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Abstract—Wireless control of modular multilevel converter
(MMC) submodules offers several potential benefits to exploit,
such as decreased converter costs and ease in converter instal-
lation. However, wireless control comes with several challenging
engineering requirements. The control methods used with wired
communication networks are not directly applicable to the wire-
less control due to the latency and reliability differences of wired
and wireless networks. This article reviews the existing control
architectures of MMCs and proposes a control and communication
method for wireless submodule control. Also, a synchronization
method for pulsewidth modulation carriers is proposed suitable
for wireless control. The imperfections of wireless communication,
such as higher latency and packet losses compared to wired com-
munication, are analyzed for the operation of MMCs. The latency
is fixed with a proper controller and wireless network design. The
converter is rendered immune to the packet losses by decreasing the
closed-loop control bandwidth. The functionality of the proposal is
verified, for the first time, experimentally on a laboratory-scale
MMC using a simple wireless network. It is shown that wireless
control of MMC submodules with the proposed approach can
perform comparably to the wired control.

Index Terms—Distributed control, modular multilevel converter
(MMC), prototype, submodule, wireless communication.

I. INTRODUCTION

THE modular multilevel converter (MMC) is the state-of-
the-art converter topology for high-voltage and high-power

applications [1]. It has been used for more than ten years in high-
voltage direct current (HVdc) power transmission systems [2].
HVdc power transmission is advantageous over ac transmission
in various technical, economic, and environmental aspects [3].
Technical advantages include the connection of asynchronous ac
power systems, ease of long-distance water crossings, and ease
of active power control. MMC-based HVdc transmission can
provide reactive power to the ac grid and help the power system

Manuscript received May 23, 2020; revised October 1, 2020 and November
30, 2020; accepted December 14, 2020. Date of publication December 17,
2020; date of current version March 5, 2021. Recommended for publication
by Associate Editor M. Saeedifard. (Corresponding author: Barış Çiftçi.)
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to operate more effectively. HVdc transmission has lower losses
than ac transmission for long lines, and it needs reduced right of
way for a certain power. DC cable/overhead line unit cost is less
than the ac counterpart. Nevertheless, with today’s technology,
HVdc terminals that consist of MMCs and ac substations are
more expensive than ac transmission terminals with the same
power rating. In order to promote the advantages of HVdc
transmission further, the MMC costs should be decreased.

The submodules of an MMC need to be switched individually
to form the desired output voltage of the converter. In all the
internal control methods of MMCs, there is at least one central
controller at the top of the control hierarchy, from which all the
submodules have a direct or indirect communication link. To
the best of the authors’ knowledge, this communication system
between the central controller(s) and submodules of MMCs has
always been realized by using wired communications. An MMC
station used for HVdc power transmission may have hundreds of
submodules. The submodules may span several hundred meters
square, and the total length of the cables used for the communi-
cation may sum up to several kilometers. Consequently, the cost
of the communication system in an MMC station is high.

The optical fiber cable is the preferred medium in the MMC
internal communication system due to its immunity to electro-
magnetic interference (EMI) and the ability to provide galvanic
isolation between the communicating entities. However, it has
a high cost and is subject to mechanical stress and fatigue, thus
prone to failure. Moreover, the laying out and connection of the
optical fiber cables are costly and time-consuming.

Wireless control of the submodules of MMCs is an alternative
to remedy the issues mentioned. Especially, for MMCs with high
numbers of submodules, it can offer the following advantages:

1) saving the cost of communication cables;
2) saving labor cost of the cabling layout and installation;
3) enabling factory testing and transportation of submodule

chains (valves), providing ready-to-operate components;
4) decreasing MMC station installation time;
5) decreasing maintenance time, increasing maintenance pe-

riod by avoiding the use of optical fiber cable, thus in-
creasing the availability of the MMC station [4].

On the other hand, wireless control of the submodules also
brings its own technical challenges and costs. From a tech-
nical perspective, wireless communication is stochastic, while
wired communication can be regarded as deterministic. When
appropriately configured, wired communication is more reliable
and has lower latency than wireless communication. Second,
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wireless communication can be more vulnerable to EMI in an
MMC station. Moreover, considering an MMC station as a criti-
cal infrastructure, securing its wireless communication network
can be more complicated than for a wired network. Similarly, set-
ting up a proper wireless network and placement of the wireless
transceivers might be a complicated task considering the safety
measures for high-voltage and electromagnetic compatibility.
From the expenditure point of view, wireless control requires its
own hardware infrastructure. Comparing the hardware costs of
the wireless and wired networks for controlling MMC submod-
ules is not meaningful before the technical features of a wireless
network that can be used for MMC submodule control are
determined. However, there is an increasing demand to control
industrial systems wirelessly, possibly leading to a decrease in
hardware costs of wireless networks [5].

Wireless control has not been applied for the submodules of
MMCs so far. However, it has been used in some other power
electronics and power systems applications such as electrical
machine drives [6]–[9], battery management systems [10], [11],
ac microgrids [12]–[15], and parallel dc–dc [16]–[19] and dc–
ac [16], [20] conversions. In electrical machine drives, wireless
communication has been mainly used for condition monitoring,
fault detection, diagnosis, and estimation. In [6], machine stator
current signals, and in [7] and [8], data fusion algorithms applied
sensor signals are transmitted wirelessly for condition monitor-
ing and fault diagnosis. In [9], the rotor position of an induction
machine is transmitted wirelessly to use in a position-estimation
algorithm. In battery management systems, measurements from
battery cells, such as voltage, current, internal resistance, and
temperature, are transmitted wirelessly to a centralized battery
control unit to estimate the state of charge and state of health of
the cells [10], [11]. In ac microgrids, wireless communication
is used in [12] and [13] to transmit the current references of
slave inverters from the master inverter, which is then used for
the internal control of the slaves. In [14], the active and reactive
power generations of parallel inverters are transmitted wirelessly
to enhance the droop control in parallel inverters. Wireless
communication is offered for the secondary control, which aims
to remove the frequency and voltage deviations in the grid of
islanded microgrids in [15]. The use of wireless communication
in ac microgrids is related to power system control objectives
(grid voltage and frequency control, load sharing) and not similar
to the control of MMC submodules, which is for converter inter-
nal control. In that sense, parallel dc–dc and dc–ac conversion
applications are closer to wireless control of MMC submodules.
In the parallel dc–dc and dc–ac conversion applications, either
the semiconductor switch ON/OFF signals [16], [17], or the output
current references of parallel converters [16], [19], [20], or the
insertion indices [18] are transmitted wirelessly. Transmitting
ON/OFF signals in [16] and [17] relies on broadcasting on two
different radio frequencies, which correspond to the ON and OFF

states of the mutual switching signal of parallel converters. The
method is not easily scalable to the MMC as each submodule has
a different switching pulse pattern and would require a separate
transmitter–receiver pair working harmoniously in the presence
of other pairs. Further analysis of the wireless transmission
of switching signals is presented in Section II-C. Transmitting
output current references to the submodules requires each of the

submodules to run converter control tasks (detailed in the next
section) locally, which is, in general, implemented by the central
controller due to the several and complex control objectives
of MMCs. Wireless transmission of insertion indices, on the
other hand, could be reasonable for the MMC submodules if
the indices are transmitted as frequently as the converter control
cycle, which is in tens or hundreds of microsecond order, and
the switching signals are generated in the submodules.

This article investigates the technical feasibility of the wire-
less control of submodules in an MMC. The targeted wireless
control is related to the internal control of MMCs. For this
purpose, a wireless MMC submodule control method based
on wireless transmission of insertion indices is proposed. The
proposal is analyzed against the latency and packet losses of
wireless communication. Wireless control of MMC submodules
is verified experimentally on a laboratory-scale MMC for the
first time.

The structure of this article is as follows. In Section II,
the MMC internal control architectures are reviewed from the
wireless control perspective. A wireless control method is pro-
posed in Section III, with a phase-shifted carrier synchronization
method suitable for wireless control. Latency and packet losses
of wireless communication are analyzed for the operation of
MMCs. Section IV includes the implementation details of the
proposed method on a laboratory-scale MMC and the experi-
mental results. Finally, Section V concludes this article.

II. MMC CONTROL ARCHITECTURES AND REVIEW FOR

WIRELESS CONTROL

A. MMC Control System

The MMC topology and its circuit analysis are well docu-
mented in the literature [1], [21] and are not repeated in this
article. The typical control system of an MMC is shown in
Fig. 1. The dashed blocks represent the control layers with
their typical cycle times defined by IEEE Standard 1676-2010
for high-power electronics applications [22]. The solid blocks
are the main MMC control subsystems [21]. The quantities
i�s, v

�
s , n, and s represent the converter reference ac-side current,

reference ac-side voltage, insertion index, and switching signals,
respectively. The control subsystems are fed back with the
variables shown below them. The system control and application
control are the high-level control layers connected to the power
system that governs the MMC. The output current control is
the heart of the converter control layer, which fundamentally
determines the operating point of the MMC in its power range.
The arm-balancing control ensures equal total stored energy in
the upper and lower arms and regulates the circulating currents.
According to the switching signals generated by the modulation
control and submodule capacitor voltage control, a submodule
of the MMC is inserted to or bypassed from the arm circuit.

B. MMC Internal Control Architectures

There are three main MMC internal control architectures
in the literature: centralized, decentralized, and distributed.
These architectures are also practiced in ac microgrid appli-
cations [23]–[26]. Nonetheless, the definitions of decentralized
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Fig. 1. Block diagram of the typical control system of an MMC. The dashed blocks represent the control layers with their typical cycle times defined by [22].
The solid blocks are the main MMC control subsystems [21] fed back with the variables shown below them.

Fig. 2. Three main internal control architectures of MMCs. CC and SC stand
for converter control and switching control, respectively.

and distributed architectures differ in ac microgrid applications
from their definitions in MMC internal control applications. In ac
microgrids, there is no central controller in the decentralized and
distributed control. The microgrid components communicate
with each other in distributed control via a (low-bandwidth)
wired or wireless network, whereas in decentralized control,
all the microgrid components operate on their own with their
local variables. In the next paragraphs, the decentralized and
distributed control architectures in MMC internal control ap-
plications are explained, followed by the rest of this article for
consistency with the literature.

The control architectures are illustrated in Fig. 2. CC and SC
stand for converter control and switching control, respectively,
and vic, si, and ni are the capacitor voltage, switching signal,
and insertion index of the ith submodule, respectively. The gray
variables and dashed block correspond that they may exist or not
depending on the implementation. In the centralized architec-
ture, after receiving i�s from a high-level controller, all the control
subsystems related to the converter control and switching control
layers are run in a single central controller, and the switching
signals are transmitted directly to each submodule [1]. If the
processing capabilities, the available number of input/outputs,
or the communication bandwidth of the central controller are
not sufficient, centralized control can be expanded to multiple

control layers [27], [28], and called as decentralized control [28].
In these cases, the mentioned control tasks are hierarchically
structured and shared between a central controller located at
the top and several arm/valve/group controllers below that
(the arm/valve/group controllers can be in hierarchical order).
Modulation is done in the arm/valve/group controllers, and the
switching signals are transmitted to the submodules. There is no
need for an advanced controller in the submodules in both the
centralized and decentralized control architectures.

Alternatively, in distributed control architecture, the submod-
ules have their controllers taking part in the MMC control tasks.
The arm/valve/group controllers may exist between the central
controller and the submodules or not. Assuming they do not
exist, the central controller and the submodule controllers work
in the master–slave configuration. The converter control and
switching control tasks can be allocated to the central controller
and the submodule controllers in various ways. In [29] and [30],
local stationary frame current regulators are used in the submod-
ules, assigning the converter control layer and switching control
layer tasks to the submodules. Although work [30] defines its
control architecture as decentralized, since the submodules take
part in the control of the MMC with their own controllers and
they are connected to the master controller with no other control
layer in between, it is categorized as a distributed architecture as
the majority of the other literature with similar architectures [29],
[31]–[35]. Specific control objectives related to converter and
switching control layers are assigned to two submodule groups
with different controller designs in [31]. In the most widely used
distributed control architecture, the converter control layer is
performed by the central controller, and the switching control
layer is performed by the submodule controllers [32]–[35].
This configuration enables the use of identical submodules
with reduced internal communication requirements when the
transmission of submodule capacitor voltages is avoided [34],
[35], and the use of a relatively low-bandwidth network between
the central controller and the submodules. Modulation in the
distributed architectures is most widely realized by carrier-based
modulation methods: phase disposition [30] and especially
phase-shifted modulation [29], [31]–[35]. It is important to note
that, in centralized and decentralized control, the modulation is
done out of the submodule controllers, and in distributed control,
it is done in the submodule controllers.
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C. Review of Control Architectures for Wireless Control

The control of MMCs is a time-critical process. The data
exchange between control algorithms of MMCs requires low
latency and high reliability. Considering the stochastic nature
of wireless communication, excessive latency or consecutive
loss of wirelessly transmitted data can lead to various problems,
such as harmonic distortion, overvoltages, overcurrents, and
instability. Thus, a communication scheme, in which the delays
and losses are minimized, should be designed along with a
control system that can cope with these concerns. To reduce the
risks, the amount of data that need to be transmitted wirelessly
should be decreased, and their period of transmission should be
increased in both directions of the communication between the
central controller(s) and submodules. The control architectures
are reviewed in the next paragraphs from these perspectives.

If a centralized or decentralized architecture is to be used for
wireless control, first of all, the switching signals (s in Fig. 1 and
s1/N in Fig. 2) have to be transmitted wirelessly from the central
or arm/valve controllers to the submodules. The switching states
are tightly scheduled. The delay or loss of them can quickly cause
problems ranging from distortions of the generated voltage to
overcharge or discharge of the submodule capacitors and loss
of stability. Even if the transmission is assumed to be ideal,
centralized and decentralized control is problematic from the
scheduling point of view, particularly if carrier-based modu-
lation is used. As an example, for a three-phase MMC with
100 submodules per arm and fundamental switching frequency
(which is the lowest meaningful value that can be used [36]),
there is a need for switching in one of the submodules approx-
imately every 15 μs. As a switching need arises, the command
either should be transmitted immediately, or several of them
should be delayed, grouped, and transmitted periodically. The
former method provides the ideal synthesis of the output voltage.
However, performing wireless transmission with such small
intervals is a very demanding task. The latter method enables to
use a single broadcast channel, and the transmission interval can
be adjusted according to the capabilities of the wireless network.
Still, the synthesized voltages are not ideal anymore. Thus, it
can be concluded that wireless control using a centralized or
decentralized architecture is not feasible.

If a distributed control architecture with a phase-shifted
carrier-based modulation is to be used for wireless control,
the insertion indices (n in Fig. 1 and n1/N in Fig. 2) have to
be transmitted wirelessly. From the output current control and
arm-balancing control points of view, the same insertion index is
valid for all the submodules of an MMC arm. The indices might
be adjusted for individual submodule capacitor voltage control
purposes, which are performed in the submodule controllers.
Thus, there are six insertion indices for the six arms of the
MMC to transmit from the central controller. The length of
this primary payload is fixed and independent of the number
of submodules. If the insertion indices are put in a single data
packet, they can be broadcast to all the submodules periodically.
This approach dramatically relaxes the scheduling and required
data rate of the wireless transmission. The wireless data may
still be delayed or lost, but the modulation and switching can
continue in the submodules, which are vital for the operation of

MMC, especially in fault cases. In case of transmission errors
for some or all submodules, submodule controllers can either
continue modulation with the previously received indices or
generate their own indices until the communication recovery.
For this purpose, the previously received data and the local
variables (capacitor voltage, if available, arm current) of the
submodule can be utilized. The measures to take and the design
of algorithms during such errors form a distinct research subject,
which can be called the autonomy of submodules, and is not
covered further in this article.

III. STRUCTURE AND ANALYSIS OF THE PROPOSED WIRELESS

CONTROL METHOD FOR MMCs

In light of the discussion in the previous section, the dis-
tributed control architecture using a two-level hierarchy with
phase-shifted carrier-based modulation is convenient for wire-
less control of MMC submodules. The ac-side (output) current,
arm balancing, and any other upper-level control tasks are
performed by the central controller, whereas modulation and
submodule capacitor voltage control are performed by the sub-
module controllers. All the central and submodule controllers
should have wireless communication infrastructure, preferably
on the same board/platform that the control algorithms executed.
The insertion indices of all converter arms should be periodically
broadcast in a single data packet. The wireless transmission
cycle should be set equal to the sampling period of the central
controller.

The ac-side current control of MMCs can be realized with
different methods such as proportional-resonant (PR) controllers
for single-phase MMCs or vector current controllers for three-
phase MMCs [21]. Similarly, the circulating current control,
which is a part of the arm-balancing control, can be realized
with a PR controller or a vector current controller in single-
or three-phase MMCs, respectively. The ac-side and circulating
current controllers require the arm current measurements. Also,
the point of common coupling (PCC) voltage measurements are
required for phase-locked loop and for feedforward control in
the ac-side current controller. In each sampling period, these
measurements should be fed back to the central controller. The
number of measurements to feed back is low and independent
of the number of submodules. On the other hand, the excessive
delay or loss of these measurements could lead to stability
problems in the ac-side or circulating current controllers. Thus,
there is not much to gain when the measurement feedback paths
are made wireless, even leading to complications. Consequently,
the arm current and PCC voltage measurements are advised to
feed back via a wired network.

The choice of arm-balancing control requires attention. The
obligate payload from the submodules to the central controller
(uplink data) for the steady-state operation of the MMC depends
on the chosen method for arm-balancing control and submodule
capacitor voltage control. Some of the arm-balancing control
methods require submodule capacitor voltage measurements
(closed-loop control [37] and hybrid control [21]). However,
the transmission of such a large amount of data, which increase
with the number of submodules, burdens the wireless network
from the bandwidth and scheduling points of view. Thus, it is
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wise to use a control method that does not rely on capacitor
voltage measurements. Direct voltage control (also known as
direct modulation) and open-loop voltage control [38] are of this
kind. In this article, open-loop voltage control is preferred, since
it provides lower parasitic voltage components on the ac-side
and internal voltages [21]. The block diagram of open-loop
voltage control is shown in Fig. 7 with other central controller
components, which will be detailed in Section IV.

As expressed previously, carrier-based modulation, especially
the phase-shifted modulation, is the most widely used modula-
tion method in distributed control applications. This choice is
also reasonable from the wireless control perspective. Provided
that the switching frequency of the submodules is not an integer
multiple of the fundamental frequency, phase-shifted carrier-
based modulation ensures reasonably well-balanced capacitor
voltages without requiring capacitor voltage measurements or
insertion/bypass states of other submodules [39]. Otherwise,
the methods that require these data, such as capacitor voltage
sorting based algorithms, pose further tasks that grow with the
number of submodules on the communication system. On the
other hand, a well-known issue of carrier-based modulation
in distributed MMC control applications is the asynchrony of
carriers generated in submodule controllers [30], [32]–[35],
[40], [41]. The challenge and proposed solution are detailed in
the next subsection.

Considering all the proposed control loops in the central
controller and submodules, there is no imperative uplink data
from the submodules to the central controller for the steady-state
operation. Nonetheless, auxiliary signals (submodule capacitor
voltages, temperatures, and semiconductor states) from the sub-
modules may need to be sent back to the central controller for
fault identification and handling. However, this article does not
consider fault handling, and these possible uplink signals are,
therefore, disregarded in the wireless network. Hence, a simple,
unidirectional, broadcast-type wireless transmission is sufficient
for the steady-state operation. The architecture of the proposed
control method is shown in Fig. 3. The quantities iua,b,c and
ila,b,c are the instantaneous values of the upper and lower arm
currents, respectively, and isa,b,c are the instantaneous values of
the ac-side currents. L is the arm inductor. The architecture is
generic and can be applied to MMCs with any submodules per
arm with the same wireless payload.

A. Asynchrony of Phase-Shifted Carriers and Proposed
Synchronization Method

In a centrally controlled MMC, the required phase shifts
between the modulation carriers can be set with high precision
since one and the same hardware generates them. On the other
hand, the carriers generated in submodule controllers have the
problem of drifting away from each other because of the different
frequency tolerances of individual crystal oscillators, which
source the counters that generate the carriers. This difference
causes the carriers to have slightly different frequencies than
the target. The frequency differences integrate over time and
result in distorted phase shifts. The most significant effect of the
distortion on MMC operation is the undesired generation of low-
frequency harmonics on the odd integer multiples and around

Fig. 3. Architecture of the proposed wireless MMC submodule control.

all the integer multiples of carrier frequency fc [42], [43]. The
amplitudes of these low-frequency harmonics are proportional to
fc, frequency tolerance of the clock sources, and the integration
interval. For this reason, the carriers in the submodule controllers
need to be synchronized periodically before the consequences of
asynchrony become detrimental. Synchronization of distributed
carriers is discussed for several wired networks, most of which
propose the use of special synchronization functions of field-bus
networks such as EtherCAT [34], [40], [41] or CAN [32],
[33], or propose periodic transmissions only for synchronization
purpose [30], [35].

The synchronization should, ideally, reset all the asynchrony
and provide the exact required phase shift. However, especially
in a wireless control environment, the synchronization may be
imperfect due to the delays and losses of the synchronization
signal, resulting in an unavoidable asynchrony. Thus, the wire-
less control method should provide a robust and straightforward
synchronization mechanism with satisfactory performance. This
article proposes the following synchronization method for wire-
less control of MMC submodules.

1) The phase-shifted carrier period is set as an integer multi-
ple (i.e., p times) of the wireless transmission period.

2) The wireless payload sent from the central controller
contains a 1-bit synchronization flag.

3) In every pth wireless transmission, the flag is set.
4) Submodule controllers reset their carriers to the initial

phase shifts as soon as they receive the wireless data with
the synchronization flag set.

The method requires only 1 bit for the synchronization of all
the submodules. As it is embedded in the periodic wireless data
packet, there is no additional scheduling and transmission task.
Carriers are synchronized at every period. The synchronization
precision is only dependent on the wireless data reception time
spread of submodules, assuming that the internal processing
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times of the submodules are the same. For the broadcast type
of wireless data, the reception time is approximately equal for
all submodules. The only source of reception time difference
is the propagation delay of the broadcast data over the air.
For example, the data reception time difference between two
submodules placed a couple of hundred meters away from each
other is in the submicrosecond range. Then, the unavoidable
asynchrony is less than 0.1% of the full period for a 1-kHz carrier.
The experimental performance of the proposed synchronization
method can be observed in Section IV-E.

B. Wireless Communication Network

Time-critical applications do not have a generally accepted
and mature wireless communication standard. In the wireless
control of MMC submodules, a definite number of transceivers
are fixed in the space. They do not have power constraints.
With the proposed control method, the payload to transmit is
in the range of tens of bits in every sampling period (typically
100 μs). The transmission is unidirectional and of broadcast
type. There is no retransmission. In this article, the functionality
of the proposed control method is intended to be observed
with an elementary wireless network. For this aim, the IEEE
802.11a Wi-Fi protocol [44] with only the physical layer (but
no other network layers) is considered. The resultant network
provides no extra measures to increase the reliability and forms
merely a basis for the wireless control performance of the MMC
submodules.

C. Analysis of Latency in Wireless Control

The components that contribute to total time delay Td of the
control system in an MMC are [45] the following:

1) sampling delay TADC;
2) controller delay TDSP;
3) communication delay TCOM;
4) pulsewidth modulation (PWM) delay TPWM.
The characteristics of these components are explained in the

referred article and not repeated here. However, the sampling
techniques and the related controller delay should be reconsid-
ered. In two-level converters controlled by standard microcon-
trollers or digital signal processors (DSPs), the sampling of volt-
ages and currents is synchronized with the carriers such that the
sampling is performed at the peak and/or valley of the carriers.
The reference in the modulation stage is updated only at the
sampling instants. In this way, no low-frequency aliasing errors
occur in the sampled signal spectrum even if no antialiasing filter
is used. However, it results in fixed controller delays of either full
or half the sampling period [46]. From the control perspective,
the total time delay should be minimized. Minimization of time
delay is even more critical for control systems with wireless
communication, which may have longer and random delays than
wired communication. Thus, it makes sense to reduce the full or
half sampling period controller delay. Indeed, synchronization
of sampling and modulation does not make sense in MMCs with
phase-shifted carrier-based modulation in terms of avoiding low-
frequency aliasing errors. Considering a single submodule of an
arm with N submodules, its modulation is synchronized with
the sampling instant(s) corresponding to its own carrier. Still,

all the other N − 1 submodules can be at any point during their
modulation period. Thus, the motivation for avoiding switching
harmonics in the sampled signal is not valid. However, this
asynchrony does not give rise to significant problems if the sam-
pling frequency is sufficiently high such that the spectrum of the
sampled signal is negligible above the Nyquist frequency. This,
in fact, is the case where the equivalent switching frequency
is Nfc or 2Nfc, and owing to the arm inductors, the switching
harmonics in this frequency range become negligible. Therefore,
it is no longer required to synchronize sampling with modulation
and delay the insertion index update until the next sampling
instant. The immediate update enables a smaller system time
delay, which is advantageous to compensate for the wireless
communication delays.

Any latency originating from the wireless control can be
added to TCOM. The components that contribute to TCOM in
a wireless network can be categorized as:

1) processing delay;
2) transmission delay;
3) propagation delay.
Processing delay is the time taken by the transceivers to

process the data packet for wireless transmission or reception. It
also includes the queuing delay for transmission, which is when
the wireless packet spends before accessing the transmission
medium. Transmission delay is the time required to push all
the wireless packet bits into the transmission medium. It is a
function of the number of bits P and the data rate R and can
be approximated as P/R, excluding some fixed-size overhead.
Propagation delay is the time it takes for the first bit of the
wireless packet to travel from the transmitter to the receiver. It
is a function of the propagation speed (speed of light, c) and the
distance to be traveled d, and is d/c.

The simple wireless network proposed in the previous section
only uses the physical layer of the IEEE 802.11a standard. The
transmission relies on broadcasting periodic and fixed-length
data from the central controller to receivers at fixed locations in a
dedicated channel only accessed by the central controller. Hence,
the transmission delay is fixed and the same for all submodules.
The propagation delays are fixed for each submodule but have
a variance between each other at most in the submicrosecond
range, as explained in Section III-A. Since having periodic and
fixed-length data, the processing delay can be regarded as fixed,
too. The amount of the data are sufficiently small to finish the
transmission before the next data packet is formed. Therefore,
transmissions can start immediately when new data are present.
As a result, there is no queuing delay. Considering all the above,
in the proposed wireless network, one can expect no random
latency in the received data if the data reception is successful.
On the other hand, transmission errors can still occur since
wireless channels are subject to fading, noise, and interference.
Consequently, the considered wireless network results in two
cases for the reception: 1) the data are received with no random
delay but with deterministic delays, as explained above; and
2) the data are lost. The effects of these highly deterministic
latencies and random packet losses should be evaluated for the
MMC controllers.

The most important effect of latencies is the decreased phase
margin in closed-loop control. Extreme latencies can cause
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Fig. 4. Received insertion indices by the submodules with and without packet
losses in wireless communication.

instability. The stability of the converter should be assessed
with the calculated/measured total latency and the parameters
of the controllers and converter. The assessment is exemplified
in Section IV-D.

D. Analysis of Packet Losses in Wireless Control

In a wireless communication network, the length of packet
loss trains depends on several factors, including the employed
communication protocol, the environment in which the commu-
nication is conducted, time, geographical position, the distance
between the transceivers, packet size, and more. A common
method of characterizing communication networks in wireless
control applications is to do measurements in the targeted in-
dustrial environment [47]. In this way, while mimicking the
communication required for wireless control, several network
parameters can be obtained, such as the distribution of packet
losses length, the mean, standard deviation, and maximum of
them.

The submodule controllers can be designed to update the
insertion index in their modulation process with the received
data if they receive a wireless data packet. Otherwise, they
continue to use the last successfully received insertion index.
In Fig. 4, the insertion indices received by the submodules are
illustrated with random losses and without loss of the wireless
packets. ma is the modulation index and T1 is the fundamental
period. In the control algorithms of MMCs, the packet loss can be
modeled as a decrease in the sampling frequency for the period
of packet loss. The MMC can be rendered immune against the
majority of the packet losses by taking the duration of the longest
“tolerable” packet loss train as the longest sampling time and
tuning the controller accordingly. In other words, the controller
can be designed with a lower sampling frequency considering the
packet loss trains but operated with a higher sampling frequency
to provide room for losses. This approach disregards the packets
received more frequently than the corresponding frequency of
considered packet loss train. Hence, it provides a worst-case
scenario as if the considered packet loss train occurs periodically.
In an MMC with no loss of control data and with a PR or
proportional-integral current controller, the sampling frequency
ωs and desired closed-loop-system bandwidth αc are related

TABLE I
MMC PARAMETERS

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

as [21]

αc ≤ ωs

10
(1)

where ωs is defined as

ωs =
2π

Ts
(2)

and Ts is the sampling period. Then, if the considered tolerable
packet loss train lasts k consecutive sampling intervals, the
desired closed-loop bandwidth should be decreased to

αc ≤ ωs

10(k + 1)
(3)

to render the MMC immune against a maximum of k consec-
utive packet losses. The tolerance to consecutive packet losses
is related to the bearable decrease in the desired closed-loop
control bandwidth. The excessive bandwidth reduction is not
desirable, and the minimum bearable bandwidth is dependent on
the specific application. Then, there would be packet loss trains
to which the MMC controllers are not tuned for. The methods
to deal with these long packet losses and continue the regular
operation of MMC or the methods to mitigate the detrimental
effects of abnormal operation during long packet loss trains are
out of the scope of this article. However, the consequences of
these long packet loss trains are exemplified experimentally in
Section IV-E.

IV. IMPLEMENTATION OF WIRELESS CONTROL AND

EXPERIMENTAL RESULTS

The wireless control method proposed in Section III is imple-
mented on a single-phase laboratory-scale MMC [48] to validate
its viability and evaluate its performance. The wireless control
performance is benchmarked against that of the wired control
featuring the same control algorithms. The parameters of the
MMC are given in Table I. The phase-shifted carrier period is
set 12 times the wireless transmission period (which is equal
to the inverse of the sampling frequency given in Table II),
making the pulse number equal to 16.67. Three submodules
are used per arm, enough to obtain the multilevel voltage char-
acteristics while enabling rapid prototyping. The modulation
index is high at 0.95, as in HVdc transmission applications.



8446 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

TABLE II
CONTROLLER PARAMETERS

Fig. 5. Structural diagram of the wirelessly controlled single-phase MMC
experimental setup. The payload of wireless packets is shown in Fig. 8. Ro and
Vdc are provided to the central controller by the operator.

The same submodules of the MMC in [48] have been used
while keeping the same submodule capacitance, which is a bit
high for the operating conditions in this article. However, the
high capacitance value does not have any effect on the wireless
submodule control. On the other hand, the arm inductance is
lower than the original design, making the internal control more
difficult. The MMC consists of half-bridge submodules and is
operated in the inverter mode. The structural diagram of the setup
is shown in Fig. 5. iu, il, and is are the upper arm, lower arm,
and ac-side currents, respectively; vu, and vl are the inserted
upper arm and lower arm voltages of the MMC, respectively;
and va is the voltage over ac-side resistance, ac-side voltage vs
is equal to (−vu + vl)/2. There are three wireless transceivers:
one connected to the central controller working as a transmitter

and one receiver for each upper and lower MMC arms. The
separation of controller and transceiver boards, consequently
the use of RS 485 physical layer between these boards, and the
use of one wireless receiver per arm are special conditions of
the setup compared to the proposal given at the beginning of
Section III and illustrated in Fig. 3. The separation of controller
and transceiver boards causes board-to-board communication
delays (detailed in Section IV-D) compared to when the con-
troller and transceivers are on the same platform but possibly
separate chips. On the other hand, using a single receiver per arm
does not affect the control algorithms or parameters compared to
the original proposal. Moreover, it does not have a distinguish-
able effect on the experimental results of this article, which is
verified by simulation studies but not shown due to the length
of the article. In the wired control case, the central controller is
connected directly to the LVCMOS—RS 485 converter in Fig. 5.
The components of the setup are explained in Sections IV-A–
IV-C. Latency analysis of the setup is given in Section IV-D, and
the experimental results are given in Section IV-E.

A. Central Controller

The central controller is a Xilinx Zynq-7000 SoC ZC702
Evaluation Kit. During every sampling period, it executes the
following tasks sequentially:

1) sampling the arm currents with wired communication;
2) running ac-side current, circulating current, and arm-

balancing controllers;
3) generating the insertion indices and forming up the wire-

less payload;
4) transferring the wireless payload to the attached wireless

transmitter.
PR controllers are used as the ac-side and circulating current

controllers, and the open-loop voltage controller is used for the
arm-balancing control. va is fedforward in the ac-side current
controller to improve its dynamic performance. The block dia-
grams of the controllers with their respective plants and Td are
shown in Fig. 6. In the ac-side current control loop, i�s is the
reference ac-side current, Kp and K1 are the proportional and
resonant gains of the ac-side current controller, respectively, v�s
is the ac-side voltage reference, andvfa is the feedforward voltage
of the ac-side resistance, which is defined as

vfa =
Vdc

2
ma sinω1t. (4)

In the circulating current control loop, i�c and ic are the reference
and instantaneous circulating currents, respectively, K2 and Ra

are the resonant gain and the virtual resistance of the circulating
current controller, respectively, and v�c is the internal voltage ref-
erence. The central controller block diagram is shown in Fig. 7,
where vΣ�

cu and vΣ�
cl are the sum capacitor voltage estimates for

the upper and lower arm, respectively, and synch is the synchro-
nization flag. The controller parameters are listed in Table II as
a function of k in (3). The parameters are chosen according
to the MMC controller design suggestions in [21]; the design
processes are not repeated for brevity. The stability analyses
of the controllers are conducted in Section IV-D. The central
controller forms the wireless data packet and sends it immedi-
ately to the wireless transmitter to be broadcast. Asynchronous
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Fig. 6. AC-side current (upper) and circulating current (lower) control loops.
is and ic are calculated from the wired iu,l measurements, as shown in Fig. 5.

serial communication with 480-ns bit length (2.08 Mbit/s) is
used between the central controller and the wireless transmitter.
A diagram presenting the data packet sent from the central con-
troller is shown in Fig. 8 . The packet is structured as if the MMC
were a three-phase converter to obtain the worst-case latency.
Apart from the insertion indices and the carrier synchronization
flag, the packet contains arm currents, dc-bus voltage, and a
proportional gain to use in individual capacitor voltage control,
which is detailed in the next subsection.

B. Submodule Controllers

The submodule controllers are DIPFORTy1 Soft Propeller
modules equipped with a Xilinx Zynq-7 XC7Z010 system on a
chip. They are connected to the wireless receivers with the same
parameters as the central controller wireless transmitter com-
munication. The block diagram of the submodule controllers
is shown in Fig. 9, where v�cu,l and vicu,l are the reference and
instantaneous submodule capacitor voltages, respectively, ncap

is the individual capacitor voltage control term, ni and si are
the insertion index and the switching signal of the submodule,
respectively. Individual submodule capacitor voltage control is
added as a secondary submodule-capacitor-voltage-balancing
control [21]. In this control, G0 is the proportional gain, and
Îmax is the maximum allowed ac-side current peak value. If
there is no current sensor on the submodules, which might
be the case due to its cost, the arm current measurement and
the reference capacitor voltage should be transmitted from the
central controller. These two groups of downlink data can be
attached to the insertion indices and broadcast together, as
shown in Fig. 8. The arm current measurements received by
the submodules have the wireless communication delay as extra
compared to the measurements received by the central controller.
Since the sign of the arm current affects the sign ofncap, the extra
delay can cause degradation on the individual capacitor voltage
control performance near the arm current zero crossings. On
the other hand, ncap is almost zero near the arm current zero

TABLE III
WIRELESS COMMUNICATION PARAMETERS

crossings. Thus, the degradation is insignificant. The submodule
controllers execute the following tasks concurrently:

1) receiving the payload of the central controller (see Fig. 8)
via the wireless receivers;

2) calculating the individual submodule capacitor voltage
control reference (ncap in Fig. 9);
a) sampling the submodule capacitor voltage with 2fc

sampling frequency;
3) modifying the received insertion index with the individual

submodule capacitor voltage control reference;
4) resetting the carrier to the initial phase if the synchroniza-

tion flag is set in the received payload;
5) phase-shifted carrier-based PWM.
The phase and frequency of the carriers are fixed in the

embedded software.

C. Wireless Transceivers

The wireless transceivers are based on a WARP v3 Kit. WARP
project offers a reference IEEE 802.11 orthogonal frequency-
division multiplexing physical layer (PHY) and a distributed
coordination function medium access control (MAC) design for
the WARP v3 Kit. In this study, carrier-sense and random backoff
mechanisms of the MAC layer are disabled, and PHY is used
for wireless networking. As soon as the wireless transmitter
receives the data packet in Fig. 8 from the central controller, it
broadcasts the packet after adding the 8 B header and 4 B frame
check sequence. The wireless receivers forward the payload of
the central controller to the submodule controllers when they
receive a wireless packet successfully. The parameters of the
wireless transmission are listed in Table III. It is important to
note that the experiments are conducted in an indoor laboratory
in the basement with low transmission power. Any other Wi-Fi
device in the vicinity does not use the wireless channel used in
the experiments. Therefore, no substantial harmful interference
with other devices is created.

D. Latency Analysis of the Setup

The delay components listed in Section III-C have been mea-
sured and calculated for the experimental setup. The following
values were obtained.

1) TADC was measured to be 3.51 μs (including the wired
communication between the current sensors and the cen-
tral controller).

2) TDSP was measured to be 4.91 μs.
3) TCOM:

a) serial communication delay from the central controller
to the wireless transmitter was calculated as

Tsrl = 480 ns/bit · 136 bits = 65.28μs (5)
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Fig. 7. Central controller block diagram of the experimental setup. i�s and i�c are calculated internally using Vdc and Ro that are provided by the operator, and
iu,l are obtained from wired measurements, as shown in Fig. 5. synch is generated internally.

Fig. 8. Payload of the central controller to be sent wirelessly with the corresponding number of bits on top. Multiplication with 6 represents the data of the six
arms of the MMC.

Fig. 9. Submodule controller block diagram of the experimental setup. The
dashed inputs in blue are wirelessly received, and vicu,l is measured locally.
v�cu,l is equal to Vdc/N .

b) wireless transmission delay Twrlss from wireless trans-
mitter serial input pins to wireless receiver serial output
pins was measured to be 52.95 μs;

c) serial communication delay from the wireless receivers
to the submodule controllers is the same as (5).

4) TPWM is calculated based on multisampled PWM de-
lays [49] as

TPWM =
Tc

2
fs
fc

=
1

2fs
= 50μs (6)

where Tc is the carrier period and fs is the sampling frequency.
Consequently, Td is equal to the sum of the delays above and
calculated as 241.93 μs for wireless communication. This delay

Fig. 10. Bode plot of the ac-side current control open-loop transfer function.

is highly deterministic with the proposed control and communi-
cation methods. The open-loop transfer functions of the ac-side
and circulating current control loops can be obtained from Fig. 6
as

Gac(s) =
2[Kp(s

2 + ω2
1) +K1s]

(s2 + ω2
1)(sL+R)

e−sTd (7)

Gcc(s) =
(Ra +R)[s2 + (2ω1)

2] +RaK2 s

[s2 + (2ω1)2](sL+R)
e−sTd (8)

respectively. Then, the Bode diagrams of the open-loop transfer
functions can be analyzed to determine their closed-loop stabil-
ity. Bode diagrams with different k values and above-defined Td

are obtained as in Figs. 10 and 11. In the figures, PM and DM
stand for the phase and delay margin, respectively. The control



ÇIFTÇI et al.: WIRELESS CONTROL OF MODULAR MULTILEVEL CONVERTER SUBMODULES 8449

Fig. 11. Bode plot of the circulating current control open-loop transfer func-
tion.

Fig. 12. Experimental setup: central controller and wireless transmitter (left),
wireless receivers, submodules, and LVCMOS—RS 485 converter (right).

loops are stable with the end-to-end delay of the implemented
setup with all the k values.

In wired communication experiments, TCOM components (b)
and (c) are not present, and the total delay is 123.70 μs.

E. Experimental Results and Discussion

The experimental setup is shown in Fig. 12. The central con-
troller and the submodules are roughly 2 m apart in a power elec-
tronics laboratory room. In order to obtain the packet loss char-
acteristics of the wireless communication of the experimental
setup, three measurements are done on wireless communication.
Each of the measurements lasts 1 h. During the measurements,
the MMC does not have dc-side voltage; the central controller
transmits a fixed sinusoidal reference, while ma is 0.95. The
packet losses are determined from the first submodule controller
of the upper arm. The statistics of the packet losses of the three
measurements are shown in Table IV. The mean packet loss
length is around 100 μs, which corresponds to a single packet
loss. The maximum packet loss length and standard deviation
notably changes between different measurements.

A set of experiments is conducted with the MMC while
changing the controller parameters in Table II related to k and
keeping any other setting. k is changed in the range 0–5. Note
that, by setting k = 5, the MMC becomes immune to the packet
losses within 5.45 standard deviation of the losses according to
the results of measurement 2 in Table IV. The ac-side voltage
and circulating current together with their harmonic spectra

TABLE IV
WIRELESS COMMUNICATION PACKET LOSS CHARACTERISTICS

∗Fractions of lost packets are calculated based on the mean, count values, and the total
number of packages transmitted in an hour.

Fig. 13. AC-side voltage (upper) and harmonics spectrum (lower). The fun-
damental component peak value is 49.50 V.

Fig. 14. Circulating current (upper) and harmonics spectrum (lower). The ac
value corresponds to Iac,rms/Idc, including all the ac harmonics. DC is 1.25 A.

and one capacitor voltage in the steady state for k = 5 are
shown in Figs. 13–15, respectively. The harmonic components
are calculated based on “very short time harmonic measure-
ments” in [50]. Harmonics larger than 0.1% of the fundamental
component and up to the 100th harmonic are shown in the
figures and included in the total harmonic distortion (THD)
calculation. Figs. 13–15 show that the MMC operates stably with
the proposed wireless control in the steady state. The dominant
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Fig. 15. Capacitor voltage of a submodule. The mean value is 33.12 V.

TABLE V
MMC PERFORMANCE WITH WIRELESS AND WIRED COMMUNICATION

switching harmonics in the ac-side voltage are around 2Nfc.
There is no significant harmonic on/around fc and its integer
multiples except for the N th multiples. This indicates the suc-
cess of the proposed carrier synchronization method [42], [43].
The second and fourth harmonics in the circulating current are
suppressed, and the dominant harmonics are around Nfc. The
capacitor voltage of a submodule is stable around its nominal
value.

The experiments are repeated with the wired communication
having the same controller parameters of the wireless case
except for the compensation of Td in the resonant controllers. In
Table V, the performance of the MMC with wireless and wired
control with different k values are compared. In the table, (i) and
(ii), both in percent, correspond to the ac-side voltage THD and
circulating current ac component ratio (the root mean square of
all the ac harmonic components divided by the dc component,
Iac,rms/Idc), respectively. The ratio in the table is wireless to
wired. For wireless control and k = 0, in the ac-side voltage
harmonic spectrum, there are higher low-frequency baseband
harmonics (5, 7, 9, and the like) and slightly higher switching
harmonics compared to the wired case. As the closed-loop
control bandwidth decreases (k increases), the baseband and
the switching harmonics of the wireless case approach those of
the wired case. Consequently, while the ac-side voltage THD of
wireless control is higher than that of the wired case for k = 0,
it decreases and approaches the THD of the wired case as the
closed-loop control bandwidth decreases.

The circulating current spectra of the wireless and wired
cases have their dominant harmonics around Nfc, as expected.
However, for k = 0, the wireless case has higher wideband
harmonics and lower dominant harmonics than the wired case.
The dominant harmonics have a higher weight in the ac com-
ponent calculation than the wideband harmonics. Hence, the
ac component of the circulating current in wireless control is
lower than the wired for k = 0. As the bandwidth decreases, the

Fig. 16. AC-side current dynamic responses of the wired (blue), wireless
(orange) cases, and i�s (yellow) overlapped. At 0.02 s, î�s is stepped from 0
to 4.75 A and at 0.08 s, back to 0 A.

Fig. 17. Zoom-in views of the ac-side current dynamic responses of the wired
(blue), wireless (orange) cases, and i�s (yellow) around the step times. At 0.02 s,
î�s is stepped from 0 to 4.75 A and at 0.08 s, back to 0 A.

spectrum of the wireless control approaches that of the wired
case as well as the ac component value.

The dynamic response of the wirelessly controlled MMC to
step changes in the ac-side current reference is observed when
k = 5. The ac-side current reference is defined in its controller
(see Fig. 6) as

i�s = î�s sin(ω1t+ φ) =
Vdc

2
ma

1

Ro
sin(ω1t+ φ) (9)

where î�s is the peak value of i�s . î�s is adjusted by changing ma

while keeping Ro constant, as defined in Table I. At 0.02 s, î�s is
stepped up from 0 to 4.75 A (corresponding to ma stepped from
0 to 0.95) with φ being π/2 so that at the instant of the step,
the peak current is demanded. At 0.08 s, î�s is stepped back to
0 A. The experiment is repeated with wired control for transient
performance comparison. The ac-side current waveform of the
wireless and wired control cases and i�s are shown in Fig. 16.
The three waveforms overlap finely. The zoom-in views of the
waveforms around the step times are shown in Fig. 17. Wireless
and wired cases have similar transient responses. They have a
quick initial response and converge to i�s in 300 μs with the help
of the feedforward. Both the steady-state and dynamic results
verify the viability of the wireless control of MMC submodules
and show that it can perform comparably to the wired control.
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Fig. 18. AC-side voltage (blue) and a single submodule capacitor voltage
(orange) just before (top) and right after (bottom) two different 2.68 s single
train of packet losses.

Fig. 19. AC-side voltage (blue) and a single submodule capacitor voltage (or-
ange) during a periodic train of packet losses. Every third packet is transmitted.

As a further study, long packet loss trains are generated
artificially in wireless communication, and the stability and
performance of the MMC are observed. These experiments are
carried out with 10-V dc-side voltages for the safety of the setup.
Two cases of packet loss are experimented with: single train and
periodic trains. During the loss trains, none of the submodules
receives wireless data.

The single train is experimented with up to 2.68 s (26 800
consecutive losses). In this case, the submodules operate like a
dc-to-dc converter. They provide a fixed voltage on the ac side
depending on the last successively received insertion index. As
the communication is recovered, the submodules continue their
operation successfully. However, having a constant insertion
index disturbs submodule capacitor voltage balancing. In the
case of long packet loss intervals, and if there is no other measure
taken, the submodule capacitors may get charged above their
voltage ratings, as shown in Fig. 18.

Periodic trains are implemented such that after one suc-
cessful wireless transmission, communication is disabled for
some interval. Then, the cycle repeats. It is observed that if the
closed-loop current control bandwidth is decreased as in (3), then
the MMC might operate stably up to the communication disable
interval with the k value used for the calculation of controller
parameters. However, if the periodic loss trains occur such that

the synchronization flag is always missed, then the MMC suffers
from the problems related to the asynchrony of the carriers and
overcharge/discharge of the submodule capacitor voltages. As
an example, in Fig. 19, every third wireless packet is transmitted,
and the submodule capacitor voltage is not in a steady state.

V. CONCLUSION AND FUTURE WORK

Wireless control of MMC submodules may offer cheaper con-
verter stations, reduced installation time, and higher converter
availability. However, it comes with fundamental operational
challenges due to its higher latency and lower reliability than
the wired control. In this article, for the first time, a wireless
MMC control approach is proposed, analyzed, and verified
experimentally. The control is based on the distributed architec-
ture with broadcast type of wireless communication. Even with
an elementary wireless network with no measures for higher
reliability, the wireless control performs comparably to the wired
control with high closed-loop control bandwidth in the steady
state. As the bandwidth decreases, the two methods perform sim-
ilarly. They also have similar transient responses. The proposed
control approach can be taken as the basis for the wireless control
of an industrial-scale MMC. For this aim, several other technical,
implementation, and financial aspects need to be studied, which
are beyond the scope of this article. The technical aspects include
higher reliability of the MMC with the autonomous operation of
the submodules in cases of wireless communication errors that
persist beyond the considered tolerable packet loss train. Also,
a low-latency high-reliability wireless network designed for
industrial control systems can be exploited. Furthermore, fault-
handling algorithms suitable for wireless communication should
be established. The implementation aspects are related to the
installation and realization of wireless control in an industrial-
scale MMC station, some of which are mentioned in Section I.
These aspects include but are not limited to the proper installa-
tion of the wireless network in MMC stations, the viability of
the wireless communication in the EMI environment of MMCs,
the security of the wireless network, and monitoring tasks.
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