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Abstract—Modular multilevel converters (MMCs) in high-
voltage dc applications usually adopt a distributed control architec-
ture to manage a large number of submodules (SMs) through a com-
munication network. The communication congestion and network
disconnection might lead to communication interruption (CI) and
eventually cause the system to malfunction. In this article, a resilient
operation strategy is proposed and studied to ride-through the CI
fault, in order to prevent frequent fault SM bypassing, replacement,
or even system shutdown. The analysis of the MMC distributed
control system with the presence of CI indicates that the insertion
index of the faulted SM might become constant, which distorts the
output current and results in overvoltage of the communication
interrupted SM (CI-SM). The CI-SM capacitor voltage prediction
can be used to determine the MMC safe operation period after
CI occurs. During the safe operation period, the CI-SM power
balance is sustained by utilizing prestored phase signals to gen-
erate a sinusoidal insertion index according to its capacitor voltage
tracking error. Two operation modes are proposed and analyzed to
ensure the MMC stable operation under various conditions. The
system protection is sensibly used only if the CI duration exceeds
a safe operation period, which avoids frequent SM cut-off. Good
agreement of the CI-SM capacitor voltage is achieved between the
theoretical and simulation results. The effectiveness and robust-
ness of the proposed MMC resilient operation are experimentally
confirmed.

Index Terms—Communication interruption (CI), distributed
control, modular multilevel converters (MMCs), resilient
operation.
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1. INTRODUCTION

ODULAR multilevel converter (MMC) is one of the

most promising topologies in recent years for medium-
or high-voltage industrial applications, such as high-voltage
dc transmission (HVdc), medium-voltage microgrids, and
medium-voltage motor drives [1]-[6]. The wide adoption of
MMCs in industry is mainly due to their modularity, flexi-
ble expandability, common dc bus, etc. In HVdc applications,
hundreds of submodules (SMs) are typically required for the
MMC:s to handle a high-voltage level (hundreds of kilovolts)
with relatively low-voltage power devices. In favor of properly
manipulating such large numbers of SMs, distributed controls
for MMCs are proposed in [7], [8], in order to distribute the heavy
computational burden into different digital controllers. In the
distributed structures, control messages are exchanged between
the central and local controllers through the communication
network [7]-[12]. However, communication failure during the
data transmission [e.g., network congestion and communica-
tion interruption (CI)] is an inherent problem along with the
distributed control structures for MMCs. The communication
failure obstructs the data transmission between the central
and local controllers, invalidating the central controller com-
mand, and might eventually cause the overall MMC system to
malfunction.

In recent years, communication technologies for multilevel
converters with distributed control systems have been investi-
gated [12]-[15], while the communication reliability is a pend-
ing issue coming with the distributed network for the MMC
system due to its massive communication links. The basic
characteristics of the MMC communication network, which
include the transmission media, synchronization accuracy, and
network topology, are investigated in [15]. It indicates that the
network topology has a strong impact on the network delay and
the tolerance to failures. In [16], an additional leakage thyristor
valve is applied in the LCC-MMC hybrid HVdc system in order
to avoid the high-voltage stress of the short-fault SMs in the
communication failure condition. A fail-safe operation scheme
is designed for the MMCs in [17], where the failure of slave
controllers or SMs can be recognized in the communication
break scenario by continuously checking the incoming data of
the master controller. A fault-tolerant control architecture based
on MMC distributed systems is presented in [18], in which a set
of controllers are endowed with the capabilities to be the master
controller and each controller in the control array is linked to
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the nearby controllers to improve the communication network
redundancy. According to the previous research, the CI fault in
an MMC system would terminate the data exchange among con-
trollers and might cause system failure. To the best of our knowl-
edge, existing solutions for MMC CI fault mostly focus on the
postfault operation. The network timeout method is mentioned
in [18] to detect the failure in the controller modules. However,
it is quite tricky to affirm a timeout in a real-time control system
for the sake of an equilibrium between the effective protection
and avoiding frequently triggering the fault alarm. Although
redundant SMs are conventionally equipped in MMC system
and can be simply switched-in during communication failure,
the MMC resilient operation should be designed to ride-through
the temporary CI faults avoiding frequently precharging, insert-
ing/bypassing redundant SMs [19], and replace the SMs having
possibly permanent faults with redundant ones.

In this article, a resilient operation scheme, which ensures
the safe and stable operation of the system after CI appears,
is proposed according to theoretical analysis of the distributed
controlled MMC performance with an SM CI fault. The analysis
reveals that the interaction between the constant communication
interrupted SM (CI-SM) insertion index and the additional dc
component in the output current result in the CI-SM capacitor
voltage ascent. The steepest CI-SM voltage ascent and the
capacitor voltage safe margin are employed to determine the
maximum allowable system operation period after CI occurs,
which is used as the criterion to wisely classify the temporary
and permanent communication network faults. During the allow-
able system operation period, the proposed resilient operation
scheme utilizes prestored reference phase angle to implement
the sinusoidal CI-SM insertion index, which stabilizes the SM
capacitor voltage. The system would recover as long as the
temporary CI fault is cleared. The resilient operation applying
either stored output voltage or output current phase angles is
discussed and compared in terms of the capacitor voltage devia-
tion and the voltage balancing capability. The proposed resilient
operation with MMC output reference amplitude and phase
variation during the CI is investigated to reveal the restraints
for a critical reference step change. Moreover, if the CI duration
exceeds the maximum allowable operation period, a permanent
network fault will be affirmed by the system and protecting
actions are implemented to decently cut the CI-SM off from
the MMC main circuit. Simulation and experimental results are
presented to verify the analytical findings. The effectiveness of
the proposed resilient operation under both voltage and current
phase conditions is verified on an MMC prototype.

II. MMC DISTRIBUTED CONTROL ARCHITECTURE

The basic structure and operation principles of an MMC
with distributed control have been extensively explained in the
literature [7], [20] and will not be discussed in this article. The
schematic diagram of a three-phase MMC is shown in Fig. 1. N
half-bridge SMs are connected in series in one arm. Each arm is
equipped with an arm inductor L,;,, and an equivalent resistor
R.rm- The three-phase output voltages and currents of the MMC
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Fig. 1.  Structure of a three-phase MMC.

are expressed as

{ Upzr = Uy cOS(Wot + Qo)

oz = Lo cO8(Wot + Yor + 1) S

where xE(a, b, ¢), U, and I, are the amplitudes of u,, and i,,
respectively, w, refers to the fundamental angular frequency, ¢,
denotes the phase angle, and , stands for the phase displace-
ment between the output voltage and current. The differential
current in phase leg x is defined as

Ldiffz = Idc + tcira (2)

where /4. is a dc current that maintains the power balance
between the dc and ac sides of the MMC [3], [21], and i«
is the circulating current ripple, which is dominated by the
second-order harmonic [20]. The arm currents can be written
as

{luz = 1qiffg + 0.9%0z (3)

Ug = tdiffz — 0-5%04-

Assuming the SM capacitor voltages are well-balanced, the
normalized insertion index of the kth SM in the upper and lower
arms can be obtained as

{nukx =0.5 (1 —uox*) (4)
Nike = 05 (1 -+ uam*)
where u,," = 2u,,/Uqgec.

The structure of the distributed control architecture for the
MMC s illustrated in Fig. 2, where the control tasks are assigned
to different controllers, i.e., a central controller and local con-
trollers in SMs [7]. The central controller mainly coordinates and
manages the overall operation of the MMC. The output current
control is implemented in the central controller with measured
arm currents within each control cycle. The reference of the
SM capacitor voltage u " is calculated by the central controller
according to the dc bus voltage and operation requirements of
the MMC, e.g., in normal operation, in start-up process [7], or in
fault-tolerant operation [22]. The local controller deals with the
internal dynamics, PWM generation, and immediate protections
[22] of the SM. It measures the capacitor voltage of the corre-
sponding SM for voltage control and regulates the differential
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Fig. 2. Distributed control structure of the MMC.

current of the MMC. The phase-shifted PWM scheme [23], [24]
is adopted in the distributed control architecture. A phase-shifted
triangular carrier is generated in each local controller. Neces-
sary information is exchanged between the central and local
controllers through a communication network. One message
containing Uy, idiff de”» oz and iqifr5, Which conveys adequate
information for the real-time control in local controllers, is
broadcasted by the central controller through the communication
network in each control cycle. After receiving the message, an
interrupt will be generated to enable the closed-loop control of
each local controller in the same control period.

If CI happened, the corresponding local controller detects
the fault once it cannot receive the message from the central
controller on time. It should be noted that CI might be introduced
by the network congestion lasting only for a few control cycles
or by permanent network disconnection. Therefore, it is not
practical to shut down the MMC system as soon as the occur-
rence of CI. Resilient protection and operation schemes under
these circumstances have to be elaborately designed to prevent
severe malfunctions or catastrophic damages of an MMC system
without frequent operation interruptions.

III. ANALYSIS OF MMC PERFORMANCE WITH
COMMUNICATION INTERRUPTION

In the case of CI, the local controller of CI-SM is not able to
receive the real-time control information from the master con-
troller, which invalidates the local closed-loop control of CI-SM.
The gating signals of CI-SM would be generated according to
the insertion index calculated right before the occurrence of CI.
Attention should be paid that the gating signals of the CI-SM
become constant-duty-cycle square waves instead of SPWM
waveforms, which greatly deteriorate the MMC performance. In
this section, a single-phase MMC inverter is adopted to investi-
gate the MMC performance with square-wave gating signals for
one SM located in the lower arm, corresponding to a CI occurring
at tcr. The analytical results can be utilized to determine the
action instant of the proposed MMC CI protection.

.
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Contro g 131 SM Balancing
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A. Arm Voltage After CI

According to [25], [26], the output voltage of the ith SM in
the lower arm, i.e., uy; is obtained as

MUdc
2N

£ 5 B o (2)

m=1n=—o0

cos(wot + ¢o)

xcos{ {wct—}—(z—l)?\]}—kn(wot—k%)} 5)

where M = 2U /U4, w. denotes the angular frequency of the
triangular carriers, m is the harmonic order of the carrier wave
(m=1,...,0), nis the harmonic order of the reference (n =— o0,
., 00), and J,,(x) refers to the Bessel coefficient of order n [25].
The output voltage of the CI-SM (e.g., the kth SM in the lower
arm, k€[1, N]) around CI instant can be expressed as

de Udc
7 cism + Z -

Utk = N

X {sin(mmCISM) — sin {2n7r(1 - nc%)} } cos(nw.t)
(6)
where ncrsv = 0.5 + 0.5Mcrsmcos(wotcr + ¢,) is the insertion
index of the CI-SM, ¢ is the time instant when CI appears
[27]. The voltage of the lower arm near ¢ = #¢p can be derived
accordingly

N, itk

Z wi +wk = Q1+ Q2+ Qs+ Qa

i=1

(N

where 0, represents the dc component, Q5 is the fundamental-
frequency component, Qs refers to the carrier-frequency com-
ponents introduced by the CI-SM constant-duty-cycle output
square waves, and Q4 stands for the carrier-frequency compo-
nents introduced by the remaining healthy SMs as in (8) shown
at bottom of this page.

Q1= 7(1\[ DUdc 4 Uji}c ncism, Q2 = 7(1\[ D MUae cos(wot+,), Q3= Ud“ Z {sm (nmncism) —sin [2n7r(1— s )] } cos(nwt),
n=1

o0 [&°]

ma N

2Uac « gin |:(Nm2+n)7r} X T (MEMTY o cos {Nm [wet + (i — 1) 2] + 1 (wot + o) }

% X sin [M} X Jp (%) X COS {m [wct + (k-1 WW] +n (wot + cpo)}

(®)
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A. B. Capacitor Voltage of CI-SM

The CI-SM without any control or protection operates in a
critical condition, which makes it vital to investigate the operat-
ing condition of the CI-SM. Meanwhile, in order to obtain the
Cl-protection acting time, i.e., the safe operation period after the
occurrence of Cl at 7¢7, arelatively precise mathematical expres-
sion of the CI-SM capacitor voltage is crucial. The scenario that
CI fault simultaneously occurs in multiple SMs is investigated
in this subsection for the sake of generality.

The capacitor voltages of CI-SMs are assumed the same in a
relatively short period after CI. Considering the voltage of any
CI-SM at #¢1 is Ugc/N, the CI-SM capacitor voltage is yielded
as
Udc

N

where i; is the lower arm current.

If the low-frequency harmonics in the differential current have
been completely suppressed as in [28], the lower arm current can
be written as

1 .
UcisMm = + E/HCISM X qydt 9)

io
5"
The output power is scarcely influenced in the steady state by
CI thanks to the high-bandwidth MMC output control, while it
is assumed that a large number of SMs are used and the MMC
is not overmodulated. According to the power balance of the
single-phase MMC, the active power can be expressed as

Ichdc = UOIO cospr = Po. (11)

Combining (1), (10), and (11) with (9), the capacitor voltage
of the CI-SM can be derived as

Uge 1 P, i
UCISM = +5 NCISM U 2 dt.

According to (12), once CI occurs, the average dc component
in the CI-SM capacitor current, which has a major contribution
to the deviation of the CI-SM capacitor voltage, is randomly
determined by the insertion index calculated in the last control
cycle. However, on the account of the capacitor voltage control
in normal SMs, the sum of the dc components of all the SM
output voltages in one phase is forced to Ugc:

Uac = 0.5(N — Nci) Ucii + ncismNerUcism + 0.5NUcwi

(13)
where U ¢4, U ci;, and Ucigv stand for the de capacitor voltages
of the normal SMs in the upper and lower arms, and the CI-SM,
respectively, after the occurrence of CI, and N¢g refers to the
number of CI-SMs.

At t = ¢ instant, the sum of the dc components of all the SM
output voltages in one phase differs from the dc-bus voltage due
to the CI-SMs. The voltage difference force /4. to change. The
changing /. causes almost the same capacitor voltage deviation,
i.e., f(t), of all normal SMs in this phase in a short period after
CI. The capacitor voltages of the upper and lower arm normal
SMs can be expressed as

{ Ucwi = %= + f (1)
Uci = %= + f(t).

1= Iqc — (10)

12)

(14)
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By combining (13) and (14), f{(r) can be derived as

Ft) = Udac — NerncismUcism Udc_ (15)

N — 0.5Na1 N

Given that ncsy becomes a constant value during CI, only
the dc components in the lower arm current contribute to the
CI-SM capacitor voltage deviation according to (12). And, the
constant ncgy introduces also extra dc components in the lower
arm current. Based on (11), I4. is almost the same before and
after CI. Hence, the dc components introduced into i, during CI
should be investigated, which can be derived as

i _ Uo_dc _ (ul - uu)dc
ode ™ TR 2R
_ [0.5(N — Ncr)Ucii + NemncismUcism| — [0.5NUcwi)
2R
_ Ncri NncrsmUcrsm — 0.5U4c (16)
N — 0.5N¢c1 2R

where u; and u,, indicate the upper and lower arm output voltage,
respectively, and R is the load resistance. Equation (16) indicates
that the occurrence of CI induce an extra dc component in the
output current, and such a dc current varies with ncrs.

Substituting (16) into (12) and the average voltage of the CI-
SM capacitors can be solved as

N 4RP, Uqge
U, = | ——-05
o [(NCI ) ncismNUge N 2nCISMN:|
+ |:Udc N (N —0 5> 4RP0 o Udc :|
N Nci ) ncismNUge  2ncismN

2
___Ner meisu™,
¢ N 08Ngr T ahC

A7)

The capacitor voltage variation of the CI-SMs can be de-
scribed by (17). When ncisy = 0, the CI-SM is bypassed, the
capacitor voltages would stay at the initial voltage as described
by (12). When ncism # 0, the first part of (17) determine the
steady-state value of Ucism, which is inversely proportional to
ncrsm, while the second part indicates the rising rate of the
capacitor voltage.

When CI happens, Ucism would exceed the predefined safe-
operation voltage range in a short period of time, i.e., f,. If
the dc bus voltage, the rated power, the SM capacitance, the
maximum modulation index, the number of CI-SMs, and the
allowed capacitor voltage range of the MMC system are fixed,
t, can be calculated according to (17). Moreover, as can be
calculated based on (17), the deviation of Ucigym decreases
with the increase of the number of CI-SMs, as long as the
assumptions made in this subsection hold. Therefore, Nc1 =
1 is mostly considered for the analysis in this article. Note
that the CI occurring instant is not predictable, which makes it
impossible to acquire the exact value of ncrsy. Thus, 7, should
be selected according to the minimum value calculated by (17).
In summary, 7, is related with the MMC dc bus voltage, the SM
number, the output power, the SM capacitance, the maximum
modulation index, and the allowed capacitor voltage deviation.
It should be noted that the capacitor voltage ripple due to the
ac components of the arm current, whose amplitude is normally
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Capacitor Voltage I
Balancing

| uCISM

Fig. 3. Block diagram of the capacitor voltage balancing loop in CI-SM.

less than 10% of the capacitor operating dc voltage, would also
affect the CI-SM capacitor voltage value. Thus, adequate margin
should be reserved in 7, selection.

IV. PROPOSED RESILIENT OPERATION OF AN MMC WITH
COMMUNICATION INTERRUPTION

In this MMC distributed control system, the safe operation
period 7, calculated in the previous section can be utilized to
make a distinction between the network congestion and network
disconnection. Based on the MMC distributed control scheme,
the central controller sends messages to SMs in each control
cycle and the SMs update their status to the central controller by
request for system monitoring [7]. On the one hand, if a local
controller does not receive the central controller’s message for
a few control cycles and the request from the central controller
is not acknowledged but the communication is recovered within
tp, no critical protection is required and the MMC operation
is scarcely affected. On the other hand, if CI between the
central and local controllers lasts for a period of #,, network
disconnection is present by both the central and local controllers
and necessary protecting actions are required before any device
damages or malfunctions of the system.

This section presents a resilient operation scheme for the
MMC systems to ride-through the CI problem. The resilient
operation scheme can be divided into two stages: sustention
stage and protection stage. At the sustention stage, the capacitor
voltage of the CI-SM is stabilized and the system operates
normally. At the protection stage, the CI-SM intentionally and
gradually drifts its capacitor voltage down to zero and then cut
itself off from the system automatically. Meanwhile, the central
controller operates the MMC system with remaining SMs [22].

A. Sustention Stage

According to the analysis in Section III, depending on the
direction of the average CI-SM capacitor current, the Ucigm
might increase or decrease dramatically if the MMC operates
at its rated power and the insertion index happens to be close
to unity. In this case, the capacitor voltage likely reaches the
safe-operation boundary when the period of CI is close to 7.
The high capacitor voltage might cause overvoltage damage
for the CI-SM capacitor and switching devices, and lead to the
CI-SM malfunction. Moreover, the MMC performance might
be deteriorated by the significantly increased CI-SM capacitor
voltage.

The essential reason for the CI-SM capacitor voltage ascent
is that ncigv becomes a constant value without the fundamental
component for power balance [20]. To avoid the constant inser-
tion index for the CI-SM, the discrete phase angles of the output

Modulation Signal
Generation

voltage in the last fundamental period are stored in the memory
of the local controllers. The stored phase angles are utilized to
generate a sinusoidal signal with the fundamental frequency. The
amplitude of the sinusoidal signal is generated by a local control
loop, as shown in Fig. 3, where ncispy = 0.5 [1 + Mcism X
cos(w,ot + wcrsm)]- The values of cos(w,f + @crsm) in the last
fundamental period are recorded. M, ,.q is the modulation index
of the rated operation point and u.* is the SM capacitor voltage
reference. In order to eliminate the impact of voltage ripple
on the control loop, the measured CI-SM capacitor voltage is
low-pass filtered to obtain ucgn. The capacitor voltage error is
fed into a proportional (P) controller to change the amplitude of
the sinusoidal signal, i.e., McisM, for capacitor voltage balance.
The output of the P controller in Fig. 3 is normalized by u.*.

Note that the stored sinusoidal signal can either be in phase
with the output voltage or with the output current. For simplicity,
the two conditions are named as the voltage phase condition
(VPC) and the current phase condition (CPC), respectively.

It is assumed that all SMs operate in the rated operation
point before CI appears. Considering that the output control for
normal SMs functions effectively during CI, the fundamental
frequency component in the MMC output switching function
can be regarded as unchanged as given in the following:

1
N Myated cos(wot+¢,) = §MCISM cos(wot + ¢cism)

+ (N - 1)nli(ac) - Nnui(ac)
(18)

where 71;(ac) and 1y(ac) stand for the fundamental components
in the SM insertion indices for the lower and upper arms,
respectively. The modulation indices of the normal SMs should
have almost the same value during CI. Therefore 7;(ac) and
Nui(ac) Can be expressed as
Nyi_(ac) = —0.5 X M x cos(wol + ¢,')
N4i_(ac) = 0.5 X M" x cos(wot + ¢o) (19)

where M’ and @, represent the amplitude and the phase angle
of Myi(ac) and ny;(ac), respectively, during CIL. Substitute (19)
into (18), the fundamental frequency components in 7 (ac) and
Nui(ac) yields as

M’ cos(wot + ©,')

2N Myated cos(wol + ¢o) — Mcism cos(wot + wcism)
B 2N —1 '

(20)

The circulating current is directly generated by the difference
between the dc-link voltage and the sum of the inserted voltages
in the arms. Ignoring the impact of parasitic arm resistance Ry,
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i.;r can be derived as

1

The sum of the dc capacitor voltages in each arm remains
constant, which equals Uq.. Based on the effect of the voltage
controllers, the capacitor voltages of normal SMs in one arm
have an average distribution, and the output voltage of upper
and lower arms can be derived accordingly:

ey

Leir =

Uy = Uge [0.5 — 0.5M' cos(wot + ¢,')]
w = (Uge — Ucism) [0.5 + 0.5M’ cos(wot + ¢o')]

+ Ucisum [0.5 + 0.5 Mcism cos(wot + ocism)] - (22)
Substituting (20) and (22) into (21), i, is yielded as

NUcism

'l T 92N — 1) Wy Larm
X [Mratea sin(wot 4 @) — Mcism sin (wot + @c1sm)] -
(23)
According to (3), the lower arm current is i; =

—0.5i,+14c+icir- The current flowing through the capacitor in
the CI-SM can be obtained as the product of the switching func-
tion and the lower arm current. However, only the dc component
in CI-SM capacitor current contributes to the capacitor voltage
shifting, thus the dc capacitor current is derived as

. 1 1
(ncismin) g. = §Idc - gMCISMIo cos(po + @1, — Ycism)
McismMrated NUcrsv .
+ sin(¢o — @cIsm)-

8 (2N — 1) woLarm
(24)

Note that /4. can be substituted by M;atedl ,c0s(p1,)/4 accord-
ing to the MMC active power balance [20], (24) is rewritten as

MratedIo o MCISMIO

(ncismin)ge = — 8 cos @, S

cos(o + @1, — Ycism)

MecismMrated NUcism
8(2N — 1) woLarm

sin(go — Ycism)-

(25)

Based on the aforementioned principle of resilient operation,
the CI-SM would operate in either VPC or CPC during the
sustention stage. The stability of the CI-SM under these two
conditions should both be investigated.

When the CI-SM operates in VPC, the phase angle pcrsn is
equal to ¢,. The dc component in the CI-SM capacitor current
is derived as

. 1 1
(ncismin)ge = ngatedIo cospr, — gMCISMIo COS QL.

(26)

According to Fig. 3, Mcism should be equal to the rated
modulation index M,,;.q When CI occurs. Thus, the two terms in
(26) spontaneously cancel each other out in VPC, which means
no disturbance is introduced into the CI-SM capacitor current by
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Fig. 4. Theoretical value of CI-SM capacitor voltage deviation rate §Ucism

= |NUcism/Uqc — 1| with varied. (a) Myated- (b) @L.

CI fault in VPC. Hence, the value of Ucgy remains unchanged
and (26) always equals zero during the sustention stage.

When the CI-SM operates in CPC, the phase angle ¢cism
equals ¢, + . The dc component in the CI-SM capacitor
current can be expressed as

1

. 1
(ncrsmin) g. = ngatedIo cospy, — gMCISMIo

~ McismMiratea NUcism
8 (2N — 1) woLarm

Given that a P-controller is applied in the CI-SM voltage
balance control, Mcrsn can be expressed as

NUcism _
Udc

where K, 1,1 is the gain of the P-controller. Evaluating (27) in
s-domain, the current disturbance in (27) is a zero-order element,
which can be restrained by a first-order controller, i.e., the P-
controller. Therefore, the capacitor voltage of the CI-SM can be
stabilized based on the control structure in Fig. 3. Equation (27)
would be equal to zero in steady state, and the CI-SM capacitor
voltage in CPC can accordingly be derived as

(2N - ]-) woLarmIo B Udc (Mratcd - KP_bal)

siner, . (27)

Mcism = Mrated + Kp_pal ( (28)

Ucism = —
cIsM 2]\[]\41"ated sin YL 2I<V})7bza»1]\7
+ (2N - 1) LowoLarm + Udc (Mrated - KP_bal) ?
2N M, ateq Sin @1, 2Kp paN

<Ucho (2N - ]-) woLarm

M, cos
Kp pat N2 Moo singaL>( rated COS L

_Mrated + KP_bal) . (29)

However, a steady-state error might be introduced into Uctsnm

while using P-controller, which is evaluated as

U,
[Ucism] s = ‘UCISM — ]30 .

(30)

According to (29), the deviation of Ucrsys is positively related
to M;ateq and @1, while the correlations can be more intuitively
observed from Fig. 4. It should be noted that the proportional-
integral controller can be used to eliminate the steady-state error
in (30).

The control abilities of the capacitor voltage balancing con-
troller during CI with different phase conditions are also inves-
tigated. Based on the control structure depicted in Fig. 3 and
the capacitor balancing control introduced in Fig. 15 in [7], the
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TABLE I
SIMULATION PARAMETERS AND EXPERIMENTAL SETUP

Parameters Simulation Experiments
Number of SMs: N 20 per arm 4 per arm
DC-link voltage: Uy, 2000 V 160 V
Modulation index: m 0.7 0.85
Arm inductance: Lym 20 mH 5SmH
SM capacitance: Csy 3300 pF 940 pF
Carrier frequency: f;. 500 Hz 2 kHz
Load resistance: R; 50 Q 12Q
Load inductor: L, 10 mH 0/20 mH

Allowable U deviation rate 50% 50%

closed-loop transfer function of the voltage balance control loop
is derived as follows, when the CI-SM operates in VPC:

_ Towz N (Kp pa1cospr)
 85Csm (s + wg) Ude + Towy N (K p_par cos 1)
€1y
where wy stands for the cut-off frequency of the low-pass filter.
When the CI-SM operates in CPC, the closed-loop transfer
function of the balancing controller is derived as

¢(s)

Ioww NKP?bal

P(s) = 8sCsm (8 + wz) Ude + Low NKp pal .

(32)

It can be concluded from (31) and (32) that the balancing
control ability is attenuated in VPC when compared with that in
CPC. The control ability in VPC would be further deteriorated
with the ascending of .

B. Reference Variation During Sustention Stage

When CI happens, the local controller of the CI-SM could
not receive the command from the central controller, which is
critical if the output reference varies during this period. The
MMC system performance with the proposed resilient operation
during the output reference change is vital to be investigated.

Assuming the MMC output current amplitude /,, is increased,
the value of M for normal SMs would be simultaneously raised
while Mcisy remains unaltered. It can be deduced from (26)
and (27) that the dc capacitor current in CI-SM augments in both
phase conditions, leading to an ascending Ucisn. According to
Fig. 3, Mc1sm would then rise up and Ucigy will eventually be
stabilized at a value higher than the capacitor voltage reference
u./~, toretrieve the balance in (26) and (27). The increased Ucism
contributes to the MMC output variation as well. Therefore, the
proposed operation method ensures the MMC output reference
tracking while its amplitude varies.

Assuming that the phase of output reference is shifted during
the sustention stage, an additional phase change ¢, would be
introduced into the output voltage and current:

{ U = Uy, cos(wot + 0o + ©eh) (33)
io = I, cos(wot + vo + @1 + Ych)-

However, the phase angle of CI-SM remains (w,+@crsm)
after the reference phase change. The upper and lower arm

12063
voltages are derived as
1 1
Uq, = N (2 - §Mrated COS(Wot + Po + @ch)) UCui
1 1
u;p = (N - 1) 5 + §Mrated COS(wot + po + Qach) Ucui

1 1
+ (2 + §MCISM cos(wot + SDCISM)) Ucism. (34)

For that the output current control is still efficient in sustention
stage, the fundamental component in the normal SM insertion
index can be derived similar to (20)

M’ x cos(wot + o’ + Qen)

2N Mated €08(wot 400 +@en) — Mcrsm cos(wot +pcrsm)
B 2N —1 '

(35)

Taking CPC as an example, the additional ac component in
icir 1S Obtained as

Mrated

Tl L {(NV =1) [sin(wot+pcn) (Ucti — Ucwi)

Z.cirfa‘c =
+[sin(w0t+<pL)UCISM — sin(wot + Sﬁch)UCui}} .
(36)

According to (3), the upper arm current is derived as

Z‘u =0.5 [Io COS(th + ©ch + (PL) + Io_dc] + Idc + Z‘cir_ac-
37
The insertion index for the upper arm SMs considering refer-
ence phase change is
1 1

M =735~ iMrated cos(Wol + @o + Pen)-

During the steady-state operation, the circulating current con-
trol would properly adjust the dc components in the circulating
current to ensure that the dc capacitor current in the normal SMs,
i.e., (nyiy)de, approximately equals zero for the sake of system
stable operation [11].

According to (37) and (38), (1n41,)dc can be expressed as

(38)

(TL i ) _ & _ Mateal, cos gy, Io_dc
wide 7 g 8 4
Mra e .
— [t d cos(wot + Yo + Pen) X Zcir_aci|
dc
1 M, .
—code ated COS(UJOIH'(PO +<poh) Xlcir_ac =0.
4 2 de
(39)
Therefore, I, 4. can be obtained by substituting (36) into (39):
M2, U,
Iy qc = %::1\4 sin(@en — @rL)- (40)

According to (36) and (40), the reference phase change during
the sustention stage would bring an extra dc component in i, and
a fundamental frequency component in i.;,. Based on (36) and
(40), the direct component in the CI-SM capacitor current can
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Fig. 5. Block diagram of the CI-SM resilient operation after CI occurs.
be expressed as 2 6 1
1 52 !
(ncismit) ge = 5 Mratealo cos or, 2'(2) N
8 . i
M2, qU 1 <o
rated Y CISM . =7
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2000 D 2 Y
M;atea Mcism : o ' '
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ol/arm S
(41) 0 " : Al
. . 0 =02 0.5 =0.8
When ., changes, (41) can still be zero by properly adjust- Time (s)
ing Mcrsm- The adjustment is accomplished by the capacitor ) )
. Fig. 6. Simulated waveforms of the MMC when CI happens at t = 0.5 s with
voltage balance controller for CI-SM. Thus, the dc disturbance , ~' " ¢

in CI-SM capacitor current would eventually be canceled out
in steady-state when the output reference phase is changed.
However, igig ac and /,_gc would increase when ¢, augments,
which subsequently causes the saturation of the voltage balance
and circulating current controllers. Thus, a large reference phase
shift during CI might induce the MMC distributed control system
instability. Similar results can also be obtained in VPC. Note that
©ch should not be more than 90° in CPC and (90° — 1) in VPC,
since the voltage control in CI-SM may have a reverse effect
according to the capacitor voltage balance diagram in Fig. 15 in
[7].

Based on the aforementioned investigation, it is found that
VPC is superior to CPC in terms of the capacitor voltage steady-
state error while utilizing a P controller to regulate the CI-SM
capacitor voltage. However, CPC possesses a better capacitor
voltage balancing ability than that of VPC when ¢, is not zero.
The preferred reference phase change range is dependent of ..
Hence, the operation mode should be selected considering all
the above aspects.

C. Protection Stage

If CI lasts continuously for a period of 7,,, the network discon-
nection is confirmed by both the central and local controllers and
the protection for the CI-SM is activated. During the protection
stage, the CI-SM capacitor voltage reference would be set to
zero and Ucrsy would drop to zero accordingly. The central

controller would cut the CI-SM off and operate with the remain-
ing SMs as discussed in [4], [22].

The overall procedure of the proposed resilient operation of
the MMC encountering Cl is illustrated in Fig. 5. The MMC with
single SM communication failure is investigated in this section.
It is possible that more than one SM in MMC occur CI problem.
The proposed resilient operation method can be extended to the
MMC with more than one CI-SM.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The theoretical analysis was validated by both simulation and
experimental results. The specifications of the simulated system
and the experimental setup are shown in Table I.

A. Simulation Results

The simulation system with 20 SMs per arm was built to
verify the proposed model with CI in Section III. Fig. 6 shows
the waveforms of the MMC when CI occurs at 0.5 s with
ncrsm = 0.6. No resilient operation is applied to the CI-SM.
It can be observed that the differential current is drastically
deteriorated due to the CI, while the fundamental frequency
component in the output current is not severely affected. Also,
the output voltage of the lower arm containing the CI-SM is
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Fig. 9. Simulated CI-SM capacitor voltage when CI happens at = 0.5 s with

different duty ratios.

distorted after CI (#cr = 0.5 s). The harmonic spectrums of the
lower arm voltage atr = 0.2 and 0.8 s are depicted in Fig. 7(a) and
(b), respectively. The harmonics around the carrier frequency
(500 Hz) are largely introduced into the lower arm voltage, which
coincides with the study of u; in (7) and (8).

In Fig. 8, the dc current in i4;¢ almost remains the same before
and after CI. However, the dc component in i, keeps rising since
tc1, which induces a non-negligible de disturbance in the CI-SM
capacitor current as given in (16). Ucrsy would be increased by
the CI-SM dc current and eventually exceed the critical capacitor
voltage. The CI-SM capacitor voltages with different ncign are
shown in Fig. 9. It can be observed that Ucisy quickly ascends
after CI. To verify the accuracy of the mathematical model,
Ucrsm was calculated based on (17). The calculated Ucism
was depicted as the red curves in Fig. 9. The figures show that
the simulation results of Ucrgy have sufficient accordance with
the calculated values under different conditions.

The Ucigm calculation and the proposed resilient operation
for a 20 SM MMC with 4 CI-SMs in the lower arm are inves-
tigated by simulation as well. Fig. 10 shows that the capacitor
voltage and output current are scarcely impacted by the multi-
ple CI faults with the help of the proposed resilient operation
method. Comparing Ucsy in Fig. 9 with that in Fig. 10, it can
be found that the capacitor voltage deviation is decreased. The
diagram showing Ucism, which is calculated based on (17) and
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Fig. 11.  Capacitor voltage of CI-SM at ¢ = 0.58 s with different Ncg.

parameters in Table I, with different Ny at t = 0.58 s is depicted
in Fig. 11. The insertion index of the CI-SMs, i.e., ncism, 18
selected as 0.8 during the calculation. It can be seen that Ucrsm
deviation is mitigated with the increase of Ny, and a larger 1,
is sufficient to ensure the MMC safe operation in this case.

B. Experimental Results

In order to verify the validity of the proposed resilient opera-
tion method of the MMC, a single-phase MMC prototype with
four SMs per arm was configured as shown in Fig. 12. Detailed
parameters are specified in Table I.

1) Sustention Stage of Resilient Operation: The effective-
ness of utilizing the stored sinusoid signal and local voltage
balance controller to maintain the capacitor voltages was verified
in both current and VPCs by adopting different power factors
(PFs) (1 and 0.874). The MMC system with a unity PF was
first investigated. Figs. 13 and 14 present the output waveforms
of the MMC operating in VPCs and CPCs, respectively. It can
be seen that the MMC output current operated normally and
the individual capacitor voltages remained stable after the CI
occurred. As depicted in Figs. 13 and 14, the CI-SM capacitor
voltage deviation is negligible, which agrees well with the
analysis in (26) and (27).

Figs. 15 and 16 represent the current and voltage waveforms of
the MMC when PF was 0.874. The MMC output was connected
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to an R-L load in this set of experiments. No capacitor voltages
diverging was found in VPC because (26) is satisfied regardless
of the PF. In CPC, the output of the MMC remained stable, but
the Uctsm in CPC showed an apparently steady-state error com-
pared with that in Fig. 14. This is explained by that the deviation
of Ucrsw is positively related to the PF angle in CPC according
to (30). With the help of the capacitor voltage control, the sum
of the capacitor voltages in one arm remains approximately the
same before and after CI [11]. Thus, in Fig. 16, the capacitor
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voltages of normal SMs in the lower arm increased while the
Ucism decreased after CI, so that the arm voltage is almost
unaltered.

2) Reference Change During Sustention Stage: In the fol-
lowing set of experiments, the output reference variation during
the sustention stage was studied. A resistor and inductor serial
load is utilized for the sake of a 0.874 PF. Both amplitude change
and phase change scenarios were discussed to evaluate the MMC
system performance.

Fig. 17 shows the capacitor voltages and the output current of
the MMC when the modulation index changed from 0.6 to 0.85.
According to the waveforms, Ucrsy in both phase conditions
climbed to a value higher than the reference value (Uq./N). The
positive capacitor voltage deviation introduced a positive output
in the voltage balance controller [7], [29]. Therefore, Mcisn is
accordingly increased and the output active power of the CI-SM
is improved to fulfill the MMC output ascent.

Fig. 18(a) presents the circulating current and the output cur-
rent in VPC, while Fig. 18(b) presents the individual capacitor
voltages in both VPC and CPC. The reference phase change @1,
was zero from0to 2s. Whent=2s, ¢, was step-changed to 60°
while at = 4 s it was subsequently changed to 90°. According
to the analysis in Section IV, phase change during the sustention
stage would introduce an additional ac component in i.;, and
a dc component in i,, which was clearly verified as shown in
Fig. 18(a). It can be seen in Fig. 18(b) that the capacitor voltages
remained stable when ¢, = 60°. However, when ¢, stepped
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Fig. 18.  Measured waveforms of the MMC when ¢}, changes from 0° to 60°
and then to 90°. (a) Circulating current and output current in VPC. (b) Capacitor
voltages in VPC and CPC operation.

to 90°, the MMC system in CPC quickly became unstable. This
is because the voltage balancing capability for CI-SM in CPC
is deprived when ¢., = 90°. The capacitor voltages in VPC
remain stable since the critical ¢y, in VPC is (90°— 1) as in
Section IV-B, where ¢, < 0.

3) Protection Stage of the Resilient Operation: After the
period of t,,, the network disconnection was confirmed by the
CI-SM local controller. The CI-SM capacitor voltage reference
was then set to zero and Ucrsy gradually drops to zero as given
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Fig. 19. Measured waveforms while controlling the CI-SM capacitor voltage
to zero in the protection stage when ¢ > 1,

in Fig. 19. Afterward, the CI-SM could be cut-oft and the MMC
was able to operate normally with the remaining SMs [22].

VI. CONCLUSION

In this article, the influence of CI to the MMC distributed
control system is analyzed. It shows that a CI might lead to a
high increase of the CI-SM capacitor voltage and give instability
of the system. According to the protection period #,, associated
with the voltage increase rate and the capacitor voltage safe
margin, the CI faults are classified as temporary and perma-
nent ones in the fault analysis. A resilient operation strategy
having sustention and protection stages that correspond to the
temporary and permanent CI faults, respectively, is proposed to
ride-through a CI fault. In the sustention stage, prestored phase
angles are utilized to generate the sinusoidal modulation signal
for the CI-SM in order to maintain the capacitor voltage of the
CI-SM. If the network cannot recover within the predefined time
period t,, the protection stage will be triggered to discharge
the capacitor and then bypass the CI-SM. The MMC operates
with remaining SMs. The effectiveness of the proposed resilient
operation strategy is experimentally verified on a prototype in
the laboratory. The results show that, with the resilient operation
strategy, the MMC distributed control system is immune to CI
faults and can operate with higher reliability not only in the
steady-state but also during the transient process. The MMC
can operate normally during the CI fault without frequently
triggering the protection actions and bypassing or replacing the
faulty SMs.
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