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 Abstract—This paper uses a scaled down version of the mixed 

cells modular multilevel converter (MMC) to discuss its 

modulation and capacitor voltage balancing method, and 

investigates its AC and DC fault ride-through capability. It has 

been found that the mixed MMC is resilient to both AC and DC 

network faults, which are necessary for next generations of 

highly meshed multi-terminal HVDC grids. The power losses 

comparison conducted in this paper has shown that the mixed 

cells MMC and three-level cells MMC achieve DC fault reverse 

blocking capability at reduced on-state losses than full-bridge 

MMC and alternative arm MMC. 

 

 Key words— DC fault reverse blocking capability; high-

voltage DC transmission systems; hybrid cascaded multilevel 

converter; and modular multilevel converter.  

I. INTRODUCTION 

 In the last ten years, voltage source converter based DC 

transmission systems have evolved from that built around 

conventional two-level and neutral-point clamped converters 

to that use true multilevel converters, which are scalable to 

high voltage[1-10]. This evolution is motivated by an attempt 

to increase DC operating voltage in order to achieve higher 

power transfer capacity at reduced semiconductor and 

transmission losses, and without exposing converter 

transformers to increased voltage stresses. This in addition to 

elimination of ac side filters, benefiting from improved 

quality of the multilevel converter output voltage and current 

waveforms[6, 11-16]. At the Present, there are number of 

competing voltage source converter topologies being 

considered for next generation of DC transmission systems, 

including DC grids [4, 5, 9, 17-19]. Most of these converters 

have DC short circuit proof feature, which is essential for 

reliable operation of complex DC grids. Some of these 

converters achieve DC short circuit proof feature at reduced 

semiconductor losses, while others with small footprint. 

Based on [6], alternative arm modular converter provides a 

good compromised as it offers DC short circuit proof at 

relatively low semiconductor losses and small footprint. 

However, its main drawback is that converter switching 

devices are exposed to high inrush currents during current 

commutation between converter arms[4, 6]. Three-level and 

five-level cells MMCs discussed in [17] achieve DC short 

circuit proof feature, with competitive level of semiconductor 

loss when compared to alternative arm modular converter, but 

with larger footprint. Recently, mixed cells MMC is 

introduced as a viable alternative to the above converter that 

offers DC short circuit proof feature, while maintaining the 

elegancy of the conventional HB and FB MMC in terms of 

circuit structure and simplicity of the modulation strategies. 
 

 This paper describes operating principle of mixed cells 

MMC, and explores its steady state and dynamics response to 

AC and DC network faults. By comparing its on-state losses 

to that of the recent state of art multilevel converter 

topologies, it has been found that the mixed cells MMC and 

three-level cells MMC offer DC fault reverse blocking 

capability at lower semiconductor losses than FB MMC and 

alternative arm MMC. But alternative arm MMC is perceived 

to be superior from footprint prospective. 

II. MIXED CELLS MODULAR MULTILEVEL CONVERTER 

 Fig. 1 shows one-phase leg of generic mixed cells modular 

multilevel converter, with N cells per arm. Its circuit 

structure, operational principle and modulation method are 

similar to that of the half and full-bridge modular converters, 

except 50% of cells are half-bridge (HB) cells and remaining 

50% are full-bridge (FB) cells. Adoption of mixed cells in 

this version of modular converter is motivated by achieving 

DC short circuit fault reverse blocking at reduced 

semiconductor loss, while avoiding the problem of inrush 

current experienced in alternative arm MMC discussed in [4, 

6] during current commutation between upper and lower 

arms, despite insertion of the overlap period being suggested. 

This paper controls mixed cell modular converter in Fig. 1 on 

per arm basis, where the modulation functions of the upper 

and lower arms of the phase ‘a’ are defined as: 
1

2
(1 sin )uv M t   and 1

2
(1 sin )lv M t  . Recall that the 

modulation index M is defined as ( 1
2m dcM V V ), and Vm is 

the peak phase voltage and Vdc is the input DC link voltage. 

In attempt to simplify the overall control of the mixed cells 

MMC being considered, implementation of the modulation 

and capacitor voltage balancing strategy is separated into two 

parts. The first part uses the modulation functions above, with 

staircase modulation or carrier based pulse width modulation 

Mixed cells modular multilevel converter 
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to identify the cell capacitors to be inserted into the power 

path and those to be bypassed regardless of cell type. This 

part uses cell capacitor voltage magnitudes and arm current 

polarities to send a signature of ‘1’ for the cells their 

capacitors to be inserted in power path and signature of ‘0’ to 

the cells their capacitors to be bypassed. The second part 

places special logic at individual cell level, which is 

responsible for generation of gating signals depending on cell 

type. Observe that this approach is intended not to fully 

exploit bi-polar capability of the full-bridge cells in order to 

reduce cell capacitor size in favour of reducing effective 

switching frequency at cell level. Thus, low switching losses 

are maintained. However, this paper uses pulse width 

modulation (PWM) with phase disposition (PD) carriers 

instead of amplitude modulation due to adoption of the mixed 

cells modular converter with only four cells per arm. 

 

 

Fig. 1: Mixed cells modular multilevel converter 

III. SIMULATIONS 

A) Steady state and loss evaluation of the mixed cells MMC 

 This section uses three-phase version of the mixed cells 

modular converter in Fig. 1 rated at 6MVA with 10kV input 

dc link voltage to illustrate its steady state and dynamic 

response during AC and DC network faults. Number of cells 

per arm is four, evenly divided between HB and FB cells. 

Sinusoidal pulse width modulation (SPWM), with 1.35kHz 

carrier frequency is adopted for open and closed operation. 

Converter cell capacitance and arm inductance are 4mF and 

2.5mH respectively. Additional controller is incorporated to 

manipulate AC and DC components of the converter upper 

and lower arms modulating signals in order to minimize arm 

current 2
nd

 harmonic content. 
 

 Fig. 2 displays simulation results obtained from the mixed 

cells MMC when it supplies a passive load of 3.83MW and 

2.88MVAr. Fig. 2 (a), (b) and (c) show a mixed cells MMC 

being studied generates high quality phase and line voltages, 

and output phase currents similar to that of conventional HB 

and FB MMCs. Fig. 2 (d) shows that the arm currents of the 

mixed cells MMC adhere to the same relationships of the 

traditional MMCs such as output phase current ‘ia’ is equal to 

differential mode current (ia=ia1-ia2); and arm current dc plus 

circulating harmonic currents is equal to the common-mode 

current icom (where icom=ia1+ia2). Fig. 2 e shows the cell 

capacitor voltages of the six converter arms remain balanced 

and settled around the desired set-point. The above results 

have shown that the steady state performance of the mixed 

cells MMC is similar to standard HB MMC. Additionally, 

mixed cells MMC is attractive because it uses a proven power 

circuit structure, with similar modulation and capacitor 

voltage balancing as that of the traditional MMCs. Despite 

adoption of the two different cells architecture, no undesired 

voltage spikes or inrush currents observed in the converter 

output voltage or arm current as that normally experienced in 

most of the hybrid topologies. 

 

a) Phase voltage va0 
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b) Line-to-line voltage at converter terminal 

 

c) Three-phase load currents 

 

d) Samples of upper and lower arm currents (ia1 and ia2), and 

differential mode current ia1-ia2 (phase a) 

 

e) Cell capacitor voltages of the three phases 

Fig. 2: Waveforms obtained when three-phase mixed cells modular converter 

is operated in open loop, supplying a load of 3.83MW and 2.88MVAr at 0.9 

modulation index 
 

 Conduction loss is much larger than switching loss in most 

of the recent state of art multilevel converters that are 

developed for HVDC applications. On this ground, it has 

been used to compare the semiconductor loss of mixed cells 

modular converter to that of the other selected converter 

topologies. Since each converter topology presents specific 

number of switching devices in conduction path for given 

voltage stress per devices and dc link voltage, converter 

conduction loss can be computed as: 

 
c IGBT DP P P                                                            (1) 

 where, PIGBT and PD represent conduction losses in the 

IGBTs and anti-parallel diodes. PIGBT and PD are computed 

as: 

 2

0, , ,IGBT IGBT IGBT on IGBT rms IGBTP N V I R I                            (2) 

 2

0, , ,D D D on D rms DP N V I R I                                           (3) 

 where, Ron,IGBT and Ron,D, and V0,IGBT and V0,D represent on-

state resistance and threshold voltage drop per IGBT and anti-

parallel diode; and N is the number of switching devices in 

conduction path. With arm current polarities shown in Fig. 1, 

IGBTs and anti-parallel diodes average and root mean square 

currents are calculated as: 

   2 2

0

1
2 2

2
IGBT d dI I I I 


    
 

                           (4) 

   2 2

0

1
2 2

2
D d dI I I I 


    
 

                              (5) 

   2 2 2 2 21
, 0 02

1
2 3

2
rms IGBT d d dI I I I I I 


     
 

          (6) 

   2 2 2 2 21
, 0 02

1
2 3

2
rms D d d dI I I I I I 


     
 

              (7) 

where, Id and I0 represent DC and peak fundamental 

components of the arm currents; and 1

0

sin dI

I
   . Recall that 

Id=⅓Idc (Idc is the dc link current) and I0=½Im (where, Im 

represent peak of the output phase current). Equations (4) to 

(7) are valid for on-state losses estimation in HB-MMC, FB-

MMC, mixed cells MMC and 3-level cells MMC, provided 

the dominant low-order harmonic components of the arm 

currents are eliminated. This approach may under estimate 

converter on-state losses, if some of the low-order harmonics 

in the converter arm currents are not completely eliminated as 

the case when complex modulation methods are used. 

Equations used to calculate average and root mean square 

currents in the IGBTs and anti-parallel diodes of the 

alternative arm MMC are: 

  _ 1 cos
2

m
av IGBT

I
I 


                                              (8) 

 
2

2 1
_ 2

sin 2
4

m
rms IGBT

I
I   


                                      (9) 

  _ 1 cos
2

m
av D

I
I 


                                                 (10) 

 
2

2 1
_ 2

sin 2
4

m
rms D

I
I  


                                              (11) 

 where, φ is the power factor angle in rad. 
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 Using 4.5kV IGBT data provided in[6], the calculated 

conduction losses for mixed cells MMC, HB-MMC, FB-

MMC, three-level cells MMC, alternative arm MMC are 

summarized in Table 1. These losses are computed assuming 

687MVA converter with 600kV dc link voltage and rated ac 

voltage of 300kV (line-to-line rms). Assume the voltage 

stress across each switching devices must not exceed 2.25kV, 

number of cells per arm is 270 for mixed cells MMC. 

Numbers of semiconductor switches in conduction path (N) 

for each converter topology being compared are shown in 

Table 1. Observe that the HB-MMC offers the lowest loss as 

expected. However, it lacks short circuit proof feature. 

Among converter topologies that offer short circuit proof, 

mixed cells MMC and 3-level cells MMC have the lower on-

state losses. FB-MMC has the highest on-state loss in 

applications that involve large active power transfer. This is 

due to combination of large number of semiconductor in 

conduction path, and arm current DC component.  

Table 1: Comparison of semiconductor losses of state of art multilevel 

converter topologies that offer short circuit proof feature (for mixed cell 

MMC, 3-level cells MMC and alternative MMC number switching devices in 
conduction path per arm N=405, N=270 for HB-MMC and N=540 for FB-

MMC. 
Converter type On-state losses 

 P=600MWand Q=0 P=0 and 

Q=600MVAr 

P=600MW and 

Q=300MVAr  

(lagging) 

Mixed cells 

MMC 

4.03MW (0.67%) 3.51MW 

(0.58%) 

4.26MW 

(0.71%) 

HB-MMC 2.69MW (0.45%) 2.34MW 

(0.39%) 

2.84MW 

(0.47%) 

FB-MMC 5.38MW (0.90%) 4.68MW 

(0.78%) 

5.69MW 

(0.95%) 

3-level cells 

MMC 

4.03MW (0.67%) 3.51MW 

(0.58%) 

4.26MW 

(0.71%) 

Alternative arm 

MMC 

4.43MW (0.74%) 4.43MW 

(0.74%) 

4.78MW 

(0.80%) 

B) AC and DC fault ride-through capability  

 For AC and DC fault ride-through demonstration, a 

medium-voltage mixed cells MMC is simulated as a grid 

connected inverter as shown in Fig. 3. In this demonstration, 

the following controllers are incorporated: fundamental 

current controller in d-q, 2
nd

 harmonic current suppression in 

phase variables, active power and ac voltage.  

 Fig. 4 displays simulation waveforms obtained when the 

test system in Fig. 3 is subjected to three-phase AC fault at 

location F1and cleared after 200ms. Active power matching 

presented in [20] is used during AC fault to minimize the 

over-charging of the cell capacitors. Plots for active and 

reactive powers and voltage magnitude in Fig. 4 (a) and (b) 

show the mixed cells MMC is able to recover from three-

phase AC fault near to PCC, with currents in converter 

switches and cell capacitor voltages are tightly controlled, see 

Fig. 4 (c) and (d). These results have shown that the mixed 

cells MMC inherent the resiliency of the conventional MMCs 

to AC network faults. 

 

 

Fig. 3: Test system used for ac and dc fault ride-through capability of the 

mixed cells modular multilevel converter 

 

a) Active and reactive power converter exchanges with PCC  

 

b) Voltage magnitude at PCC 

 

c) Current waveforms converter injects into PCC 
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d) Cell capacitor voltages of the three phases 

Fig. 4: Waveforms demonstrate ac fault ride-through capability of the mixed 

cells MMC 

 

 Fig. 5 displays simulation waveforms obtained when the 

test system in Fig. 3 is subjected to DC fault at location F2 

and cleared after 200ms. Gating signals to converter switches 

are blocked during the fault period and restored immediately 

when the fault is cleared. When DC fault is initiated at t=1s, 

converter active power output is reduced to zero and slowly 

restored at t=1.4s (200ms after fault is cleared). This is to 

minimize the transients during brief period of uncontrolled 

recharging of the DC line stray capacitor when converter 

switches are unblocked. Plots for active and reactive powers 

and AC current waveforms in Fig. 5 (a) and (b) show the 

mixed cells MMC is able to recover from the solid pole-to-

pole DC fault at the middle of the DC link. Observe that 

during the entire fault period, current waveforms converter 

exchange with the AC grid drop to zero, indicating that the 

AC grid contribution to DC fault current is completely 

eliminated. Moreover, notice that the cell capacitor voltages 

become flat, with no ripple as converter switches are blocked 

during DC fault period, see Fig. 5 (c). These results have 

shown that the mixed cells MMC is resilient to DC network 

faults as the FB-MMC, alternative arm MMC and hybrid 

cascaded multilevel converter in[6, 9]. These results have 

confirmed the DC fault reverse blocking capability can be 

achieved with only 50% of the converter cells need to be full-

bridge cells, without the need for circuit topology 

modification as that leads to alternative arm modular 

converter.  

 

a) Active and reactive power converter exchanges with PCC 

 

b) Current waveforms converter injects into PCC 

 

c) Cell capacitor voltages of the three phases 

Fig. 5: Waveforms demonstrate dc fault ride-through capability of the mixed 

cells MMC 

 

IV. CONCLUSIONS 

 This paper presented detailed discussion of the mixed cells 

MMC modulation and capacitor voltage balancing method, 

and studied its steady state in open loop and closed loop 

response to AC and DC network faults. Device and system 

level studies carried out have shown that the mixed cells 

MMC is promising for multi-terminal HVDC DC grids as it 

combines the low loss of HB cells MMC with the short 

circuit proof feature of the FB cells MMC. However, its 

footprint remains the same as the HB and FB MMCs, which 

may favour the use of alternative arm MMC in applications 

with confined space.  

V. REFERENCES 

[1]              N. N. V. Surendra Babu and B. G. Fernandes, "Cascaded two-

level inverter-based multilevel static VAr compensator using 12-
sided polygonal voltage space vector modulation," Power 

Electronics, IET, vol. 5, pp. 1500-1509, 2012. 

[2]               B. Jacobson;, P. Karlsson;, G.Asplund;, L.Harnnart;, and a. T. 
Jonsson, "VSC-HVDC Transmission with Cascaded Two-level 

Converters," presented at the CIGRE 2010, 2010. 

[3]  M. Tomasini, R. Feldman, J. C. Clare, P. Wheeler, D. R. Trainer, 
and R. S. Whitehouse, "DC-Link voltage ripple minimization in a 

modular multilevel voltage source converter for HVDC power 

transmission," in Power Electronics and Applications (EPE 
2011), Proceedings of the 2011-14th European Conference on, 

2011, pp. 1-10. 

[4]               M. M. C. Merlin, T. C. Green, P. D. Mitcheson, D. R. Trainer†, 
D. R. Critchley†, and R. W. Crookes†, "A New Hybrid Multi-

Level Voltage-Source Converter with DC Fault Blocking 

Capability," in IET ACDC2010, London,UK, 2010. 



This paper is a postprint of a paper submitted to and accepted for presentation and publication in IEEE International Symposium on Industrial Electronics and is 

subject to Institution of Electrical and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library 
 
[5]               Lu, x, T. th, M. M. C. Merlin, T. C. Green, C. D. Barker, F. 

Hassan, R. W. Critchley, R. W. Crookes, and K. Dyke, 

"Performance of a DC/AC/DC VSC system to interconnect 

HVDC systems," in AC and DC Power Transmission (ACDC 
2012), 10th IET International Conference on, 2012, pp. 1-6. 

[6]               G. P. Adam, S. J. Finney and B. W. Williams, "Hybrid converter 

with ac side cascaded H-bridge cells against H-bridge alternative 
arm modular multilevel converter: steady-state and dynamic 

performance," Generation, Transmission & Distribution, IET, 

vol. 7, 2013. 
[7]               Y. Zhang, G. Adam, T. Lim, S. Finney, and B. Williams, "Hybrid 

Multilevel Converter: Capacitor Voltage Balancing Limits and its 
Extension," Industrial Informatics, IEEE Transactions on, vol. 

PP, pp. 1-1, 2012. 

[8]               Y. Zhang, G. Adam, S. Finney and B. Williams, "Improved 
pulse-width modulation and capacitor voltage-balancing strategy 

for a scalable hybrid cascaded multilevel converter," Power 

Electronics, IET, vol. 6, 2013. 
[9]               G. P. Adam, K. H. Ahmed, S. J. Finney, K. Bell, and B. W. 

Williams, "New Breed of Network Fault-Tolerant Voltage-

Source-Converter HVDC Transmission System," Power Systems, 
IEEE Transactions on, vol. 28, pp. 335-346, 2013. 

[10] G. P. Adam, O. Anaya-Lara, G. Burt, S. J. Finney, B. W. 

Williams, and a. J. McDonald, "Comparison between Two VSC-
HVDC Transmission Systems Technologies: Modular and 

Neutral Point Clamped Multilevel Converter," presented at the 

IEEE 13th Annual conference of the Industrial Electronic Society 
IECON2009, Porto-Portugal, 3rd -5th November 2009. 

[11] G. Adam, I. Abdelsalam, K. Ahmed and B. Williams, "Hybrid 

Multilevel Converter With Cascaded H-bridge Cells for HVDC 
Applications: Operating Principle and Scalability," Power 

Electronics, IEEE Transactions on, vol. PP, pp. 1-1, 2014. 

[12] G. P. Adam and B. W. Williams, "Half and Full-Bridge Modular 
Multilevel Converter Models forSimulations of Full-Scale HVDC 

Links and Multi-terminal DC grids," Emerging and Selected 

Topics in Power Electronics, IEEE Journal of, vol. PP, pp. 1-1, 
2014. 

[13] G. P. Adam, I. Abdelsalam, S. J. Finney, D. Holliday, B. W. 

Williams, and J. Fletcher, "Comparison of two advanced 
modulation strategies for a hybrid cascaded converter," in ECCE 

Asia Downunder (ECCE Asia), 2013 IEEE, 2013, pp. 1334-1340. 

[14] I. A. Gowaid, G. P. Adam, A. M. Massoud, S. Ahmed, D. 
Holliday, and B. W. Williams, "Quasi Two-Level Operation of 

Modular Multilevel Converter for Use in a High-Power DC 

Transformer with DC Fault Isolation Capability," Power 
Electronics, IEEE Transactions on, vol. PP, pp. 1-1, 2014. 

[15] D. Montesinos-Miracle, M. Massot-Campos, J. Bergas-Jane, S. 

Galceran-Arellano, and A. Rufer, "Design and Control of a 
Modular Multilevel DC/DC Converter for Regenerative 

Applications," Power Electronics, IEEE Transactions on, vol. 28, 

pp. 3970-3979, 2013. 
[16] F. Deng and Z. Chen, "A Control Method for Voltage Balancing 

in Modular Multilevel Converters," Power Electronics, IEEE 

Transactions on, vol. PP, pp. 1-1, 2013. 
[17] A. Nami, L. Wang and F. Dijkhuizen, "Five level cross connected 

cell for cascaded converters," presented at the European Power 

Electronics and Applications Conference (EPE), Lille, France, 
2013. 

[18] R. Marquardt, "Modular Multilevel Converter: An universal 

concept for HVDC-Networks and extended DC-Bus-
applications," in Power Electronics Conference (IPEC), 2010 

International, 2010, pp. 502-507. 
[19] G. P. Adam;, K. H. Ahmed;, S. J. Finney; and B. W. Williams, 

"H-BRIDGE MODULAR MULTILEVEL CONVERTER (M2C) 

FOR HIGH-VOLTAGE APPLICATIONS," presented at the 21st 
International Conference on Electricity Distribution (Cired), 

Frankfurt, 2011. 

[20] G. P. Adam, K. H. Ahmed, S. J. Finney and B. W. Williams, "AC 
fault ride-through capability of a VSC-HVDC transmission 

systems," in Energy Conversion Congress and Exposition 

(ECCE), 2010 IEEE, 2010, pp. 3739-3745. 
 

 


