International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:12, No:11, 2018

Comparison of Different Discontinuous PWM
Technique for Switching Losses Reduction in
Modular Multilevel Converters
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Abstract—The modular multilevel converter (MMC) is one of
the advanced topologies for medium and high-voltage applications.
In high-power, high-voltage MMC, a large number of switching
power devices are required. These switching power devices (IGBT)
considerable switching losses. This paper analyzes the performance
of different discontinuous pulse width modulation (DPWM)
techniques and compares the results against a conventional carrier
based pulse width modulation method, in order to reduce the
switching losses of an MMC. The DPWM reference wave can be
generated by adding the zero-sequence component to the original
(sine) reference modulation signal. The result of the addition gives
the reference signal of DPWM techniques. To minimize the
switching losses of the MMC, the clamping period is controlled
according to the absolute value of the output load current. No
switching is generated in the clamping period so overall switching of
the power device is reduced. The simulation result of the different
DPWM techniques is compared with conventional carrier-based
pulse-width modulation technique.

Keywords—Modular multilevel converter, discontinuous pulse
width modulation, switching losses, zero-sequence voltage.

I. INTRODUCTION

ODAY, MMC has become one of the most promising
multilevel converter topologies for medium/high power
applications, like the Voltage-Sourced Converter High-
Voltage Direct Current (VSC-HVDC) transmission systems
[1]-[3], variable speed motor drive [4], active filters and in
STATCOM [5], [6]. In comparison with other multilevel
converter topologies, the salient features of the MMC include
(i) its modularity and scalability to achieve any voltage level
requirements, (ii) its high efficiency which is of significant
importance for high-power applications, (iii) low harmonic
content due to the high number of output voltage level,
thereby the size of passive filters can be reduced, (iv) absence
of dc link capacitors, and (v) high degree of modularity and
the lowest expense for redundancy due to a large number of
cells [7], [8]. The modulation scheme is important because it
influences the switching losses, filter size, harmonic content,
capacitor voltage ripple and voltage balancing among each
submodule.
Various modulation techniques have been proposed like
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phase shifted [9], level shifted [10], [11], staircase [12],
selective harmonic elimination (SHE) [13], nearest level
modulation (NLM) [14], [15] and carrier rotation [16], [17].
The disadvantages of the phase shifted and level shifted multi-
carrier pulse width modulation (PWM) techniques are that
they have high switching losses. In level shifted PWM
technique, the harmonics are presented in line-to-line voltage
as sidebands around the carrier frequency. In phase shifted
PWM technique, to reduce the harmonic content, the N
triangle carrier of each arm is shifted by 2II/N incrementally.
Here the optimum angle between upper and lower arm carrier
is an analysis of minimizing the harmonic content in output
voltage and the circulating current harmonic cancellation [18].
A phase shifted PWM technique generates an effective
distribution of power among the sub-module compared to a
level shifted PWM technique.

An effective voltage balancing algorithm can be integrated
with low frequency modulation to enhance the performance of
the phase shifted and level shifted PWM technique. Low-
frequency modulation is preferred for MMC, due to high
number of output levels. SHE can be applied but the finding of
the switching angles becomes complex as the number of level
increases [19]. NLM technique is less complex compared to
the SHE technique. The quality of the output voltage and
current wave in NLM technique distorts more than the carrier
base PWM (CPWM) techniques. Level-shifted pulse-width
modulation (LSPWM) technique produces better harmonic
spectrum in output than that of phase-shifted PWM (PSPWM)
technique. Applications of LSPWM are limited because of
unequal device conduction periods, which is not acceptable in
high-voltage and high-power applications. To generate equal
switching and conduction losses, the carrier rotation PWM
technique can be used among sub-modules [20]. The DPWM
technique is used to minimize the switching losses by reducing
the switching operation in a fundamental cycle. It is based on
clamping one arm of the converter to a non-switching
condition. This clamping effect is generated by addition of a
zero-sequence component to the sine reference signal. Here
the clamping period is of constant duration. In this paper,
performance of different DPWMs are compared. Different
DPWM techniques are classified based on discontinuous
periods such as 30°, 60° and 120° DPWM. This paper presents
the performance comparison of the carrier based PWM and
different discontinuous PWM. The different DPWM
techniques give a significant reduction in switching loss
compared to conventional PWM techniques. The remaining
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paper is organized as follows. Section II explains the
principles of operation of the MMC. Section III describes the
DPWM technique and Section IV shows the comparison of the
simulation results.

II. BASIC OF THE MMC
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Fig. 1 (a) Circuit diagram of a three-phase MMC with N-SMs per
arm (b) Sub module structure

Fig. 1 shows the circuit diagram of a three-phase MMC
structure, which is energized by the DC source. The topology

consists of two arms per phase-leg where each arm is made of

N series-connected, identical sub-modules (SMs) and a series
arm inductor L, and arm resistance R,. Each phase has two
arms, upper and lower. Arm-1,3,5 are the upper arm and Arm-
2,4,6 are the lower arm. This MMC is half-bridge sub-
modules (HB-SMs) base. In each SM there is a one
electrolytic capacitor C and two IGBTs (S, S;). The output

voltage at the terminal of the SMs (Vgy) has two values: its
capacitor voltage (V.) when S, is ON and S, is OFF and zero
when S; is OFF and S, is ON. The series connected arm
inductor is used to control the circulating current within the
phase-leg and to limit the fault current.

Table I shows the switching condition of each power switch
in a sub-module show in Fig. 1 (b).

TABLEI
SWITCHING STATE OF EACH SM
S, S, Veu C:urre.nt Power Capacitor
Direction Path State.

Off On 0 ism>0 S Unchanged
Off On 0 ism< 0 D, Unchanged
On Off Ve ism> 0 D, Charging
On Off Ve ism< 0 S Discharging

Pi

j=UNW)

Fig. 2 Equivalent Circuit diagram of MMC

Fig. 2 shows the single-phase equivalent circuit diagram of
the MMC. The DC voltage source is center earthed. V. is the
total DC bus voltage and I is dc current. R, and L, are the
arm equivalent resistance and arm inductance respectively. Vy;
(G=U,V,W) is the output voltage of the converter at the j phase
and iy; (j= U,V,W) is the converter output current. Addition of
each sub module voltage generates total arm voltage and it is
denoted as V,; & V,;, where p and n denote the upper and
lower arm respectively. The arm current can be express as

. . ly; (1)
Toj = laig T =+

i u @)
nj diff

where igg is the inner current of the phase j, which flows
through both the upper and lower arms.

(ipj + inj) (3)

o=
diff
2
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where ¢ is the inner e.m.f generated in the phase j and is
expressed as

VARERY ®)

In MMC, n sub module in each arm can generate the (n+1)
level of voltage at output with respect to midpoint of DC
source. Each sub module capacitor voltage is ideally regulated
at Vy4/n by using active voltage-balancing technique. The
terminal voltage of any phase at ac-side of MMC is
formulated as

_ r-llowj - nupj *Vd (6)

Vo 2n

where Vyj, j = U,V,W is the output voltage at ac-side of the
MMC. nyj and Ny are the total no of sub module which will
be turn on in lower and upper arm respectively. n is total no of
sub module in each arm. The output voltage Vy; varies
stepwise in the range of V4/2 to —V4/2 with a step size of
Va/n. To obtain the specific level of voltage at the output side
specific no of SMs in the upper and lower arms (i.e. Ny, and
Niowj) should be turn on. For each level of voltage there is a
different switching combination of switches.

III. DISCONTINUOUS MODULATION

The key objective of using discontinuous modulation in
converter application is to reduce the switching losses. The
DPWM can be generated by injecting zero-sequence
component into the reference of the three-phase converter. The
zero-sequence component generated in such manner that the
final reference signal generated is clamped to the upper or
lower terminal of the dc-link for a specific period (Fig. 3). Fig.
3 (a) shows the three reference phase voltages (Vr:, Vys*
,Vis ), Fig. 3 (b) shows the obtain zero-sequence component
(V. sq.) and Fig. 3 (c) shows the final reference voltage for
DPWM operation (V,4,Vya,Vea).The DPWM references are
generated by adding each reference phase voltage and the

zero-sequence voltage. The zero-sequence voltage is
calculated by (7):
v
d
+E max> | Vmax [ Vinin |
2 (7
Vz seq v
dc .
) “Viin® | Vimax [<1 Vi |
Vinax = max(Vys, Vi, Vi )
Ve = min(Ve VeV, ) ®)

The DPWM reference voltages are express as:

V_]d - V_]S* +VZ_Seq, aj =1, Y5b (9)

-
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Fig. 3 (a) Reference Voltage (b) Zero-sequence Component
(c) DPWM Reference

The modulation signal for upper arm and lower arm are
derived as:

Vi ey ey,
jdu 5 TWjs T Vzseq
\Y
— _dc *
Via 1= 55 Vi Vi seq) (10)

In this DPWM reference, the switching device of each SM
does not perform switching operation during the clamping
period when the phase voltage has the greatest magnitude in a
fundamental period. Furthermore, it is observed from Fig. 3
(c) that there is always one phase-leg that is not switching for
a specific period. Thus the average switching frequency of the
power device is reduced. A number of discontinuous
modulation techniques has been developed for converters [21],
[22]. Here discontinuous modulation is used for the MMC. So
all the SMs of one arm of a particular phase-leg are bypass for
some intervals that is due to discontinuous modulation. Due to
that, phase-leg is clamped to the upper or lower dc-bus
terminals for that interval. One arm of the converter is not
switching during those intervals. At the end, switching power
loss is reduced. Discontinuous modulation also reduces the
capacitor voltage ripple amplitudes. Arm currents are divided
according to the value of the equivalent capacitances of that
arm, as:
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c. =% .c =-C (11)
u I

ju

ST breren ! (12)
jurti
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! Ciu*Cy

The numbers of SMs to be activated in the upper and lower
arms are defined as u and |. Equation (12) shows that the
larger the total capacitance in a specific arm, the more output
current passes through that arm. During operation when a
phase-leg of the MMC is clamped to a dc-link, the arm which
is clamped offers an infinite equivalent capacitance that can be
calculated by the substituting u or | by zero in (11). No current
will be circulated through the unclamped arm of the phase-leg,
as per (12) that results in a reduction in capacitor voltage
ripples. Fig. 4 shows the different DPWM reference wave
generated with its corresponding zero sequence component.
Here the clamping period of the DPWM reference wave
depends on load angle [26], [27].

0.02 0.03 0.04 0.05 0.06
Time (s)

(a)

0.02 0.03 0.04 0.05 0.06
Time (s)

(b)

0.02 0.03 0.04 0.05 0.06
Time (s)

(©

Fig. 4 Simulated DPWM Reference Wave with its zero-sequence
component for different load angle (a) DPWM1 (b) DPWM2 (c)
DPWM3

Fig. 4 (a) shows the DPWMI1 reference wave in which
centre part of the wave is clamped in both positive and
negative cycle. Figs. 4 (b), (c) show the DPWM2 and

DPWM3 reference wave with different load angles [24], [25].
This DPWM reference wave results in the reduction of the
switching loss. In Figs. 4 (a)-(c) red waveform shows the
DPWM reference wave and blue waveform show the zero
sequence component [22], [23]. Reduction in capacitor ripples
voltages and the switching loss of the MMC can be achieved
by varying the clamping period of the DPWM wave, which
can be varied by the load angle. Here the algorithm clamps the
phase leg that carries more output current. The phase-leg with
the maximum absolute value of the current can be clamped
corresponding to either maximum or minimum value of the
reference signals.

Fig. 5 shows the flowchart of the generation of the zero-
sequence component and DPWM reference wave. First the
reference signal (V,S*, Vys* ,Vbs*) and output current (I, I, Iy)
enter into the algorithm, it finds the MAX. and MIN. values of
the voltage and current signal. This reference voltage is used
to determine a prohibitive phase that should not be clamped to
avoid over modulation.
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Fig. 5 Flowchart for zero-sequence voltage generation

The prohibitive phase which should be prevented from
being clamped corresponds to the phase with a medium
voltage (Vimiq). Therefore the algorithm excluded V4 from the
process to generate the zero-sequence voltage. After that, one
of the two legs related with V,,,, and V ;;, must be clamped to
either positive or negative dc-link, depending on which phase
leg conducts a larger load current.

At last by putting condition on max and min value of the
current, algorithm will find the zero-sequence component for
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the reference DPWM wave. By adding this zero-sequence
component to the reference signal gives the DPWM reference
wave.

IV. SIMULATION RESULTS

Simulation has been done in PSIM software to verify the
performance of the said different DPWM technique for MMC.
Here the MMC with four SMs per arm (N=4) is simulated.
Three different types of the DPWM reference wave are
generated called as DPWMI1, DPWM2, and DPWM3. The
main data of simulated MMC are given in Table II. Switching
of SMs switch can be prevented by the algorithm shown in
Fig. 5 during the clamping period. In addition, the clamping
period generated by the algorithm moves depending upon the
load angle.

TABLEII
SIMULATION PARAMETERS
DC Bus Voltage (Vq4./2) 340 V
DC Resistance (Rq./2) 0.1Q
Number of Sub module per Arm (N) 04

SM Capacitance (C) 4000 pF

Arm Inductance (L,) 5mH

Sub Module Capacitor Voltage (V.) 200V
Carrier frequency (f.,) 1 KHz
Sampling & Control Frequency (f;) 10 KHz

Reference Signal Frequency (f;) 50 Hz
Load-1 (DPWMI) R=12Q,L=10 mH
Load-2 (DPWM2) R=12Q, L=25mH
Load-3 (DPWM3) R=0.3218Q, L= 50mH
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Fig. 6 (a) Phase Voltage (230 V), (b) Phase Current (17.77 A, 4.42%

THD), (c) Upper Arm Capacitor Voltages, (d) Lower Arm Capacitor

Voltages, (¢) Reference DPWM Wave (DPWM1), (f) Gating signal
of SM1 (g) DC link Voltage with load R=12 Q, L= 10 mH

Fig. 6 shows the results of the DPWMI technique in which
the center portion of the clamping period is aligned with the
peak of the current and voltage reference wave. The described
algorithm can also generate the DPWM2 and DPWM3 for a
different clamping period. Figs. 6 (a), (b) show the five-level
phase voltage and phase current. Figs. 6 (c), (d) show the
capacitor voltages of the upper arm and lower arm capacitor,
which oscillates between 162 V and 170 V. This upper and
lower arm capacitor voltages are balanced by the balancing
algorithm. Figs. 6 (e), (f) show the DPWM reference wave
with its corresponding gating pulse generated for the first SM
of MMC of a leg. Fig. 6 (g) shows the dc link voltage of the
converter.
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Fig. 7 (a) Phase Voltage (230 V), (b) Phase Current (20.84 A,
15.86% THD), (c¢) Upper Arm Capacitor Voltages, (d) Lower Arm
Capacitor Voltages, (¢) Reference DPWM Wave (DPWM2), (f)
Gating signal of SM1 (g) DC link Voltage with load R=12Q, L= 25
mH

Fig. 7 shows the simulation results for DPWM2 reference
wave. Fig. 7 (a) shows the 5 level phase voltage. Fig. 7 (b)
shows the output phase current of the MMC. These results are
for different values of the load compared to the result shown
in Fig. 6. Here the load became more inductive. Figs. 7 (¢), (d)
show the capacitor voltages of upper arm and lower arm. Fig.
7 (e) shows the DPWM2 wave generated for the different load
angle. Fig. 7 (f) shows the gating pulse of the SMlof the
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Fig. 8 (a) Phase Voltage (230 V), (b) Phase Current (12.64 A,
16.61% THD), (c) Upper Arm Capacitor Voltages, (d) Lower Arm
Capacitor Voltages, (¢) Reference DPWM Wave (DPWM3), (f)
Gating signal of SM1 (g) DC link Voltage with load R=0.3218Q, L=
50 mH

Figs. 8 (a), (b) show the phase voltage and phase current for
DPWM3 technique. Figs. 8 (c), (d) show the capacitor
voltages of the upper arm and lower arm respectively. It shows
that the voltage balancing between the capacitors is effective
compared to other DPWM technique. Fig. 8 (e) shows the
DPWM3 reference wave generated for a specific load angle.
Gating pulse of the sub-module 1 (SM1) is shown in Fig. 8§ (f).
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Fig. 9 (a) Phase shifted carriers and sine reference (b) Gating pulse

for PS-PWM technique (c) Gating pulse for DPWM1 (d) Gating
pulse for DPWM2. (e) Gating pulse for DPWM3

Fig. 9 shows the comparison of the gating pules for the
different PWM techniques. Fig. 9 (a) shows the Phase shifted
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PWM technique (PS-PWM) in which one sine reference and
four triangles are compared to generate the PWM pulse. Fig. 9
(b) shows the gating pulse generated for the SM1 using PS-
PWM technique. The triangle carrier signal has a frequency of
1 KHz. Figs. 9 (c)-(e) show the different gating pulse
generated for the SM1 using DPWM1, DPWM2, and DPWM3
respectively. This comparison of PWM signals shows that the
switching frequency of different PWM signal of DPWM
techniques varies depends on the clamping period. Compared
to conventional PS-PWM, DPWM technique gives a reduction
in switching loss of the MMC.

V.CONCLUSION

In this paper, a discontinuous modulation technique with
different load angles has been presented. Discontinuous
modulation results in a reduction of the switching power
losses. This discontinuous modulation technique is based on
clamping the phase-leg with the maximum output current to
the upper or lower arm terminal of the dc-link. Here two
algorithms, capacitor voltage balancing and generation of
clamping period, are used in the simulation. Simulation results
show the effectiveness of this technique, which reduces the
switching losses. Different DPWM reference waves are
generated based on the load angle. This DPWM reference
waves give the reduced switching operation of the MMC.

REFERENCES

[1] Allebrod S, Hamerski R, Marquardt R. New Transformer less, Scalable
Modular Multilevel Converters for HVDC-Transmission. In Proc. IEEE
Power Electronics Specialists Conf. 2008; 174—179p.

[2] Dorn J, Huang H, Retzmann D. A New Multilevel Voltage-Sourced
Converter Topology for HVDC Applications. In Proc. Cigre
Session.B4-304, Paris, 2008.

[3] Marquardt R. Modular multilevel converter: An universal concept for
HVDC-networks and extended DC-bus-applications. In Proc.
International Power Electronics Conf. Jun 2010; 502-507p.

[4] Hagiwara M, Nishimura K, Akagi H. A medium-voltage motor drive
with a modular multilevel PWM inverter. IEEE Trans. Power Electron.
Jul 2010; 25(7): 1786-1799p.

[5] Mohammadi H, Bina M. A transformer less medium-voltage
STATCOM topology based on extended modular multilevel converters.
IEEE Trans. Power Electron. May 2011; 26(5): 1534-1545p

[6] Adam GP, Anaya-Lara O, Burt G, McDonald J. Transformer less
STATCOM based on a Five-level Modular Multilevel Converter. In
Proc. European Conf. Power Electronics and Applications (EPE). 2009;
1-10p.

[71 M.A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, ”Circuit
topologies, modelling, control schemes and applications of modular
multilevel converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp.
4-17, Mar. 2014.

[8] S. Debnath, J. Qin, B. Bahrani, M. Sacedifard, and P. Barbosa,
”Operation, control, and applications of the modular multilevel
converter: a review,” IEEE Trans. Power Electron., vol. 30, no. 1, pp.
37-53, Mar. 2014.

[9] Binbin Li, Rongfeng Yang, Dandan Xu, Gaolin Wang, Wei Wang,
Dianguo Xu. Analysis of the Phase-Shifted Carrier Modulation for
Modular Multilevel Converters. IEEE Transactions on Power
Electronics. Jan 2015; 30(1): 297-310p.

[10] Konstantinou G, Agelidis V., Performance Evaluation of Half- Bridge
Cascaded Multilevel Converters Operated with Multicarrier Sinusoidal
PWM Techniques. In Proc. IEEE Conf. Industrial Electronics and
Applications. 2009; 3399-3404p.

[11] Sixing Du, Jinjun Liu, and Teng Liu , A PDPWM Based DC Capacitor
Voltage Control Method for Modular Multilevel Converters, Journal of
Power Electronics, Vol. 15, No. 3, pp. 660-669, May 2015

[12] Ke Shen, Jianze Wang, Dan Zhao, Mingfei Ban, Yanchao Ji, and
Xingguo Cai, Investigation of Capacitor Voltage Regulation in Modular
Multilevel Converters with Staircase Modulation, Journal of Power
Electronics, Vol. 14, No. 2, pp. 282-291, March 2014

[13] J. N. Chiasson, L. M. Tolbert, K. J. Mckenzie, and Z. Du, A unified
approach to solving the harmonic elimination equations in multilevel
converters, IEEE Trans. Power Electron., Vol. 19, No. 2, pp. 478-490,
Mar. 2004.

[14] D. Wu and L. Peng, Characteristics of nearest level modulation method
with circulating current control for modular multilevel converter, IET
Power Electron., Vol. 9, No. 2, pp. 155-164, Feb. 2016.

[15] Yong-Hee Park, Do-Hyun Kim, Jae-Hyuk Kim, and Byung-Moon Han ,
A New Scheme for Nearest Level Control with Average Switching
Frequency Reduction for Modular Multilevel Converters, Journal of
Power Electronics, Vol. 16, No. 2, pp. 522-531, March 2016

[16] Dharmavarapu Sreenivasarao, Pramod Agarwal, Biswarup Das,
Performance evaluation of carrier rotation strategy in level-shifted pulse-
width modulation technique, IET Power Electronics., 2014, Vol. 7, Iss.
3, pp. 667-680

[17] Ke Shen, Bailu Xiao, Jun Mei, Leon M. Tolbert, Jianze Wang, Xingguo
Cai, Yanchao Ji, A Modulation Reconfiguration Based Fault-Tolerant
Control Scheme for Modular Multilevel Converters, 2013 Twenty-
Eighth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), pp. 3251-3255

[18] Binbin Li, Rongfeng Yang, Dandan Xu, Gaolin Wang, Wei Wang,
Dianguo Xu. Analysis of the Phase-Shifted Carrier Modulation for
Modular Multilevel Converters. IEEE Transactions on Power
Electronics. Jan 2015; 30(1): 297-310p.

[19] G. Konstantinou, M. Ciobotaru, and V. Agelidis, Selective harmonic
elimination pulse-width modulation of modular multilevel converters,
Power Electronics, IET, vol. 6, no. 1, pp. —, 2013.

[20] Dharmavarapu Sreenivasarao, Pramod Agarwal, Biswarup Das,
Performance evaluation of carrier rotation strategy in level-shifted pulse-
width modulation technique, IET Power Electron., 2014, Vol. 7, Iss. 3,
pp. 667680

[21] AM. Hava, RJ. Kerkman, and T.A. Lipo, A high-performance
generalized discontinuous PWM algorithm,” IEEE Trans. Ind.
Applications, vol. 34, no. 5, pp. 1059-1071, Sep./Oct. 1998.

[22] Sangshin Kwak; Jun-Cheol Park, Predictive Control Method
with Future Zero Sequence Voltage to Reduce Switching Losses in
Three-Phase Voltage Source Inverters” IEEE Transactions on Power
Electronics, Year: 2015, Volume: 30, Issue: 3 Pages: 1558 - 1566

[23] Min-Gyo Jeong, Seok-Min Kim, June-Seok Lee, and Kyo-Beum Lee,
“Discontinuous PWM Scheme for Switching Losses Reduction in
Modular Multilevel Converters” Journal of Power Electronics, Vol. 17,
No. 6, pp. 1490-1499, November 2017

[24] O. Ojo, “The generalized discontinuous PWM scheme for  three-
phase voltage source inverters “IEEE Transactions on Industrial
Electronics Year: 2004, Volume: 51, Issue: 6 Pages: 1280 — 1289.

[25] T. Brahmananda Reddy;J. Amarnath; D. Subbarayudu; Md. Haseeb
Khan, “Generalized Discontinuous PWM Based Direct Torque
Controlled Induction Motor Drive with a Sliding Mode Speed
Controller” International Conference on Power Electronic, Drives and
Energy Systems Year: 2006 Pages: 1 — 6

[26] A. M. Hava;R. J. Kerkman; T. A. Lipo, “A high-performance
generalized discontinuous PWM algorithm” IEEE Transactions on
Industry Applications Year: 1998, Volume: 34, Issue: 5 Pages: 1059 —
1071.

[27] Joel Prieto, Martin Jones, Federico Barrero, Emil Levi and Sergio Toral,
“Comparative Analysis of Discontinuous and Continuous PWM
Techniques in VSI-Fed Five-Phase Induction Motor” IEEE Transactions
on Industrial Electronics, Vol. 58, No. 12, December 2011.

859



