) dc
voltage equals 240 V. (b) dc voltage equals 120 V. (c) dc voltage equals 0 V.

transmits the rated active power (2880 W). The fundamental-
frequency variation in the capacitor voltages is almost 0, which
is consistent with the analytical result. Fig. 21(b)–(c) shows the
experimental results with reduced dc voltages, indicating the
increasing amplitude of the capacitor voltage ripples as the dc
voltage decreases.

Fig. 22. Experimental results with the proposed OCC. (a) dc voltage equals
240 V. (b) dc voltage equals 120 V. (c) dc voltage equals 0 V.

Fig. 22(a)–(c) shows the experimental results as the proposed
OCC injection is implemented. The amplitude of the injected
circulating current increases as the dc voltage decreases. The
decrease in the dc voltage does not result in a considerable
increase in the amplitude of capacitor voltages. The comparison
between the results in Figs. 21 and 22 indicates that the proposed
OCC injection method reduces the capacitor voltage ripples in
the entire dc voltage range.

VII. CONCLUSION

The negative voltage capability of FBSM and UC-FBSM
enables the FB-MMCs, HYB-MMCs, and UC-FB-MMCs to
output a wide-range adjustable dc voltage to fit special ap-
plications. Previous studies on the reduction of energy stor-
age requirement of MMC that increases the modulation index
mainly focus on the operating points of the rated dc voltage
and are not suitable for MMCs with variable dc voltages. This
article proposes an approach to analyze the energy variation
and energy storage requirement of an MMC considering the
entire dc voltage range from 0 to the rated voltage. The results
indicate that when the modulation index is increased and exceeds
the inflection point (approximately 1.123), the energy variation
under low dc voltages restricts the reduction effects on the energy
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storage requirement. Thus, simply increasing the modulation
index cannot achieve the desired reduction of the energy storage
requirement.

The reduced fundamental-frequency ac component of the
arm current under low dc voltages provides a large margin for
injecting the double-frequency circulating current. An OCC is
proposed to allow the energy storage requirement that considers
the entire dc voltage range to be close to that considering only
the rated dc voltage. The premise is that the maximum RMS
value of the arm current is not affected. Furthermore, a practical
curve-fitting approach is proposed to facilitate the calculation of
the required OCC in a real-time controller.

The simulation and experimental results are both consistent
with the theoretical results. The simulation and experimental re-
sults also verify that the proposed optimized circulating current
injection method under variable dc voltage can reduce the energy
storage requirement to that under constant rated dc voltage.

APPENDIX A

This appendix deduces the relationship between the energy
storage requirement of the MMC and the maximum amplitude
of the energy variation.

The rated SM voltage is denoted as UcN, and the SM capaci-
tance is denoted as Csm. Thereby, the rated energy storage in an
SM capacitor is CSMU2

cN/2. The energy variation in a converter
arm is denoted by ẽ(t). Assuming that the energy variation is
evenly distributed in N SMs in a converter arm, the relationship
between the capacitor voltage uc(t) and the energy variation is
expressed as

1

2
Csmu

2
c (t) =

1

2
CsmU

2
cN +

ẽ (t)

N
. (A-1)

Solving (A-1) yields

uc (t) =

√
U2
cN +

2ẽ (t)

NCsm
. (A-2)

The upper limit of the ratio of the capacitor voltage ripple
is denoted by εlim. Therefore, the following limitation can be
obtained:

uc (t) ≤ (1 + εlim)UcN, ∀t ∈ [0, T ) (A-3)

where T is the fundamental period. Substituting (A-2) into (A-3)
and solving (A-3) yield

NCsmU
2
cN ≥ 2ẽ (t)

(1 + εlim)
2 − 1

, ∀t ∈ [0, T ) . (A-4)

The energy storage of an MMC is defined as

WMMC = 6× 1

2
CsmU

2
cN ×N. (A-5)

Therefore, the energy storage must meet the following limi-
tation:

W ∗
MMC ≥ 6ẽ∗ (t)

(1 + εlim)
2 − 1

, ∀t ∈ [0, T ) , ∀u∗
dc ∈ [0, 1] (A-6)

where W∗
MMC and ẽ∗(t) are the normalized energy storage and

energy variation in a converter arm, respectively, and their units
are kJ/MVA; and u∗dc is the per-unit value of the dc voltage.

At a certain dc voltage u∗dc, the amplitude of the energy
variation is denoted by Ẽ∗, expressed as

Ẽ∗ (u∗
dc) = max [ẽ (t)]|t∈[0,T ). (A-7)

In the entire dc voltage range, the maximum amplitude of the
energy variation is denoted by ΔE∗

max, expressed as

ΔE∗
max = max

[
Ẽ∗ (u∗

dc)
]∣∣∣

u∗
dc∈[0,1]

. (A-8)

Thereby, substituting (A-7) and (A-8) into (A-6) yields the
relationship between the energy storage requirement and the
maximum amplitude of the energy variation as

W ∗
MMC =

6

(1 + εlim)
2 − 1

×ΔE∗
max. (A-9)

APPENDIX B

This appendix deduces the analytical expression of the energy
variation, i.e., ẽ∗(t).

With the lower arm of phase A taken as an example, the arm
current is

ian (t) =
1

3
idc (t)− 1

2
ia (t) + icira (t) (B-1)

where idc, ia, and icira are the dc current, current of phase A,
and the circulating current of phase A, respectively. Variables ia
and icira are expressed as

ia (t) =
√
2Iac cos (ωt− ϕ) (B-2)

icira (t) =
√
2ICC cos (2ωt− θCC) (B-3)

where Iac is the RMS value of the phase current; ICC is the RMS
value of the circulating current; ω is the angular frequency; ϕ
is the power factor angle; and θCC is the initial phase of the
circulating current. If only the active power is considered, then
ϕ = 0.

The arm voltage is

uan (t) =
1

2
udc (t) + ua (t)− uL (t) (B-4)

where udc, ua, and uL are the dc voltage, grid voltage of phase
A, and the voltage that drops on the arm inductor, respectively.
Variables ua and uL are expressed as

ua (t) =
√
2UacN cosωt (B-5)

uL (t) =

√
2

2
ωL0Iac sin (ωt− ϕ)

− 2
√
2ωL0ICC sin (2ωt− θCC) (B-6)

where UacN is the rated ac voltage and L0 is the arm inductance.
Then, the energy variation in the converter arm is

ẽ (t) =

∫
pan (t) dt =

∫
uan (t) ian (t) dt. (B-7)

Substituting (B-1) and (B-4) into (B-7) yields

ẽ (t) = (UdcNIdcN)× ẽ∗ (t) = SN × ẽ∗ (t) (B-8)
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where UdcN and IdcN are the rated dc voltage and current,
respectively. The expression of ẽ∗(t) is

ẽ∗ (t)=ẽ∗1ω (t) + ẽ∗2ω (t) + ẽ∗3ω (t) + ẽ∗4ω (t) (B-9)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẽ∗1ω (t)=
(

M0

6ω − u∗2
dc

3ωM0

)
sinωt+

√
2M0I

∗
CC

4ω sin(ωt− θCC)

+
M0X

∗u∗
dc

12ω cosωt+
√
2M0X

∗I∗
CCu∗

dc
8ω cos (ωt− θCC)

ẽ∗2ω (t) = − u∗
dc

12ω sin 2ωt+
√
2I∗

CCu∗
dc

4ω sin (2ωt− θCC)

−X∗u∗2
dc

24ω cos 2ωt−
√
2M2

0X
∗I∗

CC

8ω cos (2ωt− θCC)

ẽ∗3ω (t) =
√
2M0I

∗
CC

12ω sin (3ωt− θCC)

+
√
2M0X

∗I∗
CCu∗

dc
8ω cos (3ωt− θCC)

ẽ∗4ω (t) = − 3M2
0X

∗I∗2
CC

16ω cos (4ωt− 2θCC)

.

(B-10)
The variables in (B-10) are explained as follows: M0 is the

base modulation index;u∗
dc is the per-unit value of the dc voltage;

I∗CC is the per-unit value of ICC normalized by IdcN; X∗ is the
per-unit value of the arm inductance.

If the influence of the circulating current is neglected, then
the energy variation becomes

ẽ∗ (t)=ẽ∗1ω (t) + ẽ∗2ω (t) (B-11)

where{
ẽ∗1ω (t) =

(
M0

6ω − u∗2
dc

3ωM0

)
sinωt+

M0X
∗u∗

dc
12ω cosωt

ẽ∗2ω (t) = − u∗
dc

12ω sin 2ωt− X∗u∗2
dc

24ω cos 2ωt
.

(B-12)
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