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ABSTRACT

This paper proposes a new approach for defining the average voltage of submodule (SM)
capacitors in Active Cross-Connected Modular Multilevel Converters (AC-MMCs) intended for
medium-voltage motor drive applications. The concept relies on allowing a larger low-frequency
voltage ripple to appear on the SM capacitors by intentionally limiting the compensation of low-
frequency power variations. The resulting ripple information is then used to regulate the average
capacitor voltage so that its deviations remain within the required operating bounds. By doing so, the
magnitude of the AC circulating current is lowered and part of the low-frequency power oscillation is
suppressed. This leads to reduced current stress on the power semiconductors, inductors, and flying
capacitors. Simulation has been done to confirm the effectiveness of the proposed control method.

Keywords: Active cross-connected modular multilevel converter (MMC), capacitor voltage fluctuations,
medium-voltage motor drive.

1. INTRODUCTION

Modular multilevel converters (MMCs) have recently attracted significant interest due to their
benefits, including modular design and scalability [1]. As a result, they have been widely applied in
medium- and high-voltage systems, such as high-voltage direct current (HVDC) transmission systems
[2—4], static synchronous compensators (STATCOMs) [5], and variable-speed motor drives [6—8].
Despite these advantages, a key challenge in using MMCs for variable-speed drives is the fluctuation
in submodule (SM) capacitor voltage, which is proportional to the output current level and inversely
proportional to the output frequency [9—11]. This issue becomes more pronounced during low-speed
operations [11-13].

Numerous studies have examined different techniques for limiting the SM capacitor voltage ripple
so that stable behavior can be maintained during standstill and low-speed operation [14—16]. One widely
adopted method utilizes sinusoidal modulation, which introduces high-frequency common-mode
voltage (CMV) along with circulating currents in the phase legs [17-19]. Although this strategy can
successfully decrease the ripple of the SM capacitor voltage without disturbing the AC phase currents
or the DC-link current, the resulting CMV may increase electrical stress on motor windings, potentially
accelerating insulation aging and contributing to bearing failures [13—14].

To mitigate SM capacitor voltage ripple without generating CMV at the AC output, a revised
converter configuration known as the active cross-connected modular multilevel converter (AC-MMC)
has been proposed [16—18]. While the AC-MMC preserves the general structure of a conventional
MMC, it introduces cross-connections between the midpoint nodes of both arms in each leg. During
low-speed operation, these additional links help manage the power imbalance between the arms by
enabling an AC circulating current. This current offsets the low-frequency power variations and thereby
reduces the ripple of the SM capacitor voltage, all without introducing CMV at the AC output. Despite
these advantages, the approach also leads to challenges such as higher peak device and inductor currents,
increased losses, and larger inductor size requirements.

The strategy of reducing the average capacitor voltage has been previously explored for
conventional MMCs and hybrid MMCs [19-21], but it has not yet been applied to AC-MMCs. In
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conventional MMCs, an optimal average SM capacitor voltage selection was proposed in [19], allowing
a relatively large voltage ripple on the SM capacitors as long as it remains within their permissible
operating range. This approach avoids injecting high-frequency CMV or AC circulating currents, which
helps lower the overall power losses of the converter. However, this approach works effectively only
when the system runs at relatively high speeds (0.3—1.0 p.u.); however, the method does not meet
performance needs in the 0—0.3 p.u. speed region.

To address this limitation, high-frequency CMV and AC-circulating current injection techniques
have been utilized [7, 9]. These approaches help lower the AC circulating-current amplitude in the
medium-speed operating range when compared with traditional control techniques [7]. However, the
selection criteria for the average SM capacitor voltage remain unexplored [22]. Furthermore, in the low-
speed region, the average SM capacitor voltage is constrained to remain at its nominal level, which
restricts the ability to reduce the AC circulating current amplitude. Another control approach integrates
the coordination of injected CMV, AC-circulating current, and average SM capacitor voltage, enabling
operation at standstill and low speeds [23, 24].

This study introduces a technique for identifying the representative voltage level of the SM
capacitors in an AC-MMC. By steering the AC circulating current to follow a purposely shaped
reference signal, the low-frequency power imbalance in each half-arm is reduced but not entirely
removed, which produces corresponding low-frequency variations in the SM capacitor voltages. These
variations are then used to adjust the capacitor voltage reference so that the maximum capacitor voltage
stays within the permissible boundary. With this mechanism, the allowable voltage fluctuation can
exceed 20% when the average capacitor voltage is lowered. This allows the required AC circulating
current to be lowered relative to standard techniques, which in turn decreases converter losses and
permits the use of smaller inductors. Furthermore, the semiconductor devices experience less voltage
stress because the peak SM capacitor voltage is restricted to its rated limit. The viability of the proposed
method has been demonstrated using 4160-V/1-MW simulation configuration.

2. AC-MMC CIRCUIT AND OPERATION

2.1. Topology configuration

Fig. 1 illustrates the structural arrangement of a three-phase AC-MMC. Each phase leg comprises
two branches: an upper branch and a lower branch. These branches are further divided into two sub-
branches. The midpoint of branches in each phase leg is connected through a linking branch formed by
several SMs connected together. The linking branch contains the same count of SMs as those used in
each arm.

As a result, SMs having the same voltage and current ratings can be deployed uniformly across
the upper, lower, and linking branches. The SMs in the linking branch are controlled to produce a high-
frequency current component is generated. This high-frequency current interacts with the high-
frequency voltage present in the converter branches, which contributes to significantly reducing the
capacitor voltage ripple within the SMs.

2.2. Minimizing the ripple of SM capacitor voltage during low-speed operation

To suppress the voltage ripple on the SM capacitors, a high-frequency component (v;) is injected
into both half-arms along with the fundamental term (0.5vy) and the DC voltage offset (0.25V4) [15].
As illustrated in Fig. 1, the resulting voltages of the upper and lower half-arms can be expressed as
follows:

Van =0.25V,. =0.5v, —v, M v, =025V,+0.5v —v, 3)
Vi, =025V, —0.5v_+v, @  v,,=025V,+0.5v +v, (4)

where v, and v;, are:

v. =V cos(wt+9,) (5)
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Figure 1. Circuit structure of the AC-MMC
v, =V, cos(@,1) (6)

where V, and V}, denote the magnitude levels of the fundamental component and the high-frequency
component, respectively, w and w; correspond to the angular frequencies of these two components, and
Oy 1s the initial phase angle. Furthermore, the expressions for the upper and lower half-arm currents are
given by [15]:

iy =i,+05 +i, ) i, =1,—-05 —i, ©)

X,

iy, =1,+050 —i, (8) i,,=1,—050 +i, (10)

X,

The expressions for iy and iy, are as follows:

i, =1, cos(wt+0, —@) (11)

Lw = ]xh COS(C()ht) (12)

where I, and I, denote the magnitude values, and ¢ specifies the phase shift between the voltage and
current waveforms. For stable regulation of the AC circulating current, the high-frequency component
(f») 1s typically limited to no more than one-tenth of the carrier frequency, f. [8]. Using (1) and (7), the
instantaneous power, p.ui, associated with the upper arm’s top half-arm is obtained as follows:

P =0.25V,i ,—025vi +0.125V,i —0.5v i,
-0.5V,1,—0.5V,1, cos(Qw,t)

xh

(13)

The first two terms on the right-hand side of (13) become equal due to the power equilibrium maintained
between the DC source and the AC output. Therefore, ixq is expressed as:

i = V.,
xd %

de

(14)

When (14) is inserted into (13), the magnitude of the fourth term on the right-hand side becomes
insignificant relative to the third term. Consequently, p.uv; contains only AC elements and may be
rewritten in the following form:

Py =P =0.125V,i —0.5V,1 , —0.5V,1 , cos(2a,t) (15)

dc”x

The first term on the right-hand side of (15) predominantly causes the pronounced power variation
that occurs at low fundamental frequencies, which in turn produces considerable ripple in the SM
capacitor voltage, Avy,. To mitigate Avy,, the second term acts to offset these substantial power
variations by controlling the AC circulating current, i.;, so that it tracks a defined reference:
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. V. i
i =1, cos(wt)=—%%cos(w,t 16
=1, cos(w,1) 4 (1) (16)

As aresult, only the third term on the right side of (15) continues to appear in the half-arm, causing
the SM capacitors to undergo rapid charging and discharging over a brief period, thereby significantly
reducing Avy,. Fig. 2(a) shows the associated circuit variables, with s denoting the energy variation
derived by integrating z:u; in (15). The figure indicates that the SM capacitor voltage stays close to its
rated level while keeping Avy, very small.

From (7)—(10) and (16), it can be seen that under low-speed conditions, the peak half-arm current
is determined by the magnitudes of i, ix, and ix;. Because the maximum magnetic flux in the half-arm
inductor core scales with its peak current [8], lowering this current is essential for reducing the
inductor’s physical footprint and associated losses. Therefore, limiting the contribution of i, plays an
important role in reducing current-related stress. To keep the SM capacitor voltage within the
permissible range, the average capacitor voltage, v, g, is controlled so it does not exceed the rated value
Ve rared, defined as Vg (Where N denotes the number of SMs assigned to each arm).
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Figure 2. Evaluation of circuit-related quantities in an FC-MMC during low-speed operation
(a) Existing approach (b) Proposed method

3. PROPOSED METHOD

To decrease the amplitude of iy, the average capacitor voltage must be set below the rated value,
Ve,rated- HOWever, selecting an appropriate ve ay is constrained by several practical considerations. When
the average capacitor voltage is reduced, the achievable output-voltage amplitude is also lowered, which
can adversely affect the converter’s operating capability and overall system performance.

3.1. Determination of average capacitor voltage (vcavg) range

To reduce the influence of the low-frequency power variation in (15) (i.e., the first term on the
right-hand side), the second term is regulated so that it scales with the low-frequency power component:

0.5V,1,, =a-0.125V,i. (17)

xh

where o is a tuning factor that specifies how much of the low-frequency power fluctuation is
compensated, taking values between zero and one. When o = 1, the low-frequency power variation is
entirely eliminated. Under this condition, the SM capacitor voltage ripple is fully removed—
analogous to the conventional approach [15], but the voltage reference is set to v, a,g rather than v raed.
When a = 0, injecting the high-frequency components (v, and i,;) provides no mitigation effect. The
high-frequency power term (the third component on the right-hand side of (15)) becomes insignificant
because its contribution to the low-frequency power variation is minimal. From (17), the reference
expression for the AC circulating current iy, is obtained as:
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i =al, cos(w,t) = a@cos(a)ht) (18)
A,

It is worth mentioning that a square-wave approach may also be used, where shaping the injected
high-frequency waveform can lower the peak magnitude of iy to a certain degree [17]. For ease of
analytical development, the proposed strategy adopts a sinusoidal waveform for the high-frequency
component. By inserting (11) and (17) into (15), the residual low-frequency power term in the upper
branch’s top half-arm after compensation can be expressed as:

(-a)

Paun="g Vl,cos(wt+6,—¢) (19)

Figure 2(b) presents the waveform of p .~ which indicates that a portion of the low-frequency

power variation still remains after compensation. By performing the integration in (19), the
corresponding energy fluctuation (exu1) can be expressed as:

P (18_;“)%0[” sin(wt + 35— @) (20)
w

As illustrated in Fig. 2(b), the peak-to-peak energy variation of the half-arm given in (20) can be written
as:

dc” o

Aown = 8=D @1)
4w

In the half-arm, the SM capacitor voltages and the corresponding energy variation, A&:u; p, are
linked through the following mathematical relation:

A;xmjp = %(% C( Vearg T Av, )2 — % C(VL,’H‘,g -Av_ )2j (22)

Avgy is obtained from (21) and (22) as follows:

Avsm (1 a) dc o
4NCv

c,avg

(23)

The magnitude of Avy, shown in Fig. 2(b) exceeds the value obtained using the conventional
method depicted in Fig. 2(a) since the low-frequency power variation is significantly diminished. As a
result, the maximum SM capacitor voltage must be limited. The maximum limit of the SM capacitor in
the suggested technique is the rated voltage, Ve rued, Which is connected to ve avg, and Avy,, in the following
ways:

c ,avg + AV - c rated (24)
Putting (23) in place of (24),
2 -
(vv avg ) - vc mredvc’ avg ( ) dL - S (25)
' ' ’ 4oNC
The quadratic inequality's discriminant, D, in (25) can be written as follows:
1-
D=(v,) - 26)
' oNC
D should not be negative to get the true roots, from which:
-a
(VL‘ rated )2 2 ( ) dc . (27)
’ oNC

The coefficient a should meet the following requirement based on (27).
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vc,rateda)c
a>1- e (28)

o

The range of v, can be derived as follows with the lowest limit of a:

vc,rated - JD < Vc,rated + JD

2 S Vc,avg - 2
In order to maximize the quantity of energy storage in the converter, the upper limit in (29) is
taken as a reference value of v, e Furthermore, (28) shows that at very low speeds, the coefficient a is
almost equivalent to one. On the other hand, the coefficient decreases as the operating speed increases.
A speed threshold, w, at a = 0 can be computed using (28), as follows:
—_ 10 30
wfh - v;'atedc ( )

This indicates that the injection of high-frequency components can reduce the low-frequency
power variation and the associated ripple in the SM capacitor voltage if v < wu. Based on the
coefficient a, the upper limit of v 4, in (29) is chosen for this operating speed range in order to meet
the limitation in (24). On the other hand, alleviation is impossible if the operating speed is high
enough above the threshold (@ > w), and a zero value of a is used to choose the maximum limit of
Veavg. Here, the two half-arm currents in one arm are the same, and the AC-MMC is operated similarly
to a traditional MMC [15].

(29)

3.2. Determination of v.ugand a

Figure 3 provides a flowchart of the

proposed control method, outlining the Vio 1o N, G w
*

procedure used to computeV,,, are
illustrated. The first step checks whether
low-frequency power variations can be
attenuated by comparing @ and wg. If _
mitigation is achievable, a is set to the Eal:()] Ca:mm {Eq. 8} )
minimum level specified in (28). If o = 0, l
the value of v.ayg ; is obtained using the CCalculateDin Eq. (26))

discriminant, D.

(Vems.s = max(Eq.29)} )

Select
max{"c‘avgil, Vc’avgj}
Output
v*awg and

Figure 3. Flowchart of the proposed control method

3.3. Control algorithm

Fig. 4 provides the block diagrams that outline the proposed control method. The leg-balancing
controller illustrated in Fig. 4(a) adjusts the mean capacitor voltage for the SMs in phase-x so that it

* av,
tracks the commanded value V, ,,, . V. xg is expressed as follows:
o= S (vt g
Vc,x - IN vcj,xU Vc_’j,xL (31)

J=1
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where v »v and v represent the capacitor voltages of the j-th submodule in the upper and lower arms.
The outer voltage controller provides the reference signal for the inner DC-circulating current control

K *
loop, 1., . Consequently, this produces the compensating phase-voltage command AVph, -

[ Leg-balancing control \( AC-circulating current control
Selection of | Yeavg+ lrat Avyy L i AV,
! o PS4 (o b
vr.rrvg -
v fva coswpt  Dyp =
(a) (b)
. ] y - ( T \
Half-arm balancing control Individual SM balancing control
avg . *
Vyy) Avyy, Avyy v, Av) o
xg t r.(rﬁt cjxg
va'uf 1: ix'y,l,\-;_ >0 Vejxg Liigppgerbgry > 0
xg —Lliiyy, iy, <0 —1:i i <0
xU» tx N “ixUkr “xLk J

(©) (C)]
Figure 4. Block diagram of the newly proposed method. (a) Leg-balancing control. (b) Control of AC-circulating
current. (¢) Half-arm balancing control. (d) Individual SM balancing control.

Figure 4(b) illustrates the AC-circulating current controller, in which i, is regulated to track its

* o
reference value 7 , . The magnitude of the reference of 7, is tuned through the parameter a. In contrast
to the method described in [15], the proposed approach streamlines the structure by eliminating the
voltage-control stage. The output of the AC-circulating regulator generates the voltage command, Av:h

. Fig. 4(c) shows the half-arm balancing controller, aimed at balancing the mean SM-capacitor voltages

av,
Vg

g2 where g = {U, L} denotes

between the top and bottom half-arms of the same phase arm ( Vg‘{g and

both arms). Its output generates the compensating half-arm voltage signals AV,:U and AV:L .
Fig. 4(d) presents the individual SM-balancing controller, which ensures that the voltage of every

*
SM capacitor tracks the reference value V. The controller outputs the compensating voltage

c,avg *

command for each submodule, Ay’ As a result, the voltage commands issued to the SMs in the

Gxg "
*

*
upper and lower arms (V,; x and V,; i, where k= {1, 2} corresponds to the top and bottom half-

arms) are as follows:

. . v, _2v, . . . .
vcj,xUk = vc,rated - 0'5vc,avg - $ b Avph,x $ Avxh $ Ava + Avcj,xg (32)
N N
. . v 2v; N .
ch,ka = vc,mted - O'Svc,avg + Nx + N1 - AVph,x + Avxh + AVxL + Avcj,xg (33)
V, , can be defined follows:
v, =(0.25M,,, —0.5%, )cos(a,1) (34)

4. SIMULATION RESULTS

To evaluate the effectiveness of proposed control strategy, simulation tests were performed by using
PSIM software on a 4160-V/I-MW AC-MMC-based IM drive system featuring four SMs per arm. The
parameters of the converter and induction motor (IM) used for simulation are listed in Tables 1 and 2,
respectively.
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Table 1. Parameters of MMC used for simulation

Parameters Values
Rated apparent output (S) 1.081 (MVA)
DC-link potential (Vdc) 7 (kV)
Number of SMs per arm (N) 4

Inductance value of a single half-arm (L) 2.5 (mH)
Nominal voltage rating of each SM (v¢) 1.75 (kV)
Capacitance value of the SM capacitor (C) 2700 (uF)

Switching carrier frequence (fc) 2 (kHz)
Injected high-frequence component (fi) 180 (Hz)

Table 2. Parameters of IM used for simulation

Parameters Values
Rated power (Po) 1250 (hp)
Rated line-to-line voltage (Vi) 4.16 (kV)
Rated operating current (Irated) 150 (A)
Rated electrical frequency (fo) 60 (Hz)
Rated mechanical speed (®m rated) 1189 (rpm)
Rated torque output (Trated) 7.49 (kN.m)

[A]

Vejxg
v]

iuh
[A]

Lay

Um_au

[A]

Time (s)

(a) (b)

Figure 5. Operating performance of the AC-MMC at a mechanical speed of 150 rpm under full-load operation.
(a) Existing control approach. (b) Newly proposed control approach.

Fig. 5 presents the operating behavior of the AC-MMC using both the conventional and the
proposed control methods at a mechanical speed of 150 rpm under full-load conditions. The root
mean square (RMS) value of the three-phase output currents is 150 A and and the fundamental
frequency (f, ) is 5 Hz. Fig. 5(a) shows the performance obtained with the conventional approach, which
completely suppresses low-frequency power oscillations. Under this method, the SM capacitor voltages
remain well regulated around the rated level v e = 1750 V, with a voltage ripple of approximately
Avg, =130 V. Fig. 5(b) illustrates the results with the proposed strategy for a = 0.6. In this case, the SM

capacitor voltages are regulated to track a reference of v: 1468 V, and the peak values reach about

,avg
1793 V. These peaks are slightly higher than vc s, primarily due to the small terms appearing in (13).
Under the conventional control, the peak values of the AC-circulating current (i.;) and the upper arm
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currents (iqu; and i,2) are 340 A and 490 A, respectively. With the proposed method, these peak currents
are reduced to 230 A and 290 A. As a result, the electrical stress experienced by the switching devices
and inductors decreases by roughly 40% compared with the traditional approach.

V=t yI=t
Wim 151 06
@ [rpm) ¥ @ a

lq Trvs= 212A 2000

® 7 o 'Wﬂmfmwxmmmwmwmy‘W‘WJ}W\K}KR}%wLmxmmwmmmw&rv Vejivg 1500 RERERRGRRERERENERRR0S Y

() [V] 1000

[A] 500
v 1.65K
ve 16K 3
© c,avg e Ty 200
Veavg 15K ® a1 °
1.45K -200
[V] 14k

Time (s)

Figure 6. Performance of AC-MMC at om = 150 rpm under load change condition.
(a) Motor speed (b) 3-phase output current (c) Average capacitor voltage
(d) The Coefficient a (e) Upper branch submodule capacitor voltage (f) Circulating current

The mechanical speed at w,,» = 150 rpm is illustrated in Fig. 6(a), where the load increases from
no-load to full-load at #, and the load decreases back to its initial state at #;. The motor input current is
demonstrated in Fig. 6(b). Fig. 6(c) illustrates the average capacitor voltage, which remains stable at
1635V during no-load operation and drops to 1475V when increasing to full-load operation. With a =
0, the capacitor voltage of the sub-modules is controlled at the reference level of 1635V, with
fluctuations around 320V. When the load changes and a = 0.6, the capacitor voltage of the SMs is
controlled at the reference level of 1475V, and the fluctuations increase to 550V, as shown in Fig. 6(d)
and 6(e). It can be observed that the average capacitor voltage and its fluctuation remain stable. The
peak voltage is approximately 1795V, indicating that the maximum capacitor voltage is maintained
below 110% of the rated value vc,uea (1750V % 1.1). Fig. 6(f) shows the circulating AC current (iz)
with a peak value of 20 A, during no-load condition. At the time of load variation, the peak value
increases to 200A.

5. CONCLUSION

This work proposes a new approach for determining the average capacitor voltage of the
submodules (SMs) in an AC-MMC. Instead of completely cancelling the low-frequency power variation
in each half-arm, the method intentionally allows a controlled amount of this fluctuation to remain,
which produces a predictable low-frequency voltage ripple on the SM capacitors. This ripple serves as
the basis for computing an appropriate average capacitor voltage over a range of operating conditions,
ensuring that the SM capacitor voltages stay within the permissible range. Since the low-frequency
power component is only partially suppressed, the amplitude of the AC circulating current is also
reduced. The feasibility and performance of the proposed control scheme are demonstrated through
simulations using a 4160-V/1-MW model.
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TOM TAT

PHUONG PHAP GIAM DONG DIEN TUAN HOAN CHO BO BIEN BOI DA BAC
CAU HINH LIEN KET MO-BUN UNG DUNG CHO HE TRUYEN BPONG MAY

Lé Puc Diing, Nguyén Pirc Anh Tuan, Ding Ngb Ly, Lé Thanh T6i*
Trwong Pai hoc Cong Thirong Thanh phé Ho Chi Minh
*Email: toilt@huit.edu.vn

Nghién clru nay gidi thiéu mot phuwong phap tinh toan dién ap trung binh cua tu dién mo-dun (SM),
nhiam muc dich giam thiéu ap luc dong dién trong cac bo bién d6i da bac c4u hinh lién két mo-dun (AC-
MMCs) duge su dung cho hé théng dleu khlen ddng co xoay chiéu trung thé. Phuong phap nay bao
gom viéc tao ra cac dao dong dién ap tan s thip trong tu dién SM bang cach giam cong suét voi tan sd
thip. Dua vao gia tri dao dong nay, dién ap trung binh cua ty dién SM dugc diéu chinh dé dam bao cac
dao dong cua né nam trong gidi han chap nhan dugc. Két qua la bién do cua dong dién xoay chiéu tuan
hoan duoc giam, gop phan lam giam mot phan dao dong cong suit tan s6 thap. Diéu nay gilp giam ap
luc dong dién trong cac thiét bi dong cat, cudn cam va tu dién. Hiéu qua cua phuong phap dé xuit da
duogc xac minh thong qua céc Két qua mo phong.

Tir khéa: Dong dién nhanh, hé thong diéu khién dong co trung thé, bo chuyén dbi da bac mo-dun
(MMC), dao dong dién ap tu dién mo-dun (SM).
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