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Abstract—Wireless control of modular multilevel con-
verter (MMC) submodules can benefit from different points
of view, such as lower converter cost and shorter instal-
lation time. In return for the advantages, the stochastic
performance of wireless communication networks necessi-
tates an advanced converter control system immune to the
losses and delays of the wirelessly transmitted data. This
article proposes an advancement to the distributed control
of MMCs to be utilized in wireless submodule control. Using
the proposed method, the operation of the MMC continues
smoothly and uninterruptedly during wireless communica-
tion errors. The previously proposed submodule wireless
control concept relies on implementing the modulation and
individual submodule-capacitor-voltage control in the sub-
modules using the insertion indices transmitted from a
central controller. This article takes the concept as a basis
and introduces to synthesize the indices autonomously in
the submodules during the communication errors. This new
approach allows the MMC continue its operation when one,
some, or all submodules suffer from communication errors
for a limited time. The proposal is validated experimentally
on a laboratory-scale MMC.

Index Terms—Autonomous control, modular multilevel
converter (MMC), prototype, resonant controller, wireless
control.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) are widely
used in high-voltage dc (HVdc) transmission applica-

tions as they can be scaled up easily to high voltage and power
ratings using off-the-shelf power semiconductors. The total
number of MMC submodules required to reach the targeted
ratings might be in the range of a few thousand [1]. The submod-
ules are communicated originally with direct optical fiber cables
to the central/master controller(s) [2]. The implementation and
operation of optical fiber cables might be quite challenging as
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the ratings and size of the MMC increase. The dimensions of
the MMC valve halls used in HVdc applications might range
hundreds of meters [3]. Consequently, the total length of fiber
cables to lay out in the hall goes up to tens of kilometers.
Laying out, terminating, and insulation testing this much of and
long cables require significant workforce and time during the
installation of the MMC. Each cable needs to be identified and
checked whether it originates and terminates at the correct termi-
nals during the commissioning, further increasing the required
resources [4]. The cable bundles can be cumbersome to route
and require resource-intensive mechanical design procedures.
The cables lead to an increase in the station footprint as well
as the weight and size of the MMC, which are issues especially
in offshore transmission platforms [5]. The bundles might also
complicate removing and replacing a failed submodule or other
components during maintenance, leading to a long maintenance
time. Furthermore, the cables create an insulation breakdown
risk between the controller and the submodules due to, e.g., the
accumulation of dust and humidity on them. Another risk factor
for the fiber cables is a fire in the MMC hall. Although the cables
do not ignite themselves, they might burn and spread the fire in
the hall [6].

Distributed control methods with, e.g., ring or common bus
communication networks between the controller(s) and sub-
modules have been proposed as a (partial) solution to the
abovementioned challenges, as well as to share the processing
workload among different controllers [7]–[11]. The increase of
communication latency with the number of submodules con-
nected to the same ring or bus and the limitation of redundancy
and online reconfiguration capability in case of failures are the
challenges in these applications introduced by eliminating direct
communication links. Wireless control of MMC submodules is
proposed in [12] and implemented and verified in [13] as a so-
lution alternative for all the previous challenges. By eliminating
the optical fiber cables at all, the required workforce and time
during the installation, commissioning, and maintenance of the
MMC are significantly reduced. The communication latency
is independent of the number of submodules in the proposed
wireless control method. Moreover, a direct link between the
controller(s) and the submodules can be sustained with wireless
communication. Although wireless communication brings its
own challenges [13], some of which will be mentioned in the
next paragraph and another is setting up a wireless network in
the MMC hall, the alternative should not be overlooked since the
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challenges might be overcome by using advanced controllers as
in this article and an adequately engineered wireless network.

The stochasticity of wireless communication, which gener-
ally results in higher latency and lower reliability than wired
communication, is a major challenge before achieving adequate
control of the MMC submodules. Wireless communication with
low latency and high reliability for time-critical processes can
be considered as a solution [14], [15]. However, low latency
and high reliability generally contradict each other in wireless
communication, and some degree of errors are inevitable. Thus,
a wireless submodule control system should withstand higher
latency and lower reliability of the wirelessly transmitted data.
The wireless control implemented in [13] is based on broadcast-
ing the insertion indices of phase arms from a central controller
and performing the modulation in the submodule controllers.
The randomness in the transmission latency is minimized by
providing a concordant converter control method and a wireless
communication network. The packet losses (communication er-
rors) are resolved by decreasing the closed-loop current control
bandwidth and using the last received index for modulation
during the packet loss interval. Although this treatment works
fine for the losses in the range of a few transmission cycles,
the submodules are unprotected for longer losses from tens to
hundreds of transmission cycles. The MMC should be prepared
for those as they can lead to overcurrents on the ac- and dc-sides
and overvoltages in the submodule capacitors [13]. Moreover,
the modulation is not sinusoidal when the last received insertion
index is used in the packet loss intervals, which causes degra-
dation in the ac-side voltage quality and submodule capacitors
voltage balance. The degradation would increase as more sub-
modules suffer losses at the same time.

Fail-safe operation methods against communication failures
in MMCs with wired communication networks have been re-
searched previously. Measures against a submodule or one
communication link failure in MMCs with ring network are
given in [8] and [16]. A resilient operation method is proposed
during the packet loss interval for MMCs with distributed control
architecture in [17]. The proposed method relies on forming
the insertion indices of the affected submodules in their own
controllers based on the last fundamental period ac-side voltage
or current phase angles before the loss instant. The method
works effectively for submodules operating in the steady state
but can be less efficient if there is a change in the phase angles
in the last fundamental period. Moreover, it is assumed that all
the submodules operate at the rated operating point before the
packet losses, which is likely for MMCs in HVdc transmission
applications but cannot always be assured.

This article takes the wireless control method of [13] as the
basis. In order to improve the treatment of packet losses, a
submodule is proposed to continue the modulation during the
packet loss interval with the same pattern as before the wireless
packet loss occurred. For this aim, the insertion index is gener-
ated autonomously in the submodule during the loss interval.
The generated indices are based on the previously received
ones. A set of resonant controllers and a moving average filter
(MAF) are employed for this purpose. Resonant controllers [18]
have been offered extensively in various power electronics

applications [19]–[22]. They are employed to extract the ac
harmonics of the converter current reference in [19] and used
in current control schemes while tuned to different reference
ac harmonics in [20] and [22]. A comprehensive analysis and
applications of resonant controllers are presented in [21]. This
article employs the resonant controllers and an MAF to generate
the ac and dc components of the insertion indices, respectively,
in a submodule. The submodule uses the sum of those for mod-
ulation during the packet loss interval. The submodule resumes
using the received indices as soon as the wireless communication
is recovered. The contribution of this article can be summarized
as follows:

1) The modulator in the packet-loss-effected submodule(s)
(can be one, some, or all) obtains an updated insertion
index in the packet loss intervals, and the submodule(s)
can continue sinusoidal modulation smoothly as if no
packet loss occurred.

2) The proposed method can adapt to the changes in the
received insertion indices in the last fundamental period
before the packet loss. Also, it is independent of the
operating point of the submodules.

The structure of the article is as follows. In Section II, the
wireless control of MMC submodules is reviewed. In Section
III, the proposed autonomous submodule controller is presented
and analyzed. Section IV contains the implementation of the pro-
posal on a laboratory-scale MMC and the experimental results.
Section V concludes the article.

II. WIRELESS CONTROL OF MMC SUBMODULES

A. Existing Wireless Control of MMC Submodules

The autonomous submodule control, which is explained in the
next section, is based on the wireless control method of MMC
submodules given in [13]. This section is a summary of MMC
control in general and its implementation for wireless submodule
control. The reader is referred to [13] for the details.

The wireless control of submodules relies on the distributed
control approach, which has been investigated by several re-
searchers using wired communication methods [7]–[11]. In
the distributed control of MMCs, there is a central controller
at the top of the control hierarchy, and local controllers are
in the submodules. The central controller and the submodule
controllers share the control and measurement data via a com-
munication network. The central controller receives the ac-side
(output) current reference from a power-system-level controller
and performs ac-side current control, circulating current con-
trol, and arm-balancing control. The submodule controllers
perform the individual submodule-capacitor-voltage control and
modulation.

The control block diagram of the MMC in [13] for the central
controller and one submodule controller in an arbitrary-phase
upper arm is shown in Fig. 1(a). In the figure, i�s and is are the
reference and measured ac-side currents, vfa is the feedforward
ac-bus (point of common coupling) voltage, v�s is the ac-side
voltage reference, i�c and ic are the reference and measured
circulating currents, vΣcu is the sum capacitor voltage of the
arm, nu is the arm insertion index, and vicu, ni, and si are the
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Fig. 1. (a) Overall block diagram of the central and submodule con-
trollers for the MMC submodules existing wireless control. (b) Illustration
of the transmitted and received insertion indices. The arrows below the
indices correspond to the sampling instants.

capacitor voltage, the insertion index, and the switching signal of
the submodule i, respectively. The central and all the submod-
ule controllers have wireless communication capability. After
the ac-side current control in the central controller, open-loop
arm-balancing control is preferred [23]. The primary control
data transmitted from the central controller to the submodule
controllers are the insertion indices of the submodules, which
are updated in the range of tens to hundreds of microseconds. The
insertion indices of all the phase arms form a single wireless data
packet after each sampling period. The packet is broadcast from
the central controller immediately after its forming. The physical
layer of the IEEE 802.11a protocol with 5825 MHz transmission
center frequency is used for wireless communication. Following
the reception of the packet, each submodule picks the index
corresponding to the phase arm that it belongs to and tunes the
index for its own submodule-capacitor-voltage control. Then,
the modulation is carried out by phase-shifted carrier-based
modulation. The phase-shifted carriers are synchronized period-
ically in the submodules. The broadcast data packets contain the
insertion indices of the six arms, arm currents, dc-side voltage,
synchronization flag for carriers, and other auxiliary data. The
arm currents and ac-bus voltages are fed back to the central
controller with wired communication.

B. Wireless Communication Issues

Steady-state operation of MMCs generates interference in
the sub-GHz frequency range in the converter hall [24], [25]
and does not present a threat for communication in the GHz
range, as in [13]. However, high-power transients resulting from,

Fig. 2. Proposed submodule controller block diagram. S1 switches to
position 2 when packet loss is decided.

e.g., electrical arcs and circuit breaker operations can interfere
with communication [26], [27]. Moreover, noise, deep fading,
co-/adjacent channel interference, and even cyber-attacks can
influence wireless communication [28]–[30]. As a result, in the
wireless control of MMC submodules, wireless data reception
may be interrupted for a single or multiple transmission cycles
in one, some, or all of the submodules. The losses can be highly
time-varying and can have bursty characteristics [31]. They
are also dependent on the employed radio parameters. In these
circumstances, the transmitted and received insertion indices,
nt and nr, are illustrated below the central controller and the
submodule controller in Fig 1(b), excluding the communication
delay. nr contains random packet losses with variable lengths.

III. AUTONOMOUS SUBMODULE CONTROL

The proposed approach to deal with the wireless packet losses
is to render the submodules generate their insertion indices
locally during the interval that they do not receive data from
the central controller. The previously received indices can be
exploited for this purpose. Fig. 2 shows the proposed block
diagram of the submodule controller compared to the one in
Fig. 1. na is the autonomously generated insertion index and iu
is the upper arm current. During normal operations, i.e., when
wireless data packets are received, the autonomous controller
block is bypassed by the switch S1, as shown in the figure,
and the index from the central controller, nr, is used in the
individual capacitor-voltage control and modulation. When the
submodule controller takes the packet loss decision,S1 switches
to position 2, and na is used in the modulation. The received
insertion indices feed the autonomous controller, and it is ready
to be in effect in the modulation any time as soon as the packet
loss decision is taken. In the following sections, the detection of
packet losses and the autonomous controller design are detailed.

A. Detection of Packet Loss

The first task of autonomous submodule control is to realize if
the wireless packets are being received properly or not. With the
wireless control method described in Section II, the submodules
should ideally receive a new insertion index with a period equal
to the MMC sampling period, Ts. Then, the packet loss can
be detected in the submodule controllers using a timer with a
predefined threshold. Each packet reception resets the timer. If
the timer value exceeds the threshold, the controller concludes
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with a packet loss and switches into the autonomous control
mode. The controller is back to the normal operation mode when
a wireless packet is received again. The threshold, Tloss, can be
defined as

Tloss = (1 + r)Ts (1)

where r is a real number between 0 and 1 and corresponds to
any possible variance in the packet reception period. r can be
chosen close to 0 if the variance is minimized; however, it is
still a random variable in practice. Tloss in (1) is the minimum
realizable value, but not the optimum one. Having Tloss as
in (1) results in unnecessary control mode transitions during
the normal packet reception intervals for any two consecutive
receptions in which the latter is received with a slightly higher
r value than the one fixed in (1). Even though frequent control
mode transitions do not necessarily result in a problem, they are
not desirable for a control system.

The closed-loop current control bandwidth in [13] is defined
as

αc ≤ ωs

10(k + 1)
(2)

where ωs is the angular sampling frequency and k is a non-
negative integer. Then, the MMC is robust against at most
k consecutive packet losses without losing stability. If αc is
decreased anyhow (e.g., to provide a stable closed-loop control
or a smoother dynamic response), then the threshold can be
prolonged as

Tloss = (1 + r + k)Ts. (3)

It is important to note that, even if it is possible to prolong
Tloss from the stability point of view as in (3), in the event of
packet losses, it is better to switch to the autonomous mode as
soon as possible. In this way, the use of same insertion index
for modulation, which degrades the ac-side voltage harmonic
quality and submodule capacitors voltage balance, is minimized.
Thus, Tloss is advised to be (2 + r)Ts, unless k is 0. Conse-
quently, when the wireless communication is malfunctioning,
the submodules operate with the same insertion index for at most
two sampling periods (excluding r), which are short enough to
cause no voltage harmonic quality issue or capacitor-voltage
unbalance in almost any operational condition.

B. Design of Autonomous Submodule Controllers

The central controller block diagram was shown in Fig. 1. The
primary wireless data, i.e., the insertion indices, are generated
in the central controller as

nu =
v�c − v�s
vΣcu

nl =
v�c + v�s

vΣcl
, (4)

where v�c is the internal voltage reference [32]. v�c and v�s are
produced by the circulating-current controller (included in the
arm-balancing control block in Fig. 1) and the ac-side-current
controller, respectively. Proportional-resonant (PR) controllers
in the stationary reference frame in single-phase or three-phase
MMCs can be used for these controllers.

The transfer function of v�s using a PR controller in the ac-side
current control block is given by

v�s =

(
Kp +

K1 s

s2 + ω2
1

)
e+ vfa e = i�s − is (5)

where s is the Laplace variable,Kp is the proportional gain,K1 is
the resonant gain, and ω1 is the fundamental angular frequency.
Assuming that i�s comprises only the fundamental frequency
ac component, v�s contains a dominant fundamental frequency
component. Due to the proportional gain, harmonic components
(baseband harmonics or switching harmonics) in the measured
ac-side current are fed back, and therefore, v�s also contains ac
components with these frequencies. In three-phase converters,
v�s can also contain a third harmonic voltage component to
extend the linear region of the modulation index beyond 1.

The circulating current controller mainly tries to suppress the
second harmonic, which emanates from the total-energy ripple
of the submodule capacitors of a phase leg. The transfer function
of v�c using a PR controller is given by

v�c =
Vdc

2
−Ri�c −Ra

[
1 +

Krs

s2 + (2ω1)2

]
(i�c − ic) (6)

where Vdc is the dc-side voltage, R is arm parasitic resistance,
Ra is an active (virtual) resistance, Kr is the resonant gain,
and i�c is the reference (typically dc) circulating current. Apart
from the second harmonic component, the controller may have
additional resonant controllers tuned to fourth, sixth, and higher
order even harmonic components. In such cases, v�c also con-
tains the reference voltage components corresponding to those.
Consequently, v�c comprises a dc component, a second harmonic
component, and potentially other even harmonics.

The sum capacitor voltages vΣcu/l are either assumed constant
and equal to Vdc, measured, or estimated from v�c and v�s . If
measured or estimated (as in this article by the method in [23]),
they contain at least the fundamental and the second harmonic
components apart from the dominant dc-side voltage.

Considering the analyses of v�s , v�c , and vΣcu/l, the ideal in-
sertion indices are linear combinations of these three quantities
independent of whether the control is wired or wireless. The
indices consist of a dc component, the fundamental frequency ac
component, and harmonics of the fundamental. This decomposi-
tion forms a valuable basis for the autonomy of the submodules.
In the submodules, the dc component of the received insertion
indices can be derived by an MAF and the ac components by a set
of resonant controllers. In the event of a packet loss, recomposing
these components in the submodule controller with the correct
magnitude and phase underlies the autonomous generation of
insertion indices in the submodules.

The proposed block diagram of the autonomous controller is
shown in Fig. 3, and it is included in the submodule controller,
as shown previously in Fig. 2. The received nr is forwarded
into the autonomous controller, but its output na is used in the
modulation block only when a packet loss decision is taken. nac

a

and ndc
a represent the ac and dc components of na, respectively.

The switches S2 and S3 in Fig. 3 switch to position 2 when a
packet loss is decided, as so does S1 in Fig. 2 simultaneously.
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Fig. 3. Autonomous controller block diagram. The switches S2 and S3

switch to position 2 when packet loss is decided.

The components of the autonomous controller and the details on
their operation are given in the following sections.

1) Resonant Controllers: The open-loop transfer function
of the set of resonant controllers in the submodules is

Go(s) =
∑
h∈S

Khs

s2 + (hω1)2
(7)

where Kh is the gain, h is the harmonic number, ω1 is the
fundamental angular frequency, and S is the set of harmonic
components comprising the insertion indices. The closed-loop
transfer function of the set of resonant controllers with negative
feedback is

Gc(s) =
∑
h∈S

Khs

s2 +Khs+ (hω1)2
. (8)

While the open-loop system is marginally stable, the closed-
loop system is asymptotically stable with any positive Kh. The
Gc(s) components have a resonant peak with gain 1 centered at
s = jhω1. The width of the peaks is dependent on the respective
gain Kh. As Kh increases, the resonant peak gets wider, the
controller becomes less selective to the frequency variations,
and it has a faster transient response. The suitable value of Kh

can be set according to the desired transient response and fre-
quency selectivity of the controller. During the packet-loss-free
operation, i.e., S2 is in position 1, for an input signal that is
a linear combination of ac harmonics as in nu/l, the harmonics
with the frequencyhω1 pass throughGc(s)with no change in the
amplitude and phase, while the other components are damped
out. When the communication is lost, the feedback loop is broken
by switchingS2 to position 2. In this case, the resonant controller
is back to its marginally stable state Go(s). Note that, at the
moment Gc(s) is back to Go(s), the input to the set of resonant
controllers also shifts from a nonzero value to zero, which is
a Dirac delta function. The controllers then act as an oscillator
keeping the amplitude and phase of their outputs, which together
comprise nac

a , before breaking the feedback loop. Practically,
this corresponds to the generation of the ac components of the
insertion index.

2) Moving Average Filter: An MAF with input signal x(t)
and output signal x̄(t) is described in the continuous-time do-
main by

x̄(t) =
1

Tω

∫ t

t−Tw

x(τ)dτ (9)

where Tw is referred to as window length [33]. The MAF
frequency response can be obtained as

GMAF(jw) =

∣∣∣∣ sin(ωTω/2)

ωTω/2

∣∣∣∣∠− ωTω/2. (10)

The MAF passes the dc component of x(t) and blocks the ac
components, which are integer multiples of 1/Tw in hertz. Thus,
to derive the dc component of the insertion indices, Tw should
be chosen as 1/f1, where f1 is the fundamental frequency of the
ac-side voltage.

In the submodule controllers, the MAF needs to be imple-
mented in discrete-time as

nu/l(k) =
1

N

N−1∑
i=0

nu/l(k − i) (11)

where N is the filter length and is equal to 1/f1Ts. The MAF
outputnu/l(k) (denoted asndc

a in Fig. 3) has (N − 1)/2 samples
delay, and this might seem like a threat to the stability of the
closed-loop control at first glance. However, the autonomous
controller, thus the MAF, is bypassed during the normal oper-
ation, and the related delay is not included in the closed-loop
control system of the MMC. When a packet loss is detected, to
avoid ndc

a converging to the last received nr, ndc
a is fed back to

MAF input by switching S3 to position 2.

C. Discussion on the Autonomous Control

The packet losses are a natural phenomenon in wireless
communication, and the proposed autonomous control can work
effectively for short but the most frequent wireless packet losses.
As the loss length increases, the occurrence decreases [31].
If the MMC is in steady-state conditions, the control of sub-
modules with the generated indices will continue finely with
longer packet losses too. However, two phenomena can distort
the steady-state conditions during the autonomous control and
make the generated indices obsolete as the loss gets longer. The
first phenomenon is related to the fact that the control with the
generated indices is not a closed loop. If there is any change in
the circuit parameters or active/reactive power references during
the autonomous control interval, the submodules in the au-
tonomous control mode would not respond as desired. A distur-
bance in, e.g., the dc-side or point of common coupling voltages
during the autonomous control would lead to off-reference circu-
lating and ac-side currents (which might be above the component
ratings in extreme cases) until the communication is recovered.
The second phenomenon that distorts the steady-state conditions
is the asynchrony in the modulation carriers that grow with the
packet loss interval since the synchronization of carriers is inter-
rupted. The carrier asynchrony results in harmonic distortion in
the ac-side variables, submodule-capacitor-voltage unbalance,
and ripple in the circulating current [12], [34]. Thus, the carrier
asynchrony makes the proposed autonomous control unsuitable
for unlimited operation time even if all the other circuit pa-
rameters stay the same throughout the loss interval. Then, the
autonomous control mode can be sustained in a submodule until
its local measurements, i.e., the submodule capacitor voltage and
arm current, hit the predefined limits, which can be set according
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Fig. 4. Resonant controller (left, blue) versus moving table (right,
black) for the autonomous insertion index generation. At 0.185 s, the
ideal insertion index (red) amplitude decreases from 1 to 0.5. Packet
loss is decided at 0.2 s.

to the component ratings. The period that the measurements hit
the limits depends on the changes in the circuit variables, if any,
and the dynamics that affect the carrier asynchrony [34]. A more
vigilant alternative for the autonomous control interval would
be limiting it to a few fundamental periods, e.g., two, and also
checking the local measurements. The ultimate decision should
be made by the operator considering the related risk assessment.
If the local measurements hit the limits or if the communication
is still not recovered after the predefined interval, it would be
more suitable for a submodule to stop the autonomous operation
and switch to another operation mode which, possibly, is safety-
oriented rather than performance-oriented. This article leaves a
suitable scenario to implement in such extreme error intervals
as future work. The authors hypothesize that the required work
can be founded on the proposed autonomous insertion index
generation mode. Moreover, the proposed control is not an
alternative to the redundancy submodules, which are switched in
to replace long-term faulty submodules provided that the redun-
dancy submodules have a functioning wireless communication
link [35].

An alternative to the proposed autonomous controllers would
be recording the last fundamental period of indices in the sub-
module controllers in a “moving table” and using the recorded
data when a packet loss occurs. This method can work in case
the insertion indices vary in a steady-state fashion. However, if
there is any change in the amplitude or phase of the received
index in the last period before the packet loss, the table contents
cannot be updated fully, and some obsolete indices have to
be repeated in the autonomous mode. On the other hand, the
resonant controllers can adapt to this change with a suitably set
Kh. Fig. 4 illustrates such a case when the packet loss is decided
shortly after an amplitude change in the insertion index. The
resonant controller output (left, blue) adapts to the change, and
it follows the ideal index (red) in the packet loss interval (0.2 s
onward), while the moving table (right, black) repeats the last
period with obsolete table elements.

IV. CASE STUDY AND EXPERIMENTAL VERIFICATION

A. Experimental Setup

The proposed autonomous submodule control is implemented
on a single-phase laboratory-scale MMC consisting of half-
bridge submodules and connected to a resistive load. The exper-
imental setup is shown in Fig. 5. The MMC central and submod-
ule controller hardware, wireless transceivers, the connections

Fig. 5. Experimental setup: The central controller and its wireless
transmitter and 1-phase MMC on the left, and wireless receivers on the
right.

Fig. 6. Circuit diagram of the wirelessly controlled single-phase MMC
experimental setup.

between those, and the employed wireless communication pa-
rameters are the same as in [13]. The central controller and the
submodules are 12 m apart in the power electronics laboratory.
The transceivers are in the line of sight. The circuit diagram of
the setup is shown in Fig. 6. vu and vl are the inserted upper arm
and lower arm voltages, respectively. va is the voltage across the
load resistor. il and is are the lower arm and ac-side currents,
respectively. The parameters of the MMC are given in Table I.

PR controllers regulate the ac-side and circulating currents as
described in the preceding section. The ac-side current reference
is defined in its controller as

i�s = î�s sin(ω1t+ φ) =
Vdc

2
ma

1

Rac
sin(ω1t+ φ) (12)

where î�s is the peak value of i�s andma is the amplitude modula-
tion index. î�s is adjusted by changingma while keepingRac con-
stant, as in Table I. Phase-shifted carrier-based modulation and
individual submodule-capacitor-voltage control are employed in
the submodules. The controller parameters are given in Table II.
The parameters are chosen according to the controller design
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TABLE I
MMC PARAMETERS

† The value of β with odd N results in having the first group of switching harmonics
around 2Nfc.

TABLE II
CONTROLLER PARAMETERS

suggestions in [32]; the processes are not repeated for brevity.
The ac-side and circulating current controller block diagrams
and their parameters are the same as in [13, Fig. 6] and [13,
Table II]. The reader is referred to [13, Sec. IV.D] to get an insight
into the total time delay, Td, components and to investigate the
closed-loop system stability. The ac-side and circulating current
closed-loop systems are stable with 71° and 49° phase margins.

B. Packet Loss Characteristics of the
Experimental Setup

The packet loss characteristics of the experimental setup are
observed in ten measurements of 10-min operation intervals.
The MMC is operated with î�s equal to 4.75 A. The measure-
ments are conducted in a stationary environment with no other
equipment operating nearby, and the results are taken from one
submodule. The losses highly depend on the spatial diversity
of the wireless transmitter in the range of the communication
signal wavelength. In a good placement of the transmitter, up to
three consecutive packets are lost, while in a bad placement, it
is up to 20 consecutive packets. Similarly, the packet loss rates
change significantly. The mean values of the loss rates of ten
measurements are 7× 10−4 and 9× 10−2 for the good and bad
placement of the transmitter, respectively.

In industrial MMC stations, an enclosure around the control
units while the chassis is connected to the earth is common
to provide electromagnetic immunity from nearby interference

Fig. 7. Wireless receiver and submodule controller enclosed in an
earthed aluminum box.

Fig. 8. AC-side voltage with (a) the existing and (b) the proposed
control methods.

sources. Another set of measurements is carried out to in-
vestigate the feasibility of communication when the wireless
antennas are put outside the enclosure. One submodule control
unit with its wireless receiver is placed in an earthed aluminum
enclosure while keeping the receiver antenna outside, as seen
in Fig. 7. The packet losses are measured from the control unit
during six consecutive 10-min intervals. The measurements are
repeated when the enclosure lid is removed. The packet loss rates
of the individual measurements are close to each other for the
two campaigns, and the average loss rates are 1.5× 10−3 and
1.4× 10−3 for the campaigns with and without the enclosure lid,
respectively. (The slight difference between the rates is consid-
ered because of the time variance of wireless communication.)
The measurements reveal the possibility of keeping the antennas
out of the enclosure.

C. Results and Discussion

The proposed autonomous submodule control is bench-
marked with the existing control in [13]. To see the performance
of the proposed control clearly, the wireless transmission from
the central controller is disabled for two cycles (40 ms). None
of the submodules receives wireless data during this interval.
In the proposed control, the fundamental and second harmonic
resonant controllers are employed in Go(s) in Fig. 3, with K1

as 1000 rad/s and K2 as 30 rad/s. Tloss is set to 2.1Ts.
The ac-side voltage, arm currents, circulating current, and

one submodule capacitor voltage of the MMC are shown in
Figs. 8–10. The packet loss interval is from 0.02 to 0.06 s,
shown in the figures by a straight line on the top border.
The submodules with the existing control method operate as
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Fig. 9. Upper arm (orange), lower arm (yellow), and circulating current
(blue) with (a) the existing and (b) the proposed control methods.

Fig. 10. Capacitor voltage of a submodule with (a) the existing and
(b) the proposed control methods.

if a dc-to-dc converter resulting in a constant ac-side voltage,
constant arm currents, and overcharged submodule capacitors.
It can be deduced that if the load were active, overcurrents
would have resulted. With the proposed control method, the
submodules switch to the autonomous insertion index generation
mode and continue modulation properly during the packet loss.
The ac-side voltage, upper arm, lower arm, circulating currents,
and submodule capacitor voltages follow their pattern before the
packet loss.

The experimental results verify the functionality of the pro-
posed autonomous submodule controller. It is considered that
the functionality of the method is evident for shorter packet
losses and when only one or some of the submodules experience
losses instead of all. The method does not bring any drawback
for the error-free interval while facilitating a smooth, uninter-
rupted operation throughout the losses. However, it should be
remembered that the modulation continues with the dynamics
before the loss train, and any change by the central controller
would not be implemented until the communication is recovered.
To illustrate this phenomenon, an experiment is conducted in
which Rac is decreased to 2/3 of its value in Table I during the
packet loss interval and î�s is kept at 5 A. The ac-side current,
arm currents, circulating current, and one submodule capacitor
voltage of the MMC are shown in Fig. 11. The load change
happens around the first zero-crossing of the ac-side current
after the loss train starts. As Rac decreases, îs increases to 3/2
of its reference. It decreases back to the reference only after the
communication is recovered as the insertion index change by the

Fig. 11. (a) AC-side current, (b) upper arm (orange), lower arm (yel-
low), and circulating current (blue), and (c) capacitor voltage of a sub-
module with the proposed control method when the load changes during
the packet loss interval.

Fig. 12. (a) AC-side current, (b) upper arm (yellow), lower arm (pur-
ple), and circulating current (orange), and (c) submodule capacitor
voltages with the proposed control method when the dc-side voltage
changes during the packet loss interval.

central controller can be implemented then. As a further study,
a simulation is performed in MATLAB/Simulink to investigate
the dc-side voltage change during the communication loss. The
simulation parameters are chosen the same as in the experiments.
Vdc is increased to 1.1 times its value in Table I 10 ms after the
start of the packet loss and î�s is kept at 4.5 A. The ac-side cur-
rent, arm currents, circulating current, and submodule capacitor
voltages of the MMC are shown in Fig. 12. The response of
the submodule controllers is similar to the case of load change.
However, the dc-side voltage change has a higher impact on the
arm currents and circulating current since there is a mismatch
between the dc-side voltage and sum capacitor voltages when
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the dc-side voltage increases. It is proposed that, as discussed
in Section III-C, if an arm current increases above the safety
limit, the related submodule controllers should switch to the
safety-oriented control mode, which is left as future work.

V. CONCLUSION

The wireless control of MMC submodules requires an ad-
vanced control system that can withstand long packet losses. The
previously proposed wireless control method was based on trans-
mitting the insertion indices wirelessly to the submodules from
a central controller. This article advanced the proposed method
by generating the indices autonomously in the submodules dur-
ing the packet losses. The submodules generated their indices
based on the previously received packets, continued modulation
smoothly, and then returned to the closed-loop control when
they received data from the central controller. The experimental
results verified the functionality of the method. The proposal
can be taken as a basis for further autonomy studies of the
submodules that take submodule local variables into account,
such as submodule capacitors charge/discharge and arm current
passing through the submodules if current sensors are present.
Moreover, the proposal can be used in wired distributed MMC
control applications against the errors that wired networks can
experience.
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