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Abstract  
The modular multilevel converter is one of the most preferred converters for high-power conversion 
applications. Wireless control of the submodules can contribute to its evolution by lowering the material and 
labor costs of cabling and by increasing the availability of the converter. However, wireless control leads to 
many challenges for the control and modulation of the converter as well as for proper low-latency high-
reliability communication. This paper investigates the tolerable asynchronism between phase-shifted carriers 
used in modulation from a wireless control point of view and proposes a control method along with 
communication protocol for wireless control. The functionality of the proposed method is validated by 
computer simulations in steady state. 

Introduction 
Modular multilevel converters (MMCs) are considered as the state-of-the-art power-conversion systems for 
high-power conversion applications. First presented by Marquardt et al. [1], it has spread into high-voltage 
direct current transmission (HVDC) [2], electric railway supplies [3], and high-power motor drives [4] in 
recent years. The advantages of multilevel converters in general (low harmonic distortion, low dv/dt rate) 
and those of MMCs in specific (excellent scalability in terms of voltage and power, low switching frequency 
and losses, high availability due to modular structure, no need for series connection of semiconductors) make 
MMCs the preferred solution among voltage source converters. 
 
MMCs may consist of hundreds of submodules. Control of the converter requires switching and sensor data 
exchange between a (central) controller and the submodules. Currently, this data exchange in MMCs is 
conducted by tethered connections, generally over optical fiber cables. However, tethered connections cause 
many mechanical issues in systems. Wires (especially optical fiber cables) are subject to stress and fatigue 
and are prone to leading a failure. Moreover, for a converter with hundreds of submodules, this cabling can 
be cumbersome and costly. Thus, the next step to promote the utilization of MMCs would be wireless control 
of submodules. The advancement can remove kilometers of cables used for control purposes, save related 
costs, decrease maintenance time, and increase the availability of the converter. However, this change of 
converter construction comes with many challenges in control and modulation of the converter since the 
wireless connection has fundamental differences than tethered connections in terms of latency and reliability. 
 
The control of an MMC can be subdivided into high-level control (ac-bus and dc-bus voltage, output power), 
ac-bus current control, arm-balancing control (circulating current and sum capacitor voltages), modulation 
and submodule capacitor voltage balancing. All these control processes can be implemented either in a 
centralized control approach or a distributed approach. In centralized control approach, a central controller 
runs all the processes. It receives reference variables from higher level systems (output voltage/current, etc.), 
the feedback voltage and current measurements, fault and auxiliary signals from the submodules and/or other 
components. Then it sends tightly scheduled switching signals to the submodules for the insertion or bypass 
of the submodule. The communication requires high data rate and reliability but very low latency. In a 



 

distributed approach, on the other hand, the control processes are divided between controllers in different 
hierarchical levels. The simplest approach for that could be to distribute the workload between the central 
controller and local controllers which are located in the submodules. The high-level, ac-bus current and arm-
balancing controls are run on the central controller, whereas modulation and submodule capacitor voltage 
balancing are run on the submodules. The data exchange between the central and local controllers consists of 
slower dynamics such as modulation indices compared to highly deterministic switching signals in a 
centralized approach. Considering the stochastic nature, higher latencies and lower reliability in data transfer 
of wireless communication [5], a distributed control approach would be more suitable to employ than 
centralized approach for wireless control of submodules. 
 
Proper modulation and capacitor voltage balancing necessitate the switching to be done in the “right” time, 
regardless of the modulation method. Ensuring the right timing of switching in distributed control refers to a 
requirement of having a common time basis for all the submodules. From the viewpoint of carrier-based 
modulation, which is the most generally accepted modulation method and proposed to use in this paper as 
well, this requirement can be expressed as the necessity of synchronized carrier waveforms in submodules. 
However, it is not possible to achieve a perfect synchronization between these carriers formed in different 
controllers because of the reasons that will be explained in the next section. Thus, this requirement forms a 
challenge for wireless control of submodules and the MMC should be able to function well enough with 
some asynchronization between these carriers. The synchronization of carriers actually depends on the 
synchronization of the clock sources which form the carriers in local controllers. In the literature, 
synchronization mechanisms for different clock sources in some distributed control approaches with tethered 
connections are discussed [6]-[8]. However, the amount of tolerable asynchronism between clocks and the 
reasoning of this amount are not clear. The tolerable asynchronism and the rate of recurrence of 
synchronization process are of great importance for the implementation of a wireless control method. Higher 
latency and lower reliability in data exchange compared to tethered communication methods are also main 
challenges of wireless control of submodules. Therefore, it should be avoided to rely on wireless 
communication for time-critical data and the data rates should be decreased. The complexity of control and 
excess of variables to be controlled in MMC make these requirements even more challenging. 
 
In this paper, the effects of asynchronism between distributed clocks in submodules with respect to the 
harmonic quality of the ac output voltage are studied. Moreover, a control plan together with a wireless 
communication protocol to be used for wireless control of submodules is proposed. The study and proposal 
are strengthened by means of computer simulations. The paper is organized as follows: In the next section, 
the roots of asynchronism between carriers in local controllers are analyzed. Then, the effects of 
asynchronism in ac output voltage harmonic quality is investigated and a tolerable amount of asynchronism 
is proposed for a specific MMC configuration. Later, a wireless control method of MMC submodules is 
proposed along with wireless communication network and its functionality is validated by computer 
simulations. The conclusion is given lastly. 

Analysis of Carrier Asynchronism Sources 
For the modulation of MMCs, several carrier-based methods have been proposed [9]. In the distributed 
control approach, phase-shifted carrier (PSC) modulation is suitable and easier to implement. The carrier 
signal to be used in the modulation algorithm is produced by a clock source (could be an oscillator) of the 
submodule controller and the carrier shall be compared with the reference signal sent from the central 
controller or a modified version of this base signal. In the ideal case, carrier signals have exactly the required 
phase-shift, ߠ௖௞ = ߨ2 ݇ − 1ܰ ,  (1) 

where k=1…N and N is the number of submodules per arm. This yields ideal switching-pulse patterns 
characterized by the reference signal. In practice, however, a clock source may deviate from its nominal 
frequency and have some jitter in its clock ticks. In a centralized control algorithm, since all the carriers are 
produced by the same central clock source, the phase-shifts are almost ideally spaced, even if the frequency 
of the clock source has some deviation or the clock source has a jitter in its ticks. However, in a distributed 



 

control algorithm, there may be secondary unintentional phase-shifts between the carrier signals emanating 
from the asynchronism of the local clock sources. These secondary phase-shifts distort the ideal switching-
pulse patterns, which in turn distort the ac output voltage and increase its harmonic content. The following 
three causes of asynchronism have been identified and their effects on carriers are illustrated in Fig.1: 
 

1. time difference between the exact start of counting when the clock sources are powered up, 
2. frequency stability and jitter of each clock source, 
3. inevitable asynchronism between clock sources even after a synchronization process is performed. 

 

 

Fig. 1: Asynchronism between distributed carriers 

The asynchronism emanating from the time difference between the clock’s exact start of counting, the 
power-up asynchronism, can be regarded as temporary. It can be eliminated after the first successful clock 
synchronization process when the required ideal phase shifts are introduced between the carriers before the 
start of any modulation operation. Then, only the inevitable asynchronism is left between the carriers. 
 
Frequency stability is related to material characteristics of the clock source and is dependent on the 
environmental conditions, aging, input voltage and load change of the clock source circuit component. 
Frequency stability of crystal oscillators is in the range of parts per million (ppm). This difference 
accumulates over time leading to secondary phase-shifts between carriers. Apart from frequency stability, 
oscillators may have jitter in their ticks which can be shortly defined as deviation of timing edges from their 
“ideal” locations. The jitter is grouped as deterministic and random jitter. The peak-to-peak value of 
deterministic jitter is finite and can be minimized by careful hardware design; however, it may still have a 
non-zero mean and this integrates over time causing asynchronism. On the other hand, random jitter, which 
is usually due to thermal noise and other uncorrelated noise sources, is considered to have a normal 
distribution with zero mean [10]. Having zero mean, it is reasonable to assume that random jitter does not 
cause asynchronism for a carrier generated by a regular sixteen bit counter. 
 
In order to compensate for the effects of the above mentioned asynchronism causes, the clocks need to be 
synchronized periodically. Ideally, a synchronization process should totally eliminate time differences 
between clocks. In practice, there still exists some amount of asynchronism resulting from synchronization 
process imperfection, hardware capabilities, and measurement errors. This inevitable amount of 
asynchronism should be tolerable for the MMCs with regard to their low harmonic distortion of ac output 
voltage, which is the major advantage of multilevel converters. Together with the frequency instability and 
deterministic jitter of the clock source, the inevitable amount of asynchronism determines the rate of 
recurrence of synchronization process. In this study, the level of tolerable distortion is considered as the total 
harmonic distortion (THD) of line-to-neutral ac output voltage being less than 8 % taking into consideration 
the limit defined by [11] for converters with less than or equal to 1 kV common coupling point voltage. This 
value is supposed to be determined individually for each particular MMC according to its characteristics and 
needs. Then, the tolerable asynchronism is determined accordingly. 

 



 

Realization of Asynchronism and Effects on the ac Output Voltage 
The power-up asynchronism and the inevitable asynchronism can be considered as a static time difference 
between counters that form up the carriers and consequently as additional static phase-shifts between 
carriers. The frequency instability forms a dynamic source of asynchronism and it leads to increasing phase-
shifts between carriers over time. It can be modeled as a disturbance in the frequency of the oscillator that 
drives the counter. Further, the disturbance in the oscillator frequency can be modeled as a disturbance in 
frequency ratio, mf, which is defined as 

௙݉ = ௖݂݂ଵ , (2) 

where ௖݂ and ଵ݂ are the frequencies of the carrier and reference (fundamental) waveforms, respectively. 
 
In order to observe the effects of above-mentioned asynchronisms on the ac output voltage, vs, of a PSC-
modulated MMC, a series of calculations are performed by MATLAB. Calculation parameters are based on 
an MMC prototype. Switching-pulse patterns are obtained and the patterns are used to derive arm voltages, 
and ac output voltage (half of the difference of lower and upper arm voltages) of each phase leg. Thus, for 
this part, the resulting waveforms are normalized and idealized. They do not contain the effects of 
submodule capacitor voltage swing and arm impedance voltage drop. The focus of this part is to investigate 
the effects of asynchronism in terms of harmonic content of the converter ac output voltage. Calculation 
parameters are listed in Table I. 

Table I: Calculation parameters 

 Symbol Value 
Fundamental frequency f1 50 Hz 
Oscillator frequency that the counters run on fosc 99.6132 MHz 
Submodules per arm N 5 
Offset phase-shift amount between upper and lower arm carriers δθc 0 rad* 

Number of bits of counters that form the carriers n 16 
Frequency stability of the oscillators ∆f/fosc 10 ppm 
Modulation index ma 1** 

* 0 rad offset between lower arm and upper arm carriers when N is odd, results in 2N+1 level ac output voltage and elimination of 
odd multiples of switching frequency harmonics pNfc in the ac output voltage waveform [12]. 
** Modulation index is defined as ma=Vr/Vc where Vr and Vc are reference sinusoidal and carrier signal magnitude, respectively. 
 
The harmonic analysis of the ac output voltage is conducted in accordance with [11]. A single measurement 
window width is 10 cycles. THD calculations include harmonics up to one hundredth order and an amplitude 
of equal to or more than 0.1 % of the fundamental. The ideal frequency ratio, mf, is calculated as 

௙݉ = ௖݂݂ଵ = 	 ௢݂௦௖/൫2 ∗ (2௡ − 1)൯ଵ݂ = 15.2. (3) 

Sinusoidal symmetric signals are used as reference voltages of the PSC modulation. 

a)  Ideally Phase-Shifted Carriers 

Firstly, the harmonic analysis with ideal PSCs is conducted as ideal phase-shift is formulated in (1). With 
five submodules per arm and frequency ratio calculated in (3), the resultant ac output voltage is almost 
perfectly sinusoidal with zero THD. 

b)  Static Asynchronism in Carriers 

The effects of static asynchronism that corresponds to the power-up and the inevitable asynchronisms are 
investigated by introducing a secondary randomly distributed phase-shift to each carrier. In this case, the 
total phase-shift is formulated as ߠ௖௞ + ௝௞ߠ = ߨ2 ݇ − 1ܰ + ௞ݐ∆ߨ2 , (4) 



 

where ߠ௖௞ is the ideal and ߠ௝௞ is the secondary (unintentional) phase shifts respectively and ∆ݐ௞ is random 
static asynchronism. The actual probabilistic distribution of the static asynchronism depends on factors 
related to realization and synchronization of carriers, which are not considered in this paper. However, this 
paper assumes that this static asynchronism has a uniform distribution. In the extreme case, the amount of 
secondary phase-shift is uniformly distributed within ±1 carrier periods which, indeed, refer to no 
synchronization of clocks. In order to find the tolerable amount of static asynchronism, the harmonic analysis 
is repeated for cases with uniform distribution boundaries halved each time, i.e. ±1/2, ±1/4, and so forth. 

c)  Dynamic Asynchronism in Carriers 

Effects of dynamic asynchronism that corresponds to the frequency instability of clock sources are studied 
by adding a secondary randomly distributed frequency instability term to frequency of each carrier. In this 
case, angular frequency of the triangular carriers is defined as ݓ௖ = )ߨ2 ௖݂ + ∆ ௖݂) = ߨ2 ቆ ௢݂௦௖2 ∗ (2௡ − 1) + ௢݂௦௖ ∗ (݇ ∗ ∆݂ ௢݂௦௖⁄ )2 ∗ (2௡ − 1) ቇ = ߨ ௢݂௦௖(1 + ݇ ∗ ∆݂ ௢݂௦௖⁄ )2௡ − 1 , (5) 

where k is a random variable. In this paper it is assumed to have normal distribution with zero mean and 1/5 
standard deviation. In other words, ∆f/fosc, which directly effects ∆fc and is 10 ppm for our case, is assumed 
to have a normal distribution with zero mean and 1/5 standard deviation. 

d)  Combination of Static and Dynamic Asynchronism 

In practice, the carriers suffer from static and dynamic asynchronism simultaneously. Thus, the harmonic 
analysis is conducted when carriers have the both. The carriers have a static initial asynchronism given in (4) 
and have a dynamic asynchronism given in (5) which integrates over time. The integration period for 
dynamic asynchronism is 15 consecutive 10 fundamental cycles (3 s in total), in accordance with “very short 
time harmonic measurements” of [11]. However, since the asynchronism terms in carriers are random 
variables, the resultant waveforms are not periodic and they cannot be analyzed with Fourier series 
expansion. They either need to be characterized over the whole ensemble of realizations or in a probabilistic 
framework. Both of the methods are conducted in this study as below. 
 
The ideal ensemble of realizations consists of an infinite number of elements. For a reasonable analysis, the 
harmonic characterization is repeated one thousand times by introducing the asynchronism terms in carriers 
as independent random variables in each run. The harmonic content of the ac output voltage is root mean 
squared over all the runs and THD values of all the runs are shown as histograms. Calculations results when 
the carriers are synchronized with a tolerance of up to ±1/64 period (±20.6 µs) at t0, and clock sources have 
10 ppm frequency stability are shown in Fig. 2. 

 

Fig. 2: Rms values of harmonics (left) and histogram of THD (right) for 15 consecutive 10 cycle windows 
(3 s in total) of ac output voltage, one thousand realizations in total 
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When ideal symmetric phase shifted carriers are used, the Fourier coefficients, ܥ௠௡௜ , of each individual two 
level voltage output of a half bridge submodule can be expressed as ܥ௠௡௜ = ݁௝௠ቀଶగ௜ିଵே ቁܥ௠௡ଵ , (6) 

where ܥ௠௡ଵ  is the reference (zero phase shift) two level waveform and combinations of m and n give 
baseband, carrier and sideband harmonics. Moreover, the Fourier coefficients of multilevel voltage 
waveform sum to zero when m is not a multiple of N as expressed below ܥ௠௡ = 1 − ݁௝௠ଶగ1 − ݁௝௠ଶగ/ே ௠௡ଵܥ = 0 ݎ݋݂ 0 < ݉ ≠  (7) ,ܰ݌

where p is a positive integer. Thus the first group of voltage harmonics appear around N times the carrier 
frequency in ideal case, which is one of the fundamental advantages of MMCs [12]. However, as soon as the 
carriers have secondary unintentional phase shifts, (6) is modified with those and (7) is not valid anymore. 
Then, carrier and sideband harmonics start to emerge at every odd integer multiple and around every integer 
multiple of fc, respectively, as can be seen in Fig. 2. The asynchronism overrules having no low frequency 
voltage harmonics advantage of MMCs; but the amplitudes of the emerging harmonics depend on the 
amount of asynchronism. For the case above, the rms values of the voltage harmonics over all realizations 
are less than 1 % of the fundamental except the first carrier harmonic at fc which is still less than 2 % and is 
below the limit defined by [11]. Moreover, all the realizations have less than 8 % THD in their ac output 
voltage, again compliant with [11]. 
 
In probabilistic framework, the quantity to study a randomized waveform is the power spectrum which is the 
Fourier transform of the autocorrelation of the waveform. The power spectrum of a periodic function is 
composed of impulses at the fundamental frequency and at the harmonics frequencies with their magnitudes 
squared compared to the corresponding Fourier analysis components [13]. The power spectrum of a single 
realization of random ac output voltage is analyzed in MATLAB with Welch's power spectral density 
estimate and the estimate is shown in Fig. 3. It closely matches the rms values of harmonics over one 
thousand realizations in Fig. 2. The magnitudes of harmonics are squared in power spectral density as 
expected and harmonic numbers are the same. 

 

Fig. 3: Power spectral density of ac output voltage 

Accordingly, the distributed clocks can be synchronized with 3 s period and ±20.6 µs synchronization 
tolerance. Indeed, both of the figures do not put strict requirements on synchronization. However, this is an 
ideal modulation point of view and the rest of the circuit dynamics are excluded. A more complete view will 
be given in the next section. The period of synchronization can be increased either by using a more precise 
synchronization process (e.g. GPS clock is able to provide sub-microsecond range [14]) or more stable 
oscillators. It is important to note, in this analysis, the deterministic jitter of oscillators is assumed to have 
zero mean as the random jitter. 
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Proposed Control Method for Wireless Control of Submodules 
Applications with time-critical control loops, like the control of MMC, require low-latency and high-
reliability for the data exchange in their control algorithms. The amount of data to be transmitted is relatively 
low and there is no power consumption constraint. The conventional wireless systems, on the other hand, 
have focused on either high-throughput or low-power consumption and they are not suitable to use for such 
demanding applications. However, the interest on these low-latency and high-reliability communication 
systems has been increasing and research is ongoing in this area. 

A control method which extensively utilizes time-critical signals to be exchanged between central and local 
controllers (e.g. switching signals) cannot be suitable for wireless control of submodules. It is convenient to 
use distributed control methods which permute signals that do not change in big steps instantaneously and 
for which the converter is robust against unsuccessful transmissions. The latency of the wireless link 
increases as the number of separate transmissions between central controller and local controllers increase. 
Thus, it is wise to decrease the number of variables and amount of data transferred over wireless link. 
Considering those, this paper proposes to use open-loop control of the converter [15]. The central controller 
is supposed to run all the required high-level control processes and generate the sinusoidal reference 
waveforms of modulation for each arm of the converter. These waveforms need to be transferred to the 
submodules over wireless link and they are not as tightly scheduled as switching pulses. PSC modulation and 
individual submodule capacitor voltage balancing is done in each submodule. There is no need to feed back 
the submodule capacitor voltages to the central controller in open loop control, which substantially relaxes 
the requirements on minimum data rate and latency of the wireless link. The central controller needs arm 
currents and ac output voltage data. Considering the total number of these feedback variables, they can be 
fed back with wires. Proposed control approach is shown in Fig. 4 for a phase leg of MMC and can be 
extended for the two other legs. 

 

Fig. 4: Proposed control approach for wireless control of submodules of MMC 

The data to be sent over wireless link, reference signals for modulation, basically consists of amplitude and 
phase of a sinusoidal signal. However, since the submodules receive the data pac excluding ket at different 
time instants, there should be a time reference for the insertion indices to be updated in the modulation 
algorithms of the submodule controllers. Consequently, a time reference shall accompany to insertion indices. 
Compared to overhead of wireless data packets, total payload is small, possibly in the range of tens of bits. 



 

Thus, it would be wise to transmit all the payloads of six arms in a single wireless data packet. Each cluster 
of submodules can then extract their own data from the packet. This approach enables the central controller 
to send updated control data for all the submodules in each consecutive transmission slot. In case some of the 
submodules do not receive the packet within the deadline, there is no need for re-transmission. These 
submodules can continue modulation with the references they have until the next reception. There will be 
additional, but less frequent, data transmission needs for clock synchronization (unless it is done individually 
in submodules through an external clock source) and in case of faults in submodules or central controller. 
 
The wireless network proposed to be used in this paper is an Ultra-Reliable Low-Latency Communication 
(URLLC) protocol [16]. It is a Medium Access Control (MAC) layer protocol and transmission right is 
granted to the communication nodes for a limited time according to a pre-programmed plan. Reliability is 
increased by different transmission options including direct transmission, retransmission and relaying. In 
direct transmission, information is transmitted once till the end of limited access time while in retransmission 
mode, it is repeated twice using a weaker modulation and coding scheme. In relaying, data is transmitted via 
a relay (an additional node) to the receiver(s) so that cooperative diversity is exploited and indeed principally 
relaying enables the protocol to have low-latency and high reliability. This MAC layer protocol is 
implemented on top of IEEE 802.11a/n [17] physical layer (PHY). 
 
The functionality of the proposed control method is validated by simulating a three phase MMC in 
MATLAB Simulink in inverter mode of operation. In addition to those given in Table I, simulation 
parameters are given in Table II.  

Table II: Simulation parameters 

 Symbol Value 
Dc link voltage Vdc 500 V 
Load resistance Ro 8.84 Ω 
Submodule capacitance C 2.7 mF 
Arm inductance Larm 5 mH 

Arm parasitic resistance Rarm 0.01 Ω 
Synchronization period of carriers in submodules - 100 ms 
Synchronization tolerance of carriers in submodules - ±1/64 period (±20.6 µs)

 
In order to mimic the wireless link, each wireless transmission slot is taken as 100 µs including total payload 
to the six arms, MAC and PHY overhead. Reference waveform from the central controller is sampled with 
100 µs period. Then the sample is sent to submodules with independent random latencies with half-normal 
(one-sided normal) distribution and 25 µs standard deviation. Hence, 99.9936 % of the data is assumed to be 
received by the submodules within four standard deviations, 100 µs, and corresponding packet error rate 
(PER) is 6.33·10-5. The carriers in the submodules are synchronized according to the figures in the table 
assuming uniform distribution in synchronization tolerance as proposed previously. The synchronization 
period was allowed to increase up to 3 s from solely output harmonic quality point of view. However, the 
capacitor voltage balancing and circulating current suppression requires more frequent carrier 
synchronization. Due to random variables both in the carrier waveforms and latencies in the reference data 
transmission link, the simulation is run one hundred times to deduce reasonable results and rms values of 
resultant signals over all the realizations are calculated. The graphs in Fig. 5 show the results. 

 
According to the graphs, output voltage has low frequency odd harmonics well below 1 % of fundamental 
and the biggest harmonics are at the sidebands of ܰ ∙ ௖݂ with and amplitudes around 1 % of fundamental. 
THD of voltage harmonic, 1.83 %, is well below the limits of [11]. The current harmonics are the 5th 
harmonic, at the first carrier harmonic and the 5th sidebands of ܰ ∙ ௖݂. Individual capacitor voltages are a bit 
spread with respect to each other in 3-4 V range, but the voltage spread reached a steady state and sum 
capacitor voltages are very close to each other. Ac component of circulating current is around 5 % of its rms 
value with majority of the dominant harmonics being at the sidebands of ܰ ∙ ௖݂  (not shown here). 
Considering the results, it can be argued that the submodules of MMC can be controlled wireless with the 
proposed control method and communication protocol in steady state. 



 

 
 

  

Fig. 5: MMC output phase voltages, output and circulating currents (top left), output phase voltage and 
current harmonic spectrums (top right), individual capacitor voltages of a phase leg (bottom left) and sum 
capacitor voltages of a phase leg (bottom right) 

Conclusion  
Wireless control of the submodules would be the next advancement in the evolution of the MMCs, as being 
an alternative for the cumbersome and costly cables going to hundreds of submodules. However, this change 
of converter construction comes with many challenges in control and modulation. In this paper, the tolerable 
asynchronism amount between distributed PSCs in submodules is investigated in terms of converter ac 
voltage harmonic quality. The amount of tolerable asynchronism shall be considered individually for each 
different system using the methodology defined. For a sample MMC with five submodules per arm, it is 
shown that the tolerable asynchronism amount is approximately ±1/64 period of carriers (±20.6 µs) when mf 
is 15.2. Moreover, a distributed control and modulation approach and the communication protocol are 
proposed for wireless control of submodules. The functionality of the proposed method is validated by 
computer simulations taking into account the possible challenges like asynchronism between carriers and 
latency in wireless communication. However, more work needs to be carried over to investigate the proposed 
control method for a bigger MMC with tens/hundreds of submodules per arm. For sure, the proposal needs to 
be validated by showing its operability in an experimental setup and the work should be extended for fault 
cases in submodules, central controller and data transmission. 

References 
[1] A. Lesnicar and R. Marquardt, “An innovative modular multilevel converter topology suitable for a wide power 

range,” in Proc. 2003 IEEE Bologna Power Tech Conf., 2003, vol.3, p. 6. 

2.94 2.95 2.96 2.97 2.98 2.99 3

-200

0

200

Output Phase Voltages

2.94 2.95 2.96 2.97 2.98 2.99 3

Time (seconds)

-20

0

20

Output and Circulating Currents

10-4

10-2

100

V
 (

pu
)

Single-Sided Amplitude Spectrum of Vo

0 20 40 60 80 100

10-4

10-2

100

I 
(p

u)

Single-Sided Amplitude Spectrum of Io

0 20 40 60 80 100

Harmonic Number

WTHD = %0.03
THD = %0.57

WTHD = %0.12
THD = %1.83

2.94 2.95 2.96 2.97 2.98 2.99 3

Time (seconds)

92

94

96

98

100

102

104

106

108
Individual Capacitor Voltages of a Phase Leg

2.94 2.95 2.96 2.97 2.98 2.99 3

Time (seconds)

470

480

490

500

510

520

530
Sum Capacitor Voltages of a Phase Leg

Vcu

Vcl



 

[2] S. Allebrod, R. Hamerski, and R. Marquardt, “New transformerless, scalable modular multilevel converters for 
HVDC transmission,” in 2008 IEEE Power Electron. Specialists Conf., Rhodes, 2008, pp. 174-179. 

[3] M. Winkelnkemper, A. Korn, and P. Steimer, “A modular direct converter for transformerless rail interties,” in 
2010 IEEE Int. Symp. Ind. Electron., Bari, 2010, pp. 562–567. 

[4] M. Hiller, D. Krug, R. Sommer, and S. Rohner, “A new highly modular medium voltage converter topology for 
industrial drive applications,” in 2009 13th European Conf. Power Electron. and Applicat., Barcelona, 2009, pp. 1-
10. 

[5] M. Weiner, M. Jorgovanovic, A. Sahai and B. Nikolié, “Design of a low-latency, high-reliability wireless 
communication system for control applications,” in 2014 IEEE Int. Conf. Commun., Sydney, NSW, 2014, pp. 
3829-3835. 

[6] P. D. Burlacu, L. Mathe, and R. Teodorescu, “Synchronization of the distributed PWM carrier waves for modular 
multilevel converters,” in 2014 Int. Conf. Optimization of Elect. and Electron. Equipment, Bran, 2014, pp. 553-559. 

[7] C. Toh and L. E. Norum, “A high speed control network synchronization jitter evaluation for embedded monitoring 
and control in modular multilevel converter,” in 2013 IEEE Grenoble Conf., Grenoble, 2013, pp. 1-6. 

[8] C. Ling, T. Lars, and E. Norum, “Synchronization mechanisms for internal monitoring and control in power 
electronics converter,” J. Elect. Eng., vol. 14, no. 3, 2014. 

[9] A. Hassanpoor, S. Norrga, H.-P. Nee, and L. Ängquist, “Evaluation of different carrier-based PWM methods for 
modular multilevel converters for HVDC application,” in 38th Annu. Conf. IEEE Ind. Electron. Soc., Montreal, QC, 
2012, pp. 388–393. 

[10] Understanding and Characterizing Timing Jitter, Tektronix, 2012. 

[11] IEEE Recommended Practice and Requirements for Harmonic Control in Electric Power Systems, IEEE Standard 
519-2014 (Revision of IEEE Standard 519-1992), 2014. 

[12] K. Sharifabadi, et al., Design, Control and Application of Modular Multilevel Converters for HVDC Transmission 
Systems. John Wiley & Sons, 2016. 

[13] A. M. Stankovic, G. C. Verghese and D. J. Perreault, “Analysis and synthesis of random modulation schemes for 
power converters,” in 24th Annu. IEEE Power Electronics Specialists Conf., Seattle, WA, 1993, pp. 1068-1074. 

[14] H. Guo and P. Crossley, “Design of a time synchronization system based on GPS and IEEE 1588 for transmission 
substations,” IEEE Trans. Power Deliv., vol. 32, no. 4, pp. 2091–2100, 2017. 

[15] L. Ängquist, A. Antonopoulos, D. Siemaszko, K. Ilves, M. Vasiladiotis, and H.-P. Nee, “Open-loop control of 
modular multilevel converters using estimation of stored energy,” IEEE Trans. Ind. Appl., vol. 47, no. 6, pp. 2516–
2524, Nov./Dec. 2011. 

[16] M. Serror, S. Vaaßen, K. Wehrle and J. Gross, “Practical evaluation of cooperative communication for ultra-
reliability and low-latency,” in 19th IEEE Int. Symp. World of Wireless, Mobile and Multimedia Networks, Chania, 
2018, to be published. 

[17] IEEE Standard for Information technology–Telecommunications and information exchange between systems Local 
and metropolitan area networks, IEEE Std 802.11-2012 (Revision of IEEE Std 802.11-2007), 2012. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /DoulosSIL
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /KrutiDev040Bold
    /KrutiDev040BoldItalic
    /KrutiDev040Condensed
    /KrutiDev040Italic
    /KrutiDev040Thin
    /KrutiDev040Wide
    /KrutiDev060
    /KrutiDev060Bold
    /KrutiDev060BoldItalic
    /KrutiDev060Condensed
    /KrutiDev060Italic
    /KrutiDev060Thin
    /KrutiDev060Wide
    /KrutiDev070
    /KrutiDev070Condensed
    /KrutiDev070Italic
    /KrutiDev070Thin
    /KrutiDev070Wide
    /KrutiDev080
    /KrutiDev080Condensed
    /KrutiDev080Italic
    /KrutiDev080Wide
    /KrutiDev090
    /KrutiDev090Bold
    /KrutiDev090BoldItalic
    /KrutiDev090Condensed
    /KrutiDev090Italic
    /KrutiDev090Thin
    /KrutiDev090Wide
    /KrutiDev100
    /KrutiDev100Bold
    /KrutiDev100BoldItalic
    /KrutiDev100Condensed
    /KrutiDev100Italic
    /KrutiDev100Thin
    /KrutiDev100Wide
    /KrutiDev120
    /KrutiDev120Condensed
    /KrutiDev120Thin
    /KrutiDev120Wide
    /KrutiDev130
    /KrutiDev130Condensed
    /KrutiDev130Thin
    /KrutiDev130Wide
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MTExtraTiger
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SILDoulosIPA
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /SymbolTiger
    /SymbolTigerExpert
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Tiger
    /TigerExpert
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


