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Abstract—This article first analyzes the effect of the level-
increased nearest level modulation (NLM) to the circulating cur-
rent of the modular multilevel converter (MMOC). The total inserted
submodule (SM) number in one phase-leg of the MMC is variable
using the level-increased NLM, which can significantly increase the
peak-to-peak value of the circulating harmonic currents. Then, a
circulating harmonic currents suppression method is proposed by
applying deadbeat control for the MMC with level-increased NLM.
Compared with the existing direct circulating current control ap-
proaches for the MMC, the proposed method presents specific ex-
tension and adjustment principle of the total inserted SM number.
Therefore, the proposed method can improve the dynamic control
performance and handle large circulating harmonic currents at
steady state. And it can well coordinate the modulation and circu-
lating harmonic currents suppression stages to avoid disturbing the
ac-side output voltage while regulating the circulating current. The
effectiveness of the proposed method is evaluated by a single-phase
industrial-level simulated MMC system and a laboratory experi-
mental platform.

Index Terms—Circulating harmonic currents, deadbeat control,
modular multilevel converter (MMC), nearest level modulation
(NLM).

NOMENCLATURE
N SM number per arm.
L Inductance in each arm.
C SM capacitance.
U, Capacitor voltage.
Uqge Dc source voltage of the MMC.
R, Load resistance.
Lo Load inductance.
Uo Load voltage.
io Output current.
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Teir Circulating current.

gy Reference of the circulating current.

Ty, Upper arm current.

1 Lower arm current.

Tde Dc component of the circulating current.

in Harmonic components of the circulating current.

UA Difference of the arm voltages.

Ul /2 Reference of the ac-side output voltage.

us> Summation of the arm voltages.

u*Z Reference of uy-~.

Uy, Upper arm voltage.

uy, Reference of the upper arm voltage.

ug Lower arm voltage.

uy Reference of the lower arm voltage.

Ty Upper arm inserted SM number.

ny Lower arm inserted SM number.

Ucu ave Average value of the upper arm capacitor voltages.

U ave  Average value of the lower arm capacitor voltages.

Udiff Inner difference voltage.

nA Difference of the arm inserted SM numbers.

ns Total arm inserted SM number.

Unom Normalized ac-side output voltage.

Ty Fundamental wave cycle.

Uy Summation of the capacitor voltage ripples of the
inserted SMs in one phase-leg.

A Changing value of the arm inserted SM number.

Nymax  Maximum value of the total inserted SM number.

NS min Minimum value of the total inserted SM number.

SW,, The accumulative summation value of the turn-on and

turn-off actions of all upper switches in one phase-leg
SMs.

I. INTRODUCTION

OMPARED with conventional multilevel converters, such
C as neutral-point-clamped and flying-capacitor converters,
the modular multilevel converter (MMC) features modularity,
scalability, reduced voltage stress of power switches, and high
quality of output waveforms [1]-[8]. Over the past decade, MMC
has become one of the most promising topologies in high-voltage
direct current transmission system [4], [5], and has also been
applied to some medium voltage applications, such as motor
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drive [6], static synchronous compensator (STATCOM) [7], and
battery energy storage system [8].

The most commonly used modulation methods of the MMC
are pulsewidth modulation (PWM) [9], [10] and nearest level
modulation (NLM) [11], [12]. The PWM method produces
lower total harmonics distortion, but is complicated to imple-
ment as the increasing of the MMC submodule (SM) number,
since each SM should be equipped with a carrier waveform. In
comparison, the NLM method has simple implementation and
low switching frequency characteristic. To improve the quality
of the ac-side output voltage, a level-increased NLM method is
proposed in [13] and [14] to increase the maximum number of
the ac-side output voltage levels to 2N + 1, which is considered
as the modulation method for the MMC in this article. Besides
the ac-side output voltage levels, the performance differences of
the MMC by using the NLM and level-increased NLM can be
summarized as follows: 1) the transition edges of the upper and
lower arm voltages are aligned with NLM, but they are unaligned
with level-increased NLM; and 2) the total inserted SM number
in one phase-leg of the MMC is fixed at N with NLM, but it
varies among N, N + 1, and N — 1 with level-increased NLM
[13], [14].

The interaction between the SM modulation command and the
arm current can result in remarkable ripple on the SM capacitor
voltage of the MMC [15]. The ripple leads to a mismatch
between the dc-side supply voltage and the summation of the
arm voltages, which in turn introduces even-order harmonic
components in the circulating current [16], [17]. Such low-order
harmonics flowing through the MMC phase-leg can increase
system power losses, current stress on the power switches, and
capacitor voltage ripples. For the MMC with level-increased
NLM, the peak-to-peak value of the circulating harmonic cur-
rents can be even higher this has not been noted in the existing
literatures but will be analyzed in this article.

The circulating harmonic currents can be suppressed to im-
prove the system performance. Suppression strategies can be
classified into two categories: indirect control approaches and
direct control approaches. Indirect control approaches based on
proportional integral (PI) controller [18], [19], nonideal propor-
tional resonant (PR) controller [20], and repetitive controller
[21], [22], are done by introducing a common mode component
in the arm voltage references at the modulation stage [23]. The
PI and nonideal PR controllers are only applicable to handle one
frequency component of the circulating harmonic currents. The
repetitive controller can deal with multiple harmonic compo-
nents. All techniques in this family have relatively complicated
design process. The parameters in these controllers are difficult
to tune, and the dynamic performance is influenced by the
bandwidth of the controllers [24]. The direct control approaches
proposed in [25]-[29] are done by adjusting the total inserted
SM number in one phase-leg of the MMC according to the
instantaneous current information after the modulation stage.
That kind of methods have simple implementation and high dy-
namic performance compared with indirect control approaches
[25], [29], therefore, this article focuses mainly on direct control
approaches.
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Three important problems have not been well addressed in
existing direct control methods. They are as follows.

1) The deviation of the circulating current from its reference
can be large at the transient state, and the peak-to-peak
value of the circulating harmonic currents will be high at
the steady state as the operation voltage and power or the
allowable capacitor voltage ripple of the MMC increases
[30]. In those cases, the total inserted SM number in one
phase-leg of the MMC should be extended to N + § to
improve the circulating current control performance at the
dynamic and steady states, where N is the SM number
per arm, and J is an integer and can be larger than 10 at
steady state as analyzed in [30]. In [25]-[29], no specific
extension principle of the total inserted SM number is
given to handle large circulating harmonic currents and
only two total inserted SM numbers are considered be-
sides N (Konstantinou et al. [25] mentioned that the total
inserted SM number could be further extended according
to the control requirement, however, no detailed extension
principle or algorithm are given).

2) The circulating current control can disturb the quality of
the ac-side output voltage. In [25], [26], [28], and [29], the
total inserted SM numbers N + 1 are used to control the
circulating current, which can affect the ac-side voltage
level when the NLM is applied for the MMC. Instead,
the total inserted SM numbers N =+ 2 are utilized in [27],
and one additional SM is inserted or bypassed in both
the upper and lower arms. Therefore, the quality of the
ac-side output voltage remains unaffected for the NLM
applied MMC, while regulating the circulating current.
However, this method is only applicable for the MMC
with a constant N of total inserted SM number. For the
level-increased NLM applied MMC, the total inserted SM
number is changed among (N — 1, N, N + 1). By using
the suppression methods in [25]-[28], the quality of the
ac-side output voltage can still be disturbed.

3) The third problem is the combination of the first and sec-
ond problems. That is when the total inserted SM number
in one phase-leg of the MMC is extended to N + § (6 > 2),
the adjustment principle of the total inserted SM number
and the calculation of the arm inserted SM number to avoid
disturbing the quality of the ac-side output voltage while
regulating the circulating current has not been presented
in [25]-[29].

In [27] and [28], the mechanism of the direct circulating
current control approaches is analyzed in detail, and a hysteresis
control method is proposed for the MMC with NLM. This article
proposes improvements based on [27] and [28], which are listed
as follows:

1) The effect of the level-increased NLM to the inner circu-
lating current of the MMC is analyzed and it is observed
that the peak-to-peak value of the circulating harmonic
currents can be high when the level-increased NLM is
used.

2) A general direct circulating harmonic currents suppres-
sion method is proposed for the MMC with NLM and
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Submodule

Fig. 1. Circuit configuration of single-phase MMC.

level-increased NLM by applying deadbeat control. How-
ever, only the situation with level-increased NLM is an-
alyzed. The circulating harmonic currents suppression of
the MMC with NLM can be regarded as a special case
of the proposed circulating current control principle. The
proposed method presents specific extension and adjust-
ment principle of the total inserted SM number to improve
the dynamic control performance, handle large circulating
harmonic currents and avoid disturbing the ac-side output
voltage while regulating the circulating current.

3) The effectiveness of the proposed method is verified
through simulation and experiment.

4) Comprehensive simulation and experimental comparisons
between the proposed method and one of the typical direct
circulating current control method presented in [25] and
[26] are given.

The reason why this method is chosen to do the comparison
is that this method reflects all of the problems that the existing
direct circulating current control methods have.

The rest of this article is organized as follows: Section II
describes the basic structure of a single-phase MMC and the
implementation of the level-increased NLM; Section Il explains
the effect of the level-increased NLM on the inner circulating
current and presents the proposed circulating harmonic currents
suppression method; Section IV and V show the simulation and
experimental results, respectively. Finally, Section VI concludes
this article.

II. OPERATION PRINCIPLE OF THE MMC
A. Basic Structure

The basic structure of a single-phase MMC shown in Fig. 1
comprises an upper arm and a lower arm. Each arm includes
N series-connected SMs and one buffer inductor L, where each
SM is typically a half-bridge circuit. C is the SM capacitance.
There are two states of the MMC SM under normal operating
conditions. One is the inserted state, when the upper switch is
turned ON and the lower switch is turned OFF. In this situation,
the SM output voltage equals the capacitor voltage U.. Another
is the bypassed state, when the upper switch is turned OFF and
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Fig. 2. Equivalent circuits of the MMC. (a) AC-side equivalent circuit.
(b) Phase-leg equivalent circuit.

the lower switch is turned ON. Then, the SM output voltage
becomes zero. The dc-side of the converter is supplied by a dc
voltage source Ug., which is equally distributed on the N SMs,
therefore, the nominal average value of the SM capacitor voltage
equals Ug./N. R, and L, are the load resistance and inductance,
respectively. u, is the load voltage.

Applying Kirchhoff’s current law, as shown in Fig. 1, the
output current i, and the circulating current 7., can be given as

lo =1y — 1 (l)

leir = 9 =1dc + (2)

where 7,, and 7; represent the upper arm current and lower arm
current, respectively. iq. is the dc component and ¢ is the
harmonic components of the circulating current.

The difference and summation of the arm voltages are
expressed as

UA = U] — Uy 3)

Us, = U + Uy 4)

where wu; and w, are the lower arm and upper arm voltages,
respectively. For an MMC system with well-balanced capacitor
voltage, the arm voltages can be written as

Uy = nuUcu_ave (5)
Uy = nlUcLave (6)

where n,, and n; are the inserted SM numbers in the upper and
lower arms, respectively. Ucy ave and U ayve are the average
capacitor voltages in the corresponding arm.

The ac-side and phase-leg equivalent circuits of the MMC are
shown in Fig. 2 and the generalized mathematical model [18] is
described as

UA - . L dio
5 = Roio + (2 + Lo) T (N
uy Udc dicir
— = - L .
2 2 dt ®)

Fig. 2 shows that ua/2 is the equivalent ac-side output voltage
driving the output current, and the inner difference voltage
ugit (uaig = ux, — Uqge) drives the circulating current. The arm
buffer inductance is L/2 from the point of view of the ac-side
circuit.

The difference and total arm inserted SM numbers are denoted
by na and ny (na = n; — n, and ny = n; + ny,), respectively.
Substituting (5) and (6) into (3) and ignoring the effect of
the capacitor voltage ripples (Ucy_ave and U ave are equal to
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Fig. 3. Relevant waveforms of the MMC with level-increased NLM.

Uqgc/N) on the ac-side output voltage, the equivalent ac-side
output voltage can be represented by the difference arm inserted
SM number and can be given as

ua  mg—ny Use  na Uge

2 2 N 2 N’

According to (9), the corresponding normalized ac-side out-
put voltage based on Uqe/N are [N/2, (N — 1)/2,... 0...~
(N — 1)/2, —N/2] with different combinations of the arm inserted
SM numbers (n;—n, = N, N — 1,...0, =N 4+ 1, —N). The
normalized ac-side output voltage can be represented by the
difference value of the arm inserted SM numbers and is given as

)

ny — Ny na
Unom = 2 = 2 .

(10)

B. Level-Increased NLM

Fig. 3 shows the waveforms of the level-increased NLM based
MMC with four SMs per arm (N = 4). Ty is the fundamental
wave cycle. u’ /2 is the reference of the ac-side output voltage.
uy, and u; are the references of the arm voltages, which are
written as [18]

Udc — u*A

t = 1
Uy, 5 (11)
up = Yae U . (12)

By applying the level-increased NLM [13], the arm inserted
SM numbers are calculated as

n, = round (Nuz + )
“ Udc Y

13)
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Fig. 4. Equivalent phase-leg circuits of the MMC with different total inserted
SM numbers and the corresponding circulating current waveforms. (a) ny; = N.
b)yns =N—-1.(c)ng =N+ 1.

n; = round (Nul + y) (14)
Udc

where round (x) returns the nearest integer of the real number x,
for example, round (5.4) = 5 and round (5.6) = 6. For the NLM
method, y is 0 and the total inserted SM number in one phase-leg
of the MMC is fixed at N [13]. But for the level-increased NLM
method, y alternates in a double fundamental frequency and can
be expressed as

u’y /2 in region I or III

1025 (15)
Y7 025 u} /2 in region IT or IV.

If wi/2 is in region I (0 < wl/2 <Uy4/2 and uly /2 is
increasing) or in region III (—Uyc/2 < wl /2 < 0 and u) /2
is decreasing), y is equal to 0.25. If w’} /2 is in region II
(0 <ulh /2 < Uqe/2 and uly /2 is decreasing) or in region IV
(—Uac/2 < uli /2 <0 and uly /2 is increasing), y is equal to
—0.25. Tt is shown in Fig. 3 that the total inserted SM number
is not fixed at N but varies among N, N + 1, and N — 1.
The transition edges of the upper and lower arm voltages are
unaligned with level-increased NLM and 2N + 1 voltage levels
are generated. A more detailed description of the level-increased
NLM method can be found in [13].

III. PROPOSED CIRCULATING HARMONIC CURRENTS
SUPPRESSION METHOD

A. Circulating Current Affected by Level-Increased NLM

The equivalent phase-leg circuits of the level-increased NLM
based MMC with different total inserted SM numbers and
the corresponding circulating current waveforms are shown in
Fig. 4. When the total inserted SM number is N in the phase-
leg, uqig depends on only the capacitor voltage ripples of the
inserted SMs and is equal to u, (u, represents the summation
of the inserted SM capacitor voltage ripples in one phase-leg
of the MMC). The circulating current waveform is shown in
Fig. 4(a) in that situation, where it is regarded as a straight line
in one control cycle Ts and u, is assumed in its positive period.
Therefore, the circulating current increment Ai.;, is equal to
Aiy (Aiy = u, Ts/2L).
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When N — 1 SMs are inserted in the phase-leg, it can be equiv-
alent to an additional capacitor is connected to the circuit with
positive polarity. The phase-leg equivalent circuit is depicted
in Fig. 4(b). An extra positive increment Aic,, = U.Ts/2L
is introduced by the additional capacitor, and as a result, the
circulating current increment Ai.;, is equal to Ad, + Adgap,.
In contrast, when N 4+ 1 SMs are inserted in the phase-leg, on
the contrary, it can be equivalent to an additional capacitor is
connected to the circuit with negative polarity and the phase-leg
equivalent circuit is shown in Fig. 4(c). In that case, the circu-
lating current increment A, is equal to Ad, — Adgyp,.

The analysis indicates that the circulating current will be
increased or decreased as the changing of the total inserted SM
number in one phase-leg of the MMC with level-increased NLM,
and the harmonic components of the circulating current not only
depend on the capacitor voltage ripples but also are affected by
the modulation stage. The simulation and experimental results
given in this article will show that the peak-to-peak value of the
circulating harmonic currents can be large for the MMC with
level-increased NLM.

B. Implementation of the Proposed Method

The implementation of the proposed circulating harmonic cur-
rents suppression method is presented in this section. Through
level-increased NLM, the obtained inserted SM numbers in
the upper and lower arms are represented by n,; and n;q,
respectively. The difference and total inserted SM numbers are
denoted by na1 and nxy1. The normalized ac-side output voltage
level is written as na1/2 according to (10).

The discrete-time expression of (8) is deduced by using for-
ward Euler method [30]

2L
T [Zcu‘(k + 1) chr(k)]

S

us(k) = Uge — (16)
where uy, (k) is the arm summation voltage at control step k
and i, (k) is the measured circulating current. i, (k4 1) is
the circulating current value at the next control step £ + 1. To
regulate the circulating current to its reference at the next control
instant, ic;, (kK + 1) is replaced by its reference ', (k + 1) in
(16) based on the deadbeat control principle [31]. i%,.(k + 1) is
obtained from the system energy balancing control [25] and the
average capacitor voltage control [32]. Therefore, the optimal
value of uy, (k) can be calculated as

2L, ,

i [Zcir(k + 1) - ZCiT(kj)]'
Accordingly, the total inserted SM number through the circu-

lating current control stage is obtained as

N *
nso = Int [?]ic(k)}

int(x) returns the nearest integer that is smaller than x, for
example, int(5.1) = 5 and int(5.6) = 5.

Until now, there have been two values of the total inserted
SM number. The first value ny; derived from the modulation
stage, can be N, N — 1 or N + 1. The second value nxso is
calculated in (18) at the circulating current control stage. To

us; (k) = Ude — (17)

(18)
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avoid disturbing the quality of the ac-side output voltage while
regulating the circulating current, which requires maintaining
the normalized ac-side output voltage at na1/2, the same change
of the inserted SM number should be applied to the upper and
lower arms at the circulating current control stage, according to
(10). For example, if n;1, ny1 = 5, and na1/2 = 0. Then, the
value of the arm inserted SM numbers are adjusted to control
the circulating current (n;2 = 1y + Ang, Nys = Nyt + Any,).
If the value of An; and An,, are not the same, for example, n;; +
1and ny1 + 2 (nx2 = nx1 + 3), the normalized ac-side output
voltage will change to —0.5 (na2/2#na1/2) according to (10).
But if the value of An; and An,, are the same, for example, ny; +
1and ny,; + 1 (nx2 = nx1 + 2), the normalized ac-side output
voltage remains at 0 (na2/2 = na1/2). It can be concluded that
nyo should be equal to ;1 24, where A is the changing value of
the arm inserted SM number (A =0, 1,2...). 21 is an even value.
Mathematically, any even number (odd number) adds or minus
an even number still turns out an even number (odd number).
Therefore, ny;; and nyo should both be even numbers or odd
numbers to avoid disturbing the quality of the ac-side output
voltage while regulating the circulating current. Otherwise, nx2
calculated in (18) must be adjusted. Normally, N is designed as
an even number [4], [6]-[8]. Therefore, N — 1 and N + 1 are
odd numbers. The adjustment principle of nys is given as

nyo +1 nx; = N & nyp is odd number

N9 ny1 = N & nxs is even number

ny3 = .
nys +1 nyy; = N £ 1 & nyxo is even number

ny1 = N £ 1 & nxs is odd number
(19)

nx2

where nyy3 is the obtained total inserted SM number after the
adjustment. If ny; is equal to N (N £ 1) through level-increased
NLM, and nyys is an odd (even) number, ny3 should be equal to
nyo +1, thus ny3 and ny; will both be even (odd) numbers. If
ny and nyo are already both even or odd numbers, no change
need to be applied to nyo and nxy3 = nxs. nyo is calculated
by using int(x) function in (18). For example, if N u*z (k)/Uqe
in (18) equals 11.4, then nyo+1 and nyo—1 will equal 12 and
10, respectively. Compared with nyo—1, nyo+1 is closer to
N u*z(k)/ Uge. Therefore, nyo+1 will be the optimal value to
control the circulating current in (19-1). Similarly, nyo + 1 will
be the optimal value in (19-3).

To avoid a large dv/dt problem during a transient response,
nx3 can be further restricted as

N +¢ nx3 is even number & ny3>=N + ¢

N —¢ ny3 is even number & ny3<=N — &
s = N +¢e¢—1 nyx3isodd number & nyz>=N +¢ —1

N —e+1 nxzisodd number & ny3<=N —e+1

(20)

€ is an even number and should not be smaller than ny,,.—N and
N — Bsmin, Where nxmax and ns;, are the extreme values of
the total inserted SM number to handle the circulating harmonic
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Fig. 5. Overall control structure of the MMC system with the proposed
circulating harmonic currents suppression method.

currents at the steady state, which can be calculated as [28]

Ny max = int ( 21

Vdc
Uae/N — AU,

. Vdc

N5 min = ceil (Udc/N n AUC> (22)
where ceil (x) returns the nearest integer that is larger than x, for
example, ceil(5.1) = 6 and ceil(5.6) = 6. AU, is the allowable
capacitor voltage ripple. If ny,3 does not exceed the thresholds
(N+e,N—eg,N+¢ec—1orN — e+ 1)in (20), it will be equal
to the original value obtained in (19). nx; is the total inserted
SM number obtained from the modulation stage and ny3 is the
total inserted SM after considering the requirement of circulating
current control. As mentioned above, the same change of the
inserted SM number should be applied to the upper and lower
arms at the circulating current control stage to avoid disturbing
the ac-side output voltage. Therefore, the final values of the arm
inserted SM numbers are calculated as
Nx3 — Nzl

2
ny3 —Nx1

2
which means that A = (nx3—nx1)/2.

After deriving the arm inserted SM numbers, the reduced
switching frequency capacitor voltage balancing algorithm pro-
posed in [18] is used to output the switching signal for each SM.
The overall control structure of the MMC with the proposed
circulating harmonic currents suppression method is shown in
Fig. 5.

The advantages of the proposed direct circulating current con-
trol method compared with the existing direct control methods
for the MMC are summarized as follows.

1) The proposed control method can easily extend the total
inserted SM number to N & 6 (6 > 2) by using deadbeat
control as shown in (17) and (18). The practicality and
motivation of using § > 2 can be explained in two aspects.
The first aspect is to suppress large circulating harmonic
currents at the steady state as the operation voltage and
power or the allowable capacitor voltage ripple of the
MMC increases; the second aspect is to handle large
circulating current deviation and improve the response
of circulating current control at dynamic state. A larger

Nuf = Ny1 + (23)

ny = ny + (24)

11423
TABLE I

PARAMETERS OF THE SIMULATION AND EXPERIMENT SYSTEMS
Parameter Symbol Simulation Experiment
Dc-link voltage U 10kV 210V
SM number per arm N 10 6
Fundamental frequency fo 50 Hz 50 Hz
Submodule capacitance C 3.5 mF 2 mF
Arm inductance L 10 mH 6 mH
Load inductance L, 10 mH 30 mH
Load resistance R, 20Q 15Q
Control cycle T, 100 us 100 us
Limitation value e 4 2

value of & means that more additional capacitors will
be connected to the phase-leg, therefore, Aic,, can be
increased to 6U.Ts/2L to improve the performance of
circulating current control.

2) The proposed control method can well coordinate the cir-
culating current control and modulation stages, even when
the total inserted SM number is extended to large value.
Therefore, the quality of the ac-side output voltage will
always not be disturbed while regulating the circulating
current.

3) The proposed control method is applicable to MMC with
both level-increased NLM and conventional NLM. Con-
trol of the circulating current for the NLM based MMC
can be regarded as a special case of the proposed control
principle, when ny; and nys are always even numbers
(ny, always equals N for NLM based MMC).

4) Since the ac-side output voltage will not be affected while
regulating the circulating current by using the proposed
control method, different control frequencies can be used
for the ac-side control and circulating current control
loops. A controllable tradeoff between the circulating
harmonic currents suppression and the average switching
frequency of the switching devices, can be realized by
adjusting the circulating current control frequency of the
proposed method.

5) When the system parameters (Uqc, L, T) are changed,
the proposed controller requires only a simple modifica-
tion of the discrete-time (16), therefore, this method is
flexible to be applied to different MMC systems. Some
improved deadbeat control methods [33]-[35] can be ap-
plied to overcome the parameter sensitivity problem.

IV. INDUSTRIAL-LEVEL SIMULATION VALIDATION

A single-phase MMC simulated model shown in Fig. 1 is
established in PSCAD/EMTDC software to demonstrate the
theoretical analysis in this article and verify the effectiveness of
the proposed circulating harmonic currents suppression method.
Detailed system parameters are listed in Table I. The simulation
results show the difference between the circulating harmonic
currents of the MMC with NLM and level-increased NLM.
They also compare the MMC system performance using the
proposed method with one of the typical direct circulating cur-
rent control methods given in [25] and [26] (called redundant
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voltage level based method). The theoretical analysis focuses
on the level-increased NLM based MMC in this article, but
the simulation and experimental results present both NLM and
level-increased NLM based MMC systems using the proposed
circulating current control method.

One fundamental wave cycle of the NLM and level-increased
NLM based MMC without circulating harmonic currents sup-
pression are shown in Fig. 6(a) and (b), respectively. The number
of the load voltage level is N + 1 (N = 10) and the total inserted
SM number in one phase-leg of the MMC remains at N with
NLM. In comparison, the number of the load voltage level is
2N + 1 and the total inserted SM number varies among N — 1,
Nand N + 1 with level-increased NLM. The red dotted line in the
simulation figures is the dc reference of the circulating current.
Note that the circulating current of the MMC performs mainly a
dc plus second harmonic component with NLM, however, they
are significantly affected by the modulation stage with level-
increased NLM. When ny; equals N — 1, the circulating current
is increased as analyzed in Section III, and when ny equals
N + 1, the circulating current is decreased. As the change of
ny, the peak-to-peak value of the circulating harmonic currents
becomes considerable.

As mentioned before, the circulating current control of the
MMC with NLM can be regarded as a special case of the
proposed principle given in (19) and (20). Therefore, the ef-
fectiveness of the proposed method is first verified for the MMC
with NLM and compared with the redundant voltage level based
method. The simulation waveforms of the MMC using the
redundant voltage level based method and the proposed method
are shown in Fig. 7(a) and (b), respectively. The circulating
harmonic currents suppression is enabled at 0.1 s. Both methods
can well suppress the harmonic components of the circulating
current. It is observed that ny, varies among 9, 10, and 11 using
the redundant voltage level based method, however, ny, varies
among 8, 10, and 12 using the proposed method at the steady
state. The quality of the load voltage deteriorates using the
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One fundamental wave cycle of the MMC with (a) NLM; (b) level-increased NLM.

redundant voltage level based method, however, it is improved
slightly by using the proposed method. The capacitor voltage
ripples are reduced after suppressing the circulating harmonic
currents. The accumulative summation value of the turn-ON and
turn-OFF actions of all upper switches in one phase-leg SMs
(SW,,) using each of the two methods are also compared. The
increasing slope of SW,, depends on the modulation stages
before 0.1 s and increases somewhat after the circulating current
control is enabled. And the increasing slope of SW,, in Fig. 7(a)
is larger than that in Fig. 7(b). That is because the redundant
voltage level based controller always transits to a nonredundant
state (ny; = 9, 11) after the redundant state (ns: = 10) based on
the control principle that if ¢¢i, > 4%, or Zcir < 4%, [25]. But for
the proposed method, the controller takes actions only when the
circulating current exceeds certain values [27]. The zoomed-in
transient state waveforms are shown in Fig. 8. The total inserted
SM number is extended to 14 by using the proposed method,
therefore, the reduction speed of the circulating current is faster
than by using the redundant voltage level based method and the
dynamic response is better.

For the level-increased NLM based MMC, the simulation
waveforms are shown in Fig. 9(a) and (b), by enabling the two
suppression methods at 0.1 s. The modulation and the circulating
current control stages are not well coordinated by using the
redundant voltage level based method, therefore, the quality of
the load voltage deteriorates and the peak-to-peak value of the
circulating harmonic currents is large than that of the proposed
method after the controller is enabled. The quality of the load
voltage is improved some by using the proposed method, and the
circulating harmonic currents are well suppressed. The capacitor
voltage ripples are also reduced after enabling the suppression.

The average switching frequency (fs) of the switching de-
vice in the MMC can be calculated by using (25) in the appendix.
In Fig. 7, the value of f using the proposed method is much
smaller than using the redundant voltage level based method
[fsw = 200 Hz in Fig. 7(a) and fs = 132 Hz in Fig. 7(b)].
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In Fig. 9, the value of f;, after enabling the proposed method
is larger than after enabling the redundant voltage level based
method [fs, = 236 Hz in Fig. 9(a) and f.,, = 275 Hz in
Fig. 9(b)]. However, the peak-to-peak value of the circulating
harmonic currents after enabling the suppression in Fig. 9(a)
(28A) is larger than that in Fig. 9(b) (12A). The circulating cur-
rent control frequency for both two methods in Fig. 9 is 10 kHz.

Since the ac-side output voltage will not be affected while
regulating the circulating current by using the proposed control
method, different control frequencies can be used for the ac-side
control and circulating current control loops. If the circulating
current control frequency for the proposed suppression method
is reduced to 4 kHz, the peak-to-peak value of the circulating
harmonic currents after enabling the suppression will also be
28 A, as shown in Fig. 10. In that situation, the value of fg
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is reduced to 113.75 Hz and is much smaller than that in
Fig. 9(a). The simulation results by using the proposed suppres-
sion method with different peak-to-peak values of the circulating
harmonic currents are summarized in Table II. It can be observed
that, a controllable tradeoff between the circulating harmonic
currents suppression and the average switching frequency of
the switching devices in the MMC, can be realized by adjust-
ing the circulating current control frequency of the proposed
method.

V. LABORATORY EXPERIMENTAL VALIDATION

A down-scaled single-phase MMC prototype shown in Fig. 11
is built to verify the effectiveness of the proposed method. The
detailed system parameters are listed in Table I. The control,
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the proposed suppression method with 4 kHz control frequency.

driving, and measurement algorithm is implemented with the
digital control system Myway PE-Expert4.

The experimental waveforms of the MMC using NLM and
level-increased NLM without circulating current control are
shown in Fig. 12(a) and (b), respectively. N + 1 (N = 6)
and 2N + 1 load voltage levels are generated using NLM and
level-increased NLM, respectively. The red dotted line in the
experimental figures is the dc reference of the circulating cur-
rent. The circulating current performs mainly a dc plus second
harmonic component with NLM, however, they are significantly
affected by the modulation with level-increased NLM and have
larger peak-to-peak value.

For the NLM based MMC, the experimental waveforms are
shown in Fig. 13(a) and (b), respectively, by using the redundant
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TABLE II
ADJUSTMENT OF THE CONTROL FREQUENCY OF THE PROPOSED
SUPPRESSION METHOD

The modulation method is NLM

Peak-to-peak Average switching

Control frequency

value of ix frequency
35A 3 kHz 70 Hz
30 A 4 kHz 73 Hz
24 A 5 kHz 77 Hz
11A 10 kHz 112 Hz

The modulation method is Level-Increased NLM

Peak-to-peak Average switching

Control frequency

value of ix frequency
38 A 3 kHz 83 Hz
28 A 4 kHz 115 Hz
21 A 5 kHz 135 Hz
10 A 10 kHz 276 Hz

voltage level based method [25], [26] and the proposed method.
The circulating harmonic currents suppression is enabled at
0.1 s. The harmonic components of the circulating current can
be well suppressed by using both methods. The quality of the
load voltage deteriorates using the redundant voltage level based
method, however, it is improved slightly by using the proposed
method. The capacitor voltage ripples are reduced after enabling
the circulating harmonic currents suppression. The experimental
results are identical with the simulation results.
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~ Upper arm and lower arm SMs Control system

Fig. 11.  Photograph of the single-phase MMC prototype. (a) Main circuit.
(b) Digital control system Myway PE-Expert4.
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redundant voltage level based method. (b) The proposed circulating harmonic
currents suppression method. From top to bottom: load voltage u,, ac-side output
current i, circulating current ¢, the first SM capacitor voltages in the upper
and lower arms U1 and Uy

For the level-increased NLM based MMC, the experimental
waveforms are shown in Fig. 14(a) and (b), respectively, by
enabling the redundant voltage level based method [25], [26]
and the proposed method at 0.1 s. The quality of the load voltage
deteriorates using the redundant voltage level based method
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the (a) the redundant voltage level based method. (b) The proposed circulating
harmonic currents suppression method. From top to bottom: load voltage u,
ac-side output current i, circulating current 4., the first SM capacitor voltages
in the upper and lower arms U, and Uy

and the peak-to-peak value of the circulating harmonic currents
is large than that of the proposed method after the controller
is enabled. The quality of the load voltage is improved some
by using the proposed method. Similarly, the capacitor voltage
ripples are reduced after 0.1 s.

VI. CONCLUSION

First, this article describes the effect of the level-increased
NLM on the circulating current. As the changing of the to-
tal inserted SM number in one phase-leg of the MMC with
level-increased NLM, the peak-to-peak value of the circulat-
ing current will become large. Second, a general circulating
harmonic currents suppression method is proposed by applying
deadbeat control, for the NLM and level-increased NLM based
MMC. Then extension and adjustment principle for the total
inserted SM number is presented. The purpose of the principle
is to improve the dynamic control performance, handle large
circulating harmonic currents at steady state and avoid disturb-
ing the quality of the output waveforms while regulating the
circulating current. Finally, in the simulation and experiment
sections, the effectiveness of the proposed method is verified by
asingle-phase MMC prototype. A comprehensive comparison of
the proposed method and one typical circulating current control
method is also presented.

APPENDIX

In this part, some symbols are defined as follows:
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The accumulative summation value of the turn-ON and
turn-OFF actions of all upper switches in one phase-leg
SMs.

The accumulative summation value of the turn-ON and
turn-OFF actions of all lower switches in one phase-leg
SMs.

The average switching frequency of the switching
device in the MMC.

The average switching frequency of the switching device is
defined as: the average switching actions in 1 s. One complete
switching action is regarded as one turn-ON action plus one
turn-OFF action.

The value of f,, in the simulation after 0.1 s (the circulating
harmonic currents suppression is enabled at 0.1 s in Figs. 7 and
9) can be calculated step by step, as shown as follows:

1)

2)

3)

4)

5)

(1]

(2]

(3]

The turn-ON and turn-OFF actions of all upper switches in
one phase-leg SMs during 0.1 to 0.2 s in Figs. 7 and 9
equals [SW,, (t =0.2s) — SW,,(t = 0.15)]. SW,, equals
SW,,» for the MMC, because the upper and lower switches
in one SM is complementary. In this article, SW,, is
measured in the simulation and is used to calculate the
value of fg,,.

The turn-ON and turn-OFF actions of all upper switches in
the upper arm SMs equals that in the lower arm SMs during
0.1 to 0.2 s. Because the operation of the two arms are
normally symmetrical. Therefore, the turn-ON and turn-
OFF actions of all upper switches in one arm SMs during
0.1t00.2 sequals [SW,,(t = 0.2s) — SW,, (¢t = 0.15)]/2.
As mentioned above, one complete switching action is
regarded as one turn-ON action plus one turn-OFF action,
therefore, the switching actions of all upper switches in
one arm SMs during 0.1 to 0.2 s equals [SW,(t = 0.2s) —
SW,,(t =0.1s)]/4 (the average turn-ON and turn-OFF
actions for a switching device are usually the same in
multiple fundamental cycles).

The switching actions of all upper switches in one arm
SMs per second equals 10[SW,,(t =0.25) — SW,,(t =
0.1s)]/4.

The switching actions of the upper switch in every SM are
the same if the parameters of the SMs are the same. There
are 10 SMs per arm of the simulated MMC circuit, there-
fore, the average switching frequency of every switching
device in one arm can be finally calculated as

_ SW,(t =0.25) — SW,,(t = 0.1s)

fow 1 :

(25)
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