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Analysis and Control of Three-Phase Modular Multilevel Converters
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Abstract—Modular multilevel converter (MMC) is an attractive
topology for medium- and high-voltage applications due to the mer-
its of high modularity, easy scalability, high-quality output voltage,
and fault tolerance of submodules. This letter focuses on the con-
trol of a three-phase MMC under the single arm fault condition,
which can further improve the fault tolerance ability of the MMC.
According to three essential operating constraints of the MMC,
this letter proposes a feasible arm voltage and current configura-
tion method for the single arm failed MMC, which can guarantee
its stable operation with reduced output power. Several operating
limitations are also discussed. Experiment results based on a pro-
totype with four half-bridge submodules per arm are presented to
verify the proposed arm fault tolerance method.

Index Terms—Arm voltage and current configuration, energy
balance, modular multilevel converter (MMC), operating limita-
tions, single arm fault.

1. INTRODUCTION

INCE the modular multilevel converter (MMC) has been
S proposed in 2003 [1], it has caught great attention of indus-
try and academia in the past decade [2], due to its attractive ad-
vantages in medium- and high-voltage (HV) applications, such
as HV direct current transmission, medium-voltage (MV) mo-
tor drives, and power electronics transformers. As it is generally
employed in MV and HV applications, reliability is of great
importance. Fortunately, the MMC is convenient to configure
redundant submodules (SMs) to guarantee its safe operation un-
der SM failure conditions, since it is a kind of modular cascaded
topology. To implement the fault tolerance control under this
condition, several effective methods about SM open-circuit de-
tection [3], [4] and smooth fault tolerant control [4]-[6] have
been proposed.
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In comparison to the SM fault, the failure of a whole arm is
much more serious and challenging, which may be caused by
the malfunction of SM open-circuit failure control [4], too many
failed SMs in one arm, open-circuit caused by a mechanical con-
nection failure, control unit error [7], [8], etc. This kind of fault
has not been paid sufficient attention among the existing fault
tolerance research. Several papers have discussed the arm fault
tolerance control about another kind of modular cascade topol-
ogy [7], [8], the modular multilevel matrix converter (M3C),
which consists of nine arms for direct ac/ac power conversion.
In [7], arm fault tolerance is realized by degenerating the M3C to
a six-arm converter once one arm is failed. To take full advantage
of non-failure arms and increase the power capability as large
as possible, an optimal arm current control method is proposed
in [8], which only removes the failed arm and retains the eight
non-failure arms. However, these results are only suitable for the
M3C, which has more control freedoms, and no related research
has been done for the MMC. But in practical applications, arm
fault tolerance ability can further enhance the reliability of the
whole system. Therefore, this letter develops a feasible arm volt-
age and current configuration method to maintain the operation
of the MMC when one arm is broken-down, which is able to
satisfy the constraints of symmetrical output currents, balanced
arm energy, and stable dc-link current at the same time.

This letter is organized as follows. Section IT analyzes the most
challenging problem, feasible arm voltage and current configu-
ration under the single arm fault (SAF) condition, which are
derived based on three essential operating constraints of the
MMC step by step. Section III analyzes the operating limita-
tions about the maximum modulation index (MMI), the peak
arm current (PAC), and the capacitor voltage fluctuation (CVF).
Section IV shows the whole control scheme for this fault condi-
tion and presents the experimental results to verify the validity
of the proposed method. The conclusions are summarized in
Section V.

II. ARM VOLTAGE AND CURRENT CONFIGURATION METHOD
OF THE SINGLE ARM FAILED MMC

The circuit configuration of a three-phase MMC under the
SAF condition is shown as Fig. 1, in which the fault of the lower
arm in phase C is taken as an example. In accord with other
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Fig. 1.
failed.

Circuit configuration of the MMC when the lower arm of phase C is

fault conditions, it is also desired that the MMC can still operate
steadily under the SAF condition. Therefore, the following three
primary constraints must be satisfied.

“Constraint 1”: The output currents should be maintained as
desired, which is equivalent to maintaining the line voltages as
desired for a three-phase balanced system.

“Constraint 2”: The total energy of each arm should be con-
trolled balanced, which is equivalent to that the dc power of each
arm should be 0.

“Constraint 3”: The dc-link current, 74., does not contain fun-
damental current component (FCC).

The first two constraints are essential control objectives of the
MMC, and the last one is a derived requirement for a three-phase
symmetrical MMC operating under the normal condition.

A. Arm Voltage Configuration

The output phase voltages and currents of the three-phase
MMC under the normal condition can be written as (1), where
@ is the power factor angle and z refers to A, B, and C

Uox = Uy cos (wot + 0x), iox = I, cos(wot — @ + Ox)
{9,4 = O7 Op = —271'/37 00 = 27T/3.
(1)
When the lower arm of phase C malfunctions and is removed
from the system, it is evident that the whole output current of
phase C flows through the upper arm of phase C, that is

iue = loc = I, cos(wot + 21/3 — ). 2)

As a result, there is no control degree of freedom for 7,
anymore. According to “Constraint 2,” p,,c, which is defined as
(3), should not contain the dc component

DuC = UuCluC- 3)

Thus, considering the orthogonality of sine function, wu,c
should not contain the fundamental voltage component (FVC),
unless the phase angle difference between it and ¢, is +7/2.
Otherwise, the dc component occurs in p,c and the energy

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

of this arm diverges. According to the symmetrical charac-
teristics of the MMC, w,¢c should be configured as (4), in
which only the dc component and a common-mode compo-
nent Ueom are included. It should be noted that u.., can be
any waveform as long as it does not include any fundamental
component

Uyc = Uvdc/2 — Ucom- (4)

Then, it is easy to derive that the arm voltages of phase
A and B should be configured as (5) to satisfy “Constraint
1.” Since FVCs in phase A and B are uac = uoa — uoc and
UBc = UoB — Uoc, the third-order harmonic injection cannot
increase the MM, i.e., my,ax, considering that the phase differ-
ence between u 4 and upc is /3. From this point of view, the
best choice is to set U¢om = 0

Uya = Ude/2 — (UpA — Uoc) — Ucom
A = Ude/2 + (Uoa — Uoc) + Ucom
UyB = Udc/2 - (UOB - UoC) — Ucom
wp = Ude/2 4 (UoB — UoC) + Ucom-

®)

B. Arm Current Configuration

Since i,c = ioc, toc Needs to be injected into the arms of
phase A and B to counteract 7, to guarantee “Constraint 3.”
Assuming all even-order circulating currents are suppressed, the
arm currents of phase A and phase B can be expressed as (6),
where I, x o refers to dc circulating current and 7, (ap) refers
to the circulating current between phase A and B (as shown in
Fig. 1). z x and yx are undetermined coefficients which need to
be solved by the aforementioned constraints

lyA = TAloA + Yaloc + IcirA,O + icir(AB)
1A = (x4 — 1)ioa +yaioc + Leira,0 + icir(AB) ©)
Z.uB = xBioB + Z/Bioc + IcirB,O - Z.cir(AB)

iip = (x5 — 1)ioB + YBioc + lcirB,0 = leir(AB)-

The KCL equations of node P and node N can be written as
follows:

TyA + uB + tuc = tdc = U1A + UB. (7N

According to “Constraint 3,” there is no FCC in i4., thus (8)
is derived by summing FCCs in all upper or lower arms

ZAloa + TBion + (Ya + YB)ioc + ioc = 0. (8)

For three-phase loads with star connection, i,c = —(io4 +
iop). Thus, it can be derived that the following relationships
exist:

ya+yp=(r—1). &)

The relationship between y 4 and yp can be rewritten as fol-
lows:

A= =1z,

ya=(@—1)/2+k, yp=(x—-1)/2—k.

Assuming 7. (a) = 0, the dc power component of each arm,
Pux,0 and p;x o, can be calculated by multiplying the corre-
sponding equations in (5) and (6), which should be 0 accord-
ing to “Constraint 2.” p,, x 0 and p;x o are easy to be acquired
by calculating the projections of currents in voltage directions,

(10)
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UoB

Fig. 2. Phasor diagram for dc power analysis.

according to the phasor diagram shown in Fig. 2. But it is chal-
lenging to acquire feasible x and k by directly solving separate
dc power equations because each equation is related to two vari-
ables. However, similar to the normal condition of the MMC,
the energy balance of each arm is equivalent to the common
mode (CM) and differential mode (DM) energy balance of the
upper and lower arm. Thus, separate dc power equations are
identical to (11), shown as bottom of this page, which consist
of CM power equations (CMPEs, the first two) and DM power
equations (DMPE:s, the last two).

On one hand, for CMPEs, it is evident that they can be con-
trolled to 0 as long as I¢i, 4,0 and I, o are controlled to desired
values. On the other hand, for any given ¢, it can be proved that
there are available solutions x() and k() to make DMPEs ten-
able. However, their values are functions of ¢, which means it
is required to calculate ¢ and solve DMPEs to obtain z(¢) and
k() in real time for different load conditions, leading to the in-
crement of computational efforts. What is more, the closed-loop
control is also necessary to adjust x(¢) and k(y), considering
the parametric errors of actual systems. Since x(yp) and k() are
related to two equations at the same time, the closed-loop control
may be quite complex. Therefore, this is not the best solution

If = and k are always equal to O, DMPEs can be rewritten as
follows:

PuA,o — plA,o\z:kzo == (puB,o - plB,0|m:k50)

= /3U,I,sin /2. (12)

Although DMPE:s are not 0, they are opposite to each other
under this condition. Therefore, if the additional dc power ex-
pressed by (13) is injected in each arm, DMPESs can be controlled
to 0 and “Constraint 2” is satisfied

Apuao=—Apiao=—Apupo=Apipo=—V3U,I,sinp/4.
(13)
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To produce such additional dc power, a proper control degree
of freedom should be selected at first. Since arm voltages, =, and
k are determined, i, (o) Which is assumed to be 0 aforemen-
tioned is a proper one. According to the orthogonality of sine
function and (5), the dc power can be produced when i.;,(AB)
contains the FCC. Then, the final task is to calculate the phase
angle and amplitude of 7. (Ap).

The FVCs in arms of phase A and B are uac and upc,
with amplitude equaling to v/3U,,. Assuming the amplitude of
ieir(AB) 18 Icir(aB). the produced additional dc power can be
expressed as follows:

{ApuA,O = —Apiao = —V3Uoleir(ap) cos(ay) /2 (14)

Apupo = —Apiso = V3Usliir(ap) cos(az) /2.

The definitions of «; and « are presented in Fig. 2. Since
Apyao = —Apyp,o0, a1 = ag should be guaranteed. Accord-
ing to the phase angle relationship between u 4 and upc shown
in Fig. 2, i¢jy(ap) must be in opposite phase with u,c to guar-
antee a1 = ag = 7/6. According to (13) and (14), I (aB) is
easy to be solved. Finally, the expression of i.i;(aB) is (15). The
negative sign means i (Ap) i in opposite phase with u,c

icin(aB) = —(V3I,sin /3) cos(wot + 27/3). (15)

Considering u,c is generally produced by load controllers
and I.,(ap) can be acquired by closed-loop DM energy con-
trollers for different ¢, energy balance is much easier to be re-
alized by controlling ¢.;;(ap) than calculating and controlling
x(p) and k(¢p) in real time. Consequently, the feasible arm cur-
rent configuration of non-failure arms is as follows:

iuA = —io0/2 + Leira,0 + icir(AB)

A = —loA — T00 /2 + Leira,0 + icir(AB)

tuB = —loc/2 + IcirB,0 — fcir(AB) (16)
B = —loB — 100 /2 + LeirB,0 — leir(AB)

tuC = loC-

Additionally, the actual control objective, i.e., circulating cur-
rents, can be further derived as follows:

icirA = _ioA/2 - ioC'/2 + IcirA,O + Z.cir(AB)

icitB = —1oB/2 = loc/2 + LeirB,0 — fcir(AB)- (17)

In conclusion, by configuring arm voltages and arm currents
as (4), (5), and (16) [for (4) and (5), tcom Should be 0], the three
essential constraints are all satisfied and the three-phase MMC
is capable of operating under the SAF condition.

Puaot+pia0=Uslo(=3 cos p—V/3sin @) /A+Uscleira,0 =0, pup,o+pi5,0=Uolo(—3 cos p+V3sin @) /A+Uscleirp,0 =0
DPuao — Pia0 = Usly [(—3x + 6k) cosp + (2\/§ — 33z — 2\/§k) sin go] /4=10
PuB,0 — DiB,0 = Usly [(73x — 6k) cosp + (72\/§ +3v3z — 2\/3]9) sin ga} /4=0

(an
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Fig.3. Limitation of my,ax for the HB SM based MMC under the SAF condition when mpaxN is 0.9. (a) Original three-phase voltages. (b) Upper arm voltages.
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Fig. 4.

III. ANALYSIS OF OPERATING LIMITATIONS

Although the MMC is capable of operating under the SAF
condition by configuring the arm voltage and current as the re-
sults in Section II, there are several operating limitations, which
are analyzed as follows.

A. Limitation of the Maximum Modulation Index

It can be observed from (5) that the FVCs in the arms of
phase A and B change from phase voltage to line voltage, which
indicates that the amplitude of FVCs under the SAF condition is
\/3 times larger than that of the normal condition. Consequently,
the limitation of m,,x needs to be modified. For the half-bridge
(HB) SM-based MMC, the limitation of m,,, under the SAF
condition, My ax(sAF), is illustrated in Fig. 3, with tcom = 0. In
Fig. 3, mmaxn refers to the rated mpax and Uymaxn refers to
the rated maximum upper arm voltage. According to (5) and the
relationship between myaxn and uymaxn shown in Fig. 3(b),
Mmax(saF) should be set to Muyaxn/ /3 to avoid that u, 4 and
Uy g exceed UymaxN. FOr example, if mpyaxn 1 set to 0.9 (the
value adopted when plotting Fig. 3), max(sar) should be 0.52.

B. Limitation of the Peak Arm Current

According to (11), (15), and (16), the detailed expressions of

Normalized peak arm currents under different ¢ when m . (sar) is 0.52. (a) Curves of upper arms. (b) Curves of lower arms.

page, where mgar) refers to the modulation index under the
SAF condition. The first term of each equation is the FCC, and
the second term is the dc component. It should be noted that the
injection of i, (op) does not influence CMPEs, thus I, 4,0 and
LB o are directly acquired by solving (11). The expressions of
B1 and B9 are very complex, so they are not presented, which
do not influence the analysis of PACs. It is evident that PACs,
ie., ?u A, ?u B, and so on, are functions of (. The curves of them
are presented in Fig. 4, with m(gar) equaling to 0.52, i.e., the
value of My (saF) When myaxn is 0.9. From Fig. 4, when ¢
varies from O to 7, the maximum PACs of phase A and B are
the same, i.e., 1.06761,, while the maximum value of /Z.\uC is
I, (iye = %oc). Therefore, the maximum arm current under the
SAF condition, ipay(sar)s is 1.06761,

According to [9], if all even-order circulating currents are
ignored, the upper arm current under the normal condition is
(19), where m (normar) refers to the modulation index under the
normal condition. If M(normal) = MmaxN = 0.9, the maximum
arm current under normal condition, ?max(normal), is 0.7251,.
Asa result,/i\max(s AF)= 1-473/Z>max(normal)~ Therefore, the max-
imum magnitude of the output current under the SAF condition,
Imax(saF)» should be limited to 67.9% of the rated output cur-
rent, I,x, if the MMC is desired to operate with any ¢

arm currents can be derived as (18), shown as bottom of this GuX (normal) = toX /2 + M(normalt) Lo cOS(@) /4. (19)
Ty = \/1/4 +sin®p/3 + V3sin(2¢) /6 x I, cos(wt + 21/3 — B1) + V3msar) Lo cos(p — 7/6) /4
i1a = —\/24cos2p + 3 x I, cos(wt + /6 — ) /6 + /3msar) L, cos(p — m/6) /4,y = arctan [tan(p) /3] a18)

iup = \/1/4 +sin?p/3 — V/3sin(2) /6 x I, cos(wt + 21/3 — B2) + V/3m(sar) L, cos(p + 7/6) /4
i1 = \/24cos2p + 3 X I, cos(wt + 7/6 — ) /6 + v/3msar) Lo cos(p + m/6) /4, v = arctan [tan(p) /3]
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Fig. 5. Control scheme of the MMC when the lower arm of phase C is failed.
C. Limitation of the Capacitor Voltage Fluctuation TABLE T
EXPERIMENTAL PARAMETERS
If only the CVF caused by the FCC is considered, the magni-
tude of the CVF, AU, is in direct proportion to the magnitude Parameters Value Parameters Value
of the FCC in each arm. For arms of phase A and B, the max- DClink volt U — 400V e induct L omn
imum magnitudes of the FCC under the SAF condition are all T vottage « i mcuetanee o
equal to 0.8661,, by calculating the maximum value of the FCC SMs per arm N=4 Carrier frequency Je=2kHz
in (18) under different . While for the upper arm of phase C, ) Rioa=14Q
; EUR T PP SM capacitance C=47mF R-L Load
that is, /,, which is the larger one. Considering that each arm Lioed =10 mH

supply half of the output current under the normal condition,
the maximum magnitude of the FCC under the SAF condition is
twice as large as that under the normal condition. Consequently,
if the maximum value of AU under the SAF condition is lim-
ited to the same as that under the normal condition, I,max (SAF)
should be further reduced to 0.5/,x.

In conclusion, the limitation of m,,« determines the maxi-
mum output voltage and that of the CVF determines [, ax (SAF)-
If the configuration of power devices and capacitors are not
changed, 7ax(saF) should be limited to Mmaxn/ V3 and
Iymax (sar) should be limited to 0.51,N. As a result, the maxi-
mum output power of the arm-fault MMC reduces to 28.9% of
its rated value, indicating that it can operate with a light load.
If it is desired that the MMC can output rated power under the
SAF condition, the number of SMs should be enlarged v/3 times
and the SM capacitance should be enlarged twice.

IV. CONTROL SCHEME AND EXPERIMENTAL RESULTS

According to the analysis in Section II, the control scheme
of the MMC under the SAF condition is presented in Fig. 5,
which is similar to the common control scheme utilized in [5].
The CM and DM energy balance control loops are acting as the
outer loop controllers to guarantee the energy balance of each
arm and generate the reference values of circulating currents.
Two key points need to be noted. First, although the DM en-
ergy is balanced by injecting i.;;(aB) between phase A and B
theoretically, the balancing results may be influenced by circuit-
parameter differences in practical systems. Thus, the DM en-
ergy balance of phase A and B is independently controlled by
(. A,1(add) and i’girB’l(a dd)* ‘When circuit-parameter differences
are not significant, their summation nearly equals to 0 and “Con-
straint 3” is still basically satisfied. In addition, for the upper
arm of phase C, although its energy is theoretically balanced if
iyc and u, ¢ are configured as (2) and (4), the currents flowing
through discharge resistors paralleled with SM capacitors still
produce dc power and diverge arm energy. Therefore, an arm

energy controller is also added to compensate these currents to
ensure its energy balance. Considering the discharge currents
are quite small, this does not have an evident influence on load
currents. Then, the inner loop current controllers are employed
to generate the circulating voltages to be injected in arm volt-
ages. Finally, pulsewidth modulation (PWM) signals are gen-
erated by phase-shifted carrier (PSC) modulation according to
arm voltage references and capacitor voltage balancing control.
The common control scheme base on PSC-PWM proposed in
[10] is employed to balance the SM capacitor voltages in each
arm, which is implemented by adding an individual adjustment
to the reference signal of each SM.

To verify the validity of the proposed fault control strategy,
a three-phase MMC prototype with four HB SMs per arm is
built. The central controller consists of a digital signal pro-
cessor (DSP) chip TMS320F28335 and a field-programmable
gate array (FPGA) chip EP1C12Q240C6. Each SM is con-
trolled by a complex programmable logic device (CPLD) chip
EPMS570T100CS. The detailed experimental parameters are pre-
sented in Table I, an R—L load is employed.

Consistent with Fig. 1, the fault of the lower arm in phase C
is considered and imitated by connecting a mechanical breaker
with it. The arm fault experiment is conducted as follows.

At the very beginning, the MMC prototype operates under
the normal condition, with 7 (normar) = 0.8 and the output fre-
quency fo(normal) = 50 Hz. When the mechanical breaker is
controlled open, all the SMs are blocked and the output voltages
equal to 0. After a period of time (1 s), it restarts and oper-
ates under the SAF condition, with mar) = 0.5 and output
frequency fo(sary = 30 Hz. This experiment process aims to
imitate the restart with speed control of the motor when one
arm of the MMC is failed. Because for motor drive applications,
if the motor operates at the rated speed when an arm fault ap-
pears, the output voltage of the HB-based MMC is unable to
counteract the back electromagnetic force (EMF) and all the
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Fig. 6. Experiment results of switching process from normal to SAF condition
(left) and steady state of SAF condition (right).

SMs should be blocked to avoid over-modulation, according to
the myy . limitation shown in Fig. 3(a). Then, the motor begins
to decelerate and its back EMF decreases. When the back EMF
decreases to a certain value satisfying the mmax limitation, the
MMC can be restarted and drive the motor again, by employing
vector control and the proposed fault control method. It should
be noted that the motor speed is a little larger than half of its
rated value once the back EMF is small enough, according to the
voltage-frequency relationship of the motor. Therefore, fo(sar)
is set to 30 Hz under the SAF condition. Moreover, the motor can
be accelerated near to its rated speed by flux-weakening control
if necessary in practical application.

Fig. 6 shows the experiment result of the switching process
from normal to SAF condition and the steady state of the SAF
condition. uc(a1) and uc(45) are the capacitor voltage of No.1
SM (upper arm) and that of No.5 SM (lower arm) in the phase
A, respectively, the same as the other two phases. For the steady
state of the SAF condition, it is evident that i;¢ is 0 because the
lower arm of phase C is disconnected. The output line voltages
and currents are desired values with the frequency equaling to
30 Hz, thus “Constraint 1" is satisfied. For “Constraint 2,” the
average capacitor voltages of SMs in all non-failure arms are
controlled to 100 V, suggesting that the arm energy is balanced
admirably. With respect to iq., although there are a few ripples
caused by the asymmetry of each arm and other non-ideal fac-
tors, it does not contain significant FCC and “Constraint 3” is
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still satisfied well. Therefore, the three essential constraints are
satisfied and the stable operation of the arm-fault MMC is real-
ized, which can improve the system reliability under such server
fault condition. Additionally, the waveforms of arm currents are
in accord with (18) and Fig. 4 (¢ = 0.149 rad). AU¢ of each
arm is also in coincidence with the magnitude of the FCC in it.
Thus, the analysis in Section III is also verified.

V. CONCLUSION

In this letter, a control strategy to realize the operation of the
MMC under the SAF condition is proposed and verified. Accord-
ing to the three primary constraints of the normally operating
MMC, the feasible arm voltage and current configuration under
the SAF condition are derived step by step, which proves that it
is capable of operating under the SAF condition, with the limited
maximum modulation index (57.7% of the rated value) and less
power capability (28.9% of the rated value). The SAF operation
is verified by experimental results, especially the excellent con-
trol results of arm energy balance. In addition, arm currents are
also in coincidence with the theoretical analysis. Notwithstand-
ing its limitations, the proposed control strategy can guarantee
the operation of the arm-fault MMC under light loads, which
is applicable for voltage-variable dc/ac applications, especially
motor drive applications with high-reliability requirements. For
ac/dc applications, such as gird connection applications, the ac
voltage is generally fixed. Therefore, the proposed method is not
applicable, unless increasing the number of redundant SMs in
the design phase.
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