A Modul ar Mul t i IRaweplb aC
Decoupli ngoCh-Rhmaeeés
MV Ad] uSpteaebd eDr | v €

Mohamed S. DialStudent MembetEEE, Ahmed M. MassoudSenior MembelEEE, Shehab Ahmed,
Senior MembelEEE, andBarry W. Williams

Abstract This paper presents a drive system based on a reliability [5]. The MMC is a popular topology in constant
modular multilevel converter (MMC) with high -frequency  voltage constarirequency applications, where it is considered
magnetic channels between adjacer#rm submodules (SMs), a standard commercialized converter interface in-igtage
Suggzlem‘;ocrh,m:d"fr"h*e"o'ga:g?' ha'l?gpoé"’n?rlghreghp;gseof"g”glb'ﬁa” directcurrent transmission systems. However, utilization of
Sp INES. contiguration employs chains ot du MMC in apgications with variabldrequency scenarios, such
bridge (DHB) modules linking adjacent SMs of threephase as adjustablspeed drives, is less common due to the serious

symmetrical arms. The DHB modules are operating as power . : . . L -
channels enabling energy exchange to resto the power challenge associated with its operating principals. With

i mbal ance among the SM capaei fugdamentalt gnds segojuddgry, Epplg r pAWEss PYISRLNG e
powers to be entirely decoupled through bidirectional power Simultaneously in MMC arms, the lsmodule (SM) floating
transfer between adjacentarm SMs, resulting in a near ripple  capacitors experience wide voltage fluctuations, particularly at
free SM capacitor voltage profile. Therefore, the MMC common |ow operating frequencies, that could threaten the safety of
problem of wide voltage fluctuation across SM capacitors is switching devices and adversely affect the MMC normal
comprehensively solved, independent of the operating frequency. operation. To maintain SM capacitor voltageple within
Additionally, a significant reduction in the sizing requirement of tolerances, the SM capacitance should be designed fairly large
SM capacitance is achieved. The configuration is able to drive to compen’sate for the high voltagpple, which increases the

multi -megawatt machines from standstill to the rated speed at . . .
the rated torque operating condition. The operating principle of converter volume and weight, while further increases the

the proposed MMC configuration is explained and necessary System stored energy. Nonetheless, at near zero frequency, the
mathematical analysis is derived. Features and viability of the SM cagcitor voltage undergoes a unidirectional change with
proposed drive system are verified through simulation and extreme voltageipple, where increasing the SM capacitance
experimentation. is not viable. This inherent constraint dispossesses the MMC
from many mediunvoltage (MV) drives applicatns, where
Index Termg Dual half-bridge (DHB), high-frequency  gperation from starddill at rated current and continuous low
transformer, low motor speed, mediumvoltage (MV) variable-  ghaeq gperation are required. This restricts its utilization to a
Zpeed erves, modular multlleve_l converte_r (MMC), power range of quadratiorque loads such as pumps and
ecoupling,submodule (SM) capacitor voltageipple.
compressors [6], [7].
Several approaches have been proposed in diversified
studies addressing SM capacitor voltaiggple in variable
T HE modular multilevel converter (MMC) has shownspeed drives applications. One effective approach is to inject a
promising potential in mediumto highvoltage, high  high-frequency (HF) circulating current into the MMC phase
power applications due to its unique features [1]. In addition ¥ms, while injeting the same frequency harmonic into the
the advantages of stabéthe-at multilevel converter converter output commemode (CM) voltage [6[11]. That
topologies, such as dioaéamped [2], flyingcapacitor [3], s, the lowfrequency pulsating powers in the MMC arms are
and cascaded -Hridge converters [4], the MMC offers transformed into HF components, allowing the SM capacitors
outstanding features being a highly modular topology that cg® pe charged and discharged more fesdly such that their
be easily scaled to high power ratings, with an enhancggitage ripple is attenuated. Although this compensation

_ , _ _ approach limits capacitor voltage variation at low motor
IMa:r;ug(c)rlpt received December 24, 2017; revised April 21, 2018; acceptheedS the CM voltage introduced at the motor terminals has
July 13, 2018. !
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profile, sacrificing some MMC principal features. ars T
modifications to the basic MMC structure have been discussed
in an attempt to find a hardware solution to the power
imbalance problem between MMC arms. In this context,
physical power transfer channels between the upper and lovgt
MMC arms were proposkin [16] and [17] to redistribute the ——
power between armdn addition, different SM structures,
rather than the conventional halfidge SM (HBSM), were
employed in [18] and [19].

Although most of the mentioned approaches satisfactorily
suppress SM qmcitor voltageripple at low operating [ 1°
frequencies, they are unable to drive a machinéull-load
torque from stanstill condition. Also, no detailed verification
or results have been demonstrated for continuous- low
frequency operation of higbower mabines in mult  3Ve
megawatt drive systems. o

The authors recently proposed a ripptever decoupling
approach for MV higkpower MMGfed variablespeed drives
incorporating operend stator winding machines [20]. This
approach overcomes the inherent limitatioofls MMC-fed
drives by countebalancing the fundamental rippt®wer of
each two adjacent arms, with a common machine winding, big. 1 Circuit diagram of aonventionaMMC topology feeding a threghase
employing modular energgxchange schemes betweerjduction machine.

adjac_emarm SMs operated with omf-pha}ge modulation. power and SM capacitor voltagiple to identify their
That is, the excessf the fundamental capacitive energy storeditferent frequency components. The proposed MMC

at one arm side is transferred to the adjacent oppositelynfiguration is illustrated in Section Ill. The drive system
modulated arm, to cover for the lack of energy in that aroniro| algorithms are discussed in Section IV. Section V
This results in a significant reduction in SM capacitor voltaggiefly discusses the proposed configuration and its possible
ripple, where the fundamentaipple component is entirely \ariations. Simulation results for muhiegawatt MMC
eliminated, rendering the SM capacitor voltage pulsating dugstems and experintal results for a downscaled laboratory

to only the secondrder ripple component. Similar researchy ototype are presented in section VI. Finally, Section VII
has been presented in [21] and [22], but with the fundameniqy;,ciudes the contributions of this paper.

ripple power countebalanced between eachaip of upper

and lowerarm SMsof the same MMC phaseg. 1.
In this paper, the authors extend the rigpbaver decoupling

approach to compensate for both the fundamental and second o ]

order ripple power components in the MMC arms. That is, al e circuit diagram of a thrgghase MMC feeding an

new MMC drive gstem configuration is proposed for induction machine is shown in Fig. 1. Each MMC phizgpis

variablespeed drives employing thrphase machines with formed Dby two series arms connected through arm

star/delta connections, with modular eneegghange chain inductorsh , while each arm consists bfseriesconnected

links interfacing each three adjacemtm SMs through isolated SMs. The SM commonly consists of an HB cell with a dc

dc-dc converters. With symmetrical modtibn of the three Capacitor of an equivalentapacitanceC and a rated

MMC phaselegs, the pulsating powers (manifested a¥oltagew. _ i

capacitor voltage ripple) in each three adjagemt SMs can  The output voltage of an MMC phakeg is denoted by

be eliminated altogether, since their vectorial sum is zero. Thdile thecurrent through a machine winding is denotedChy

occurs by transferring the ripple powebetween three where'®{ad, and are expressed as follows.

magneticallyinterfaced SMs, of different three phasgs, in L

accordance to a capacitor voltageple control scheme that 0 wAT100 —

ensures ripple free SM capacitor voltage. The decoupling of Q "'OAT106 — -

the ripple powers of MMC arms results in a significant

reduction in the SM capacitance and MMC stored energyhere @ and O are the voltage and current amplitudes,

Further, it enables the MMC to drive a variabfgeed machine respectively] is the output angular frequencyis the phase

at constant torque over the eatispeed range, even at aangle of the stator voltage— mi—h p¢ mi h— AT Ai

stanctill. It is worth mentioning that the added energyande is the machine poweactor angle.

balancing hardware retailse MMC modularity feature, and The magnitude of the ac output voltage is defined by the

its control is independent of the main MMC system contrghodulation index) and the voltage of the input sourbe, as

loops. follows.
This paper is presented as follows. Section Il illustrates the

problem to be solved by presemithe analysis of MMC arm w -0w 2)

RIPPLEANALYSIS AND CHARACTERIZATION OF
CONVENTIONAL MMC

@)



The MMC arm voltages in addition to the arm currents are 4
given by (3) and (4), respectively, with the subscriptandL sl
referring to the correspondingZ,f‘
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whereQ is the CM current of a phageg j, and referred to 4
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as the circulating current. With appropriate eweder
harmonic suppression control [23], the Cddrrent can be Fig.2 MMC arm power componentsi( = 25 kV, 0= 500 A,M = 0.75,
considered as a dc component which can be calculated throughd- = 35).

a lossless power balance between the dc input and ac output as
shown in (5), wheréD is the MMC dc input current.

‘O 00AT-O 10
Q — — 5) \
o} T
The instantaneous power input to each arm is the product of
the arm voltage (3) and the corresponding arm current (4):
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Substituting (1) (5) into (6) and arranging terms yields,

n 1 N
nooA A 0 @
wherery andn are the CM and the differentiatode
(DM) components of the arm power, respectively, and are 100
written as follows: %
=
‘ w D ., 3
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Equations (7) and (8gstablish that the arm power is
characterized by two components. The DM component

(b)
pulsates with the fundamental frequency and appears in amlliig. 3 Relation curves of capacitor voltaggple at constand 7 versus

. eratirg frequency and output current for (a) CM component and (b)
phase in the upper and lower arms as a consequence of te,,onent(C =3 mF.o = 2.5 kv, and = 35)

load current being split differentially between the arnfihe

CM component pulsates at twice the fundamental frequency 0 Yo (g o0 — e

due to the different frequency alternation of both input and . (10a)

output powers. Both CM and DM power components are W i QEo —

graphically demonstrated in Fig. 2 along with the total arm .. c

power, where it carbe noticed that the DM power is the Yo Yw (] o — .

dominant component. G, (10b)
Due to the dual frequency alternation of the MMC arm Yo Qo — |

powers, capacitor voltagtuctuation has both CM and DM C

voltageripple components alternating at twice th
fundamental frequency and at the damental frequency,
respectively, as demonstrated by (10).

SwhereYv and¥o are the capacitor voltageriation and the
absolute peako-peak variation of SM capacitor voltage
ripple, respectively.
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Fig. 4 Circuit diagram for the proposed MMC configuration feeding a {bh@semachine.

The magnitudes of the pe#dcpeak capacitor voltagepple Pame
due to CM and DM components are [2[24]:

o QO

Yo — (11a)
0 O
Yo — 1 AT ® 0 10 (11b)

pCITI c

pcm a

Fig. 3 shows the -B curves of thenormalized cagacitor
voltage ripple du¢o boththe CM and DM components, varied
with both operating frequency and output current, while the
ratio0 7 is maintained constant as a requirement of constanfmb
motor torque condition.Fig. 3a elucidates that the CM (@ (b)
component has a slight effect on the capacitor voltagee _ , _
only with load current increase. That is, for a 1000 A currenQﬂa asm':?]?:r?;(;ﬁz:\i?egﬁgg g)nr d'\g'g\;'geix mp;“}’fergﬁgﬂg“jo';;z‘f @
increase, the CM voltage ripple constitutes fo¢&th,
independent of the operating frequeptry.cqntrast, Fi_g. 3b A. Ripple Power Decoupling
shows the DM component has a dominant influence in the SM _
capacitor voltageipple, as itis significantly increasing with ~ Referring to (8) both the CM and DM power components

both operating frequency reduction and output curre§tY mmet ri cal 'y pul s aphase arms, as h e
increase. represented in the frequency domain of Fig. 5. The

symmetrical alternation of both power components results in a
symmetrical fluctuation in the total arm power, si®wn in
Fig. 6a, which is consequently inherited in the corresponding
] i ) . SM capacitor voltageariation, as presented in Fig. 6bhat
The proposed MMC configuration employs magnetic chaing e capacitor voltagepple of an uppearm SM alternates
equipped with powedecoupllng_ channels linking ad]acgnt with a “ phaseshift to the capacitor voltagépple of
arm SMs. The powemecoupling channels are rea“_zedadjacent SMs in other upper phaaens, while it alternates in
through HF transformeibased dac converter units antiphase to the capacitor voltagpple of an SM in

interfacing each adja_lcen_t SM of petrically modul_ate(_j corresponding lower arm due to the predominance of the DM
phasearms as shown in Fig. 4, where a thpd®se machine is component.

fed through the proposed MMC drive configuration.

Pdma pcm b

Ill. PROPOSEDMMC CONFIGURATION WITH RIPPLE POWER
DECOUPLNG
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Fig. 7 A DHB-based power decoupling chain for three MMC adjaeemt HB-SMs.

The basic idea of the active power decoupling is to divert tloércuit diagram for one of the magnetic chainsking
pulsating power from one specific energy storage componeadjacentarm SMs, shown in Fig. 4, is further illustrated in
to another, through an active circuit. That is, the proposédg. 7, where three HiBMs are interconnected together
MMC configuration redistributes the stored capaciiveergy through three DHB converters.
among eachhree adjacerirm SMs by allowing their ripple  The DHB converter is composed by a pair of voltéeg HB
power to be transferred from one SM with an excess afverters interfaced through an HF transfier. The
capacitive stored energy to the other SMs, in a closédnsformer turns ratio is unity since the-dlkc conversion is
magnetic loop, to source the lack of energy there. With zeamly employed for energy balancing between bridge sides at
vectorial sum of symmetrical thrggha® components, both the same voltage levelDHB parasitic components are
the CM and DM power components are decoupled altogethexkploited to achieve some operational characteristics, where
in each chain link of adjacearm SMs. This results, ideally, the leakagdnductance of the HF transformer is employed as

in a ripplefree SM capacitor voltage profile. an energy transfer element between the dc capacitors, while
the output capacitance of switching devices is used to realize
B. Isolated Power Decoupling Channels soft-switching operation.

The dual activébridge (DAB) converter is used in a variety 1.
of isolated dedc power conversion applications5]2 It has . -
the merit of achieving high density bidirectional power Since the DHB circuit creasea squarevave voltage on each
transfer with galvanic isolation, sefwitching  of side of the transformer, the power flow is controlled via the
semiconductor deviceshd modular structure. The hdifidge phase angle differende, between the primary and secondary
version of such a converter, denoted as a duatbnafe voltage vectors. The most common approach for sewase
(DHB), requires half the number of switching devices as tr’%in;:aggghatcgﬁtlr(t:;fwsegsr sSIdrﬁols tlg?;?smgl Zwtl;/lalnn lar
full-bridge version, offering the benefits of low device countc ' | of Vf ide d u i VtVId ¢ tlmgu
reduced size, and operation witlraeteadystate dc offset of ?rggor/&gna T(l;B) a Drequegay an tha corrlls an uly (rjaffl
transformer magnetizing current@2 [27]. In this paper, the o ) ). Depending on the phase angle difference
DHB converter is employed asdcdc energyexchange unit betweenthe primary and secondary voltages, the amount of
that achieves energy rebalancing for MMC SMs. A detailPVer transfer is [20]:

DHB Principle of Operation
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whereL is the transformer leakage inductance 3Rds the o AR VAR AV VAR

DHB switching frequency.
To generate a phase differente between both DHB %

converter sides, two modulation signals are definefolasvs Veray,

[22]. [—‘ ’—‘ ( > ﬂ ’—‘ (V—;ﬂ
1 > ¥t
0 O - (13a) ﬂj u o u u

~

2
> ¥t

(=

0 9 0s (13b) 4
Ve ;u: A —qu
According to the sign ofli ,bidirectional power can be T ﬂ ( T ﬂ (
transferred between DHB converter sides as illustrated in Fig. > ¥t
8, where0 andU are the voltages applied on the primary and
secondary transformer sides respectively. Ve Vet

2. DHB Soft Switching @ (b)

DAB converters offer natural zenmltageswitching (ZVS) Fig. 8 Sketch of the phasshift PWM of a DHB converter for bidirectionz
transitions for the turon of all devices. A snubber capacitorPoWer transfer. (a) Positive phasieift angle and (b) Negative phasieft
should be connected across each switching device to exten
the ZVS action to the turaff instants. The ZVS condition for
both swithing devices of each HB is that the net current
leaving the leg pole (middle accessint of the leg) lags the In this section, the control schemes applied in the operation
voltage of the pole. With the necessity of inserting a dead tingé the proposed MME@HB system as a variabpeed motor
between switching devices in the same bridge leg, the net gve are illustrated. A block diagram for the overall control
output current sbuld not change direction during the deaclgorithm is shown in Fig. 9. It is divided into three main
time until the opposite switching device is turned on. Duringarts: a) rotor control, b) MMC control, and c) the DHB
the dead time, this current charges one snubber capacitor @erchannels control. Each part of the control system is
discharges the other in the same leg, resulting in ﬁpfﬂo briefly described in the following subsectioihe outputs of
For turnon ZVS, eachswitching device at each bridge sidethe overall control algorithm are the switching commands for
should have a negative current just before turning on, such th@th MMC SMs and the DHB paw channels.
the antiparallel diode is conducting, while the voltage across o motor Control

the switching device is almost zero. On the other side, Whenl_h fieldori q | (FOC h . lied
the switching device is turdeoff, the voltage across the e fielcoriented contro ( . ) scheme is applied to
snubber capacitor is almost zero ané switching device control the operational characteristics of the induction motor.

current will divert to the snubber capacitor, which slightl)/a‘S shown ilnlthe bkf)Ck Siagra:}n of Figh._9, the FOC empfloys
increases the snubber capacitor voltage at thedtfiinstant. FWO contro oops for Ot, the machine torque anhak,
Since the proposed MMC configuration pimys DHB implemented in théQ rjrotating frame, where two reference

modules with a unity voltage conversion ratio, ZVS operatioY]alues for motor speed and flux are fed to the FOC sc_heme to

is ensured for any loading conditiors[2 generate the commanded value§ of to;ltlami fluxproducing
components of the stator curreif® (and’Q ). The reference

C. Operation at Zero MoteSpeed/frequency current components are processed through two independent

the unidirectional currenP2s of proportional integral (PI) controllers to generate two

In a conventional MMC_topoIogy, . sets of reference voltage vectot$ (and0® ). These vectors
through MMC arms during near zero fresncy operation
re used to generate a set of thpease reference voltages

results in a unidirectional change in SM capacitor voltag€,; 7, a - . :
leading to extreme capacitor voltagpple. In contrast, the v, U andu_ ), that are utilized in the MMC modulation
proposed MMGDHB configuration is  prominently 25 will be explained.

advantageous being able to efficiently operate at near zero B, MMC Control

frequency, lhat is, driving a machine from fall load torque Each MMC phaséeg is controlled by a modulator that

standtill condition, with an enhanced SM capacitor voltage . .-nqs 4 varying number of SMs to be inserted at each

r|ppleprof|le. At near zero frequency, the CM power in th ime instant according to a phase disposition PWM scheme.
different MMC arms is almost zero as a consequence of t

both i d beina de. Al he DM ch modulator operates according to a sinusoidal reference
power at both input and outpports being dc. Also, the input signal which depends the motor control requirements.
symmetrical power components pulsating in the MMC armgy, aintain all of the MMC paralleled phalegs balanced, a
are countebalanced within the magnetic powaecoupling c '

hains interfaci h ¢ adiacar SM apacitor voltage balancing algorithm in addition to a CM
chains interfacing each group ot adjaca S: current control scheme are applied as follows.

IV. CONTROLALGORITHMS
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Fig. 9 Control block diagmm for the proposed MMOHB motor drive system.
1. Capacitor Voltage Balancing difference,] *, which is utilizedas an input to the DHB

SM capacitor voltage balancing is maintained by a selectiiedulator. Accordingly, the DHB modulator generates the
mechanism based on capacitor voltage measemés at each control signals) andy , as given by (13), such that they are
switching instant This mechanismsorts the SM capacitor compared with a triangular carrier signal to generate the DHB

voltages, and then decides which individual SM be inserted ®itching signals " and Y ), resulting in square
bypassed, according to the arm current directi@h [2 wave voltages at both sides of the DHBdule shifted by the
. commanded angie’. With a fast and adequate modulatizfn

2. CM Current Regulation the MMC arms, the same phase angle difference is utilized for

A closedloop control scheme for evdrarmonics all the) power channels located at the same arm. That is, in
suppression of the CM current is implemehée introduced in  the DHB control blocks of Fig. 9, the sum of the SM capacitor
[23], with the advantage of being independent of the SMoltages of the upper arm of phas¢B 0 ), are subtracted
capacitor voltage balancing. The controller consists @fom that of the upper arm of phasgB 0 ) to control the
paralleled resonant controllers with the resonant frequency $gfwer flow though the DHBmodulesinterconnecting the
at the even harmonics. Since the seeomadd fourthorder ypper SMs of both phaseandb. The lowpass filter (LPF) is
hamonics are the most dominant components in the Clfilized to remove any harmonic wave distortion. The same
current, only two proportional resonant (PR) controllers argontrol loop is repeated for each set of DHBs interfacing the
utilized and tuned atg and 11 , where] is the SMs of two adjacent arms, whesix PI controllers are
fundamental angular frequency. The reference CM currentdgnployed to control all DHBnodules
set to zero, while the outmubf the paralleled PR controllers
are added together and fed to the MMC modulator as V. DISCUSSION

correction parameters for the thrglease reference signals. The proposed approach in this paper employs power

C. DHB Control decoupling chaidinks based on DHB units acting as SM

The control of the DHB modules is ultimately to track bottgnergy balancers. In the MMBHB configuration shown in
the level and direction of power exchange within each chain bf9- 4 (denoted asoofiguration 1), each magnetic chain link
interfaced MMC SMs, which rebalances the stored capacitiyierfaces three MMC SMs through three DHB units.
energy among the SMs. To ensure each SM capacitor voltagerefore, the total number of employed DHB units is equal to
is ripplefree, acontrol loop employing a Pl controller is the total number of MMC SMs.
implemented for each DHB modulg. The PI controller gets the A DHB Rating
voltage difference of each DHB primargnd secondargide

capacitor pair to zero, providing the necessary phase anﬂlélthough the proposed approach entirely decouples the SM

pple power (both CM and DM components), the decoupled



power can be approximated as the DM power, being the major
contributor in the arm ripple power. That is, the maximum SM
decoupled power can be calculated from (8b), as:

%de
. 0 ® O —
0 ) - (14)
0 10
where 0 and 0 are the peak values of the .
decoupled SM power and the DM arm power, respectively. —o E——— M

Since each SM capacitor is shared between two DHB units,
the SM ripple power can be transferred through two power
paths. The DHB control algorithm limits the maximum power, Lam2a
transferred through each DHB unit to be equal to half the SM“|

decoupled power. That is, each DHB unit is rated at half the |
SM power as given by (15), whete is the peak value

of the power transferred through each DHB unit.

Three-phase machine

. 0 ® 0 (15)
C L|,U Fig. 10 An alterntive structure of the proposed MMC configuration wi
reduced number of DHB modules.
Since the voltage applied on both transformer windings is

€ w, the maximum transformer currei® |, is calculated as:

TABLE |
COMPARISON BETWEENDIFFERENTMMC-DHB CONFIGURATIONS

O v _ 9 (16) Config.1 Config. 2  Config. in [21]
w T Number of DHB modules 6N 4N 3N
Therefore, the voltage ratingf the DHB switching devices is DHB rated power €0 0 0
@, while the current rating ©"0.
) . . . Semiconductors rated voltage € @ €W €W
B. MMC-DHB Configuration with Reduced DHB Units
A variation of the MMGDHB configuration can be realized Semiconductors rated current 60 €0 €0
as shown in Fig. 10, (denoted as configuration 2), where tte
number of the eployed DHB units is reduced. In this Decoupled ripple component C'\E"),jl‘”d C'\S,\‘;I‘”d DM

alternative configuration, eacthree adjacerarm SMs are
linked through a magnetic chain equipped with two DHB
units. Referring to Fig. 10, the SMs of the middle pHage VI. VERIFICATION

are explicitly interfaced with the SMs of HJr_Iheright and left The performance of the proposed MMC topology with the
phaselegs through two DHB modules. This keeps SM&hat pHB power decoupling scheme was investigated using
right and left phaséegs implicitly connected through the p AT AB/SIMULINK simulation models, in addition to
corresponding middle phatee g 6 s SMs . Ther ghdihdhtatiort WBify atidwRRdiel laboratory prototype. In
of employed DHB units in this alternative configuration is)oth  verification methods, steadjae and dynamic

reduced ta;j o the total number of the MMC SMs. However, herformances are examined with different operating scenarios,
each DHB module should be rated at the full SM decoupl€gin the parameters listed in Table .
power, which doubles the current stress of the DHB switching

devices, compared to configuration 1. Table | gives a A. Simulation Verification
quantitaive assessmentrfdhe two proposed MM@OHB In the simulation study, the MMOHB configuration 1 is

T ane oo oL, e rJPIEMENec where . chain I of vee MG mades
9 9 g interfaces each adjaceatm SM. The steadstate

same pOWedec"“p'"_‘g perforr_nance which res_ults i_n SaM& ndamental waveforms for the MMC system at rated
SM capacitor voltageipple profile. Howeve, configuraton 1 parameters are shown in Fig. 11, while Fig shows the

is preferredwith high power drives, since it implies lowerwaveforms of the DHB balancing scheme, where the MMC

power through the DHB modude Configuration 2 is HB . . X

. system is supplying a thrgghaseRL load. In Fig. 11,
recommended at lower power ratings, where the volume of tE ; e
drive system is highly prioritized. With a 166 kW indicating Sth threephase line voltages and load currents show -high

the maximum powerating of practical implementation of HF ggﬁ:'rtg“ es énutzou:aal f\r/(\;aevecf)cf)rmbz.thﬂ;ee c?)rnmd acrltérrigtsrtggr\éeerbeen
transformers29], MMC-DHB configuration 1 can be utilized h ; lained in Secti V. wh he PR
to drive 20 MW machine, with 10 MMC SMs per arm. Thesg o MONICS, as. explained In ection 1V, where the

. : c?ntrollers are tuned at 100 Hz and 200 Hz, respectively,
parameters are selected for the simulation case study modgls, .. ~.
as in Section VI esulting in a near dc CM current.




TABLE Il . .
SIMULATION AND EXPERIMENTATION PARAMETERS Vab Vbe Vea

20 F 1

MMC parameters 10 y

Simulation Experiment E ok \X

Number of SMs per arni\j 10 3 A0k J
Rated active power 20 MW 6 kw 20 ,J y

Input dc voltaged ) 22 kv 600 V 50

Rated current magnitudé&) 1.3 kA 16.5A 2 .

Nominal SM capacitor voltage) 2.2 kV 200V la lp ¢

Fundamental output frequency)( 50 Hz 50 Hz 1r 1

PWM Carrier frequency'Q 2 kHz 2 kHz z

Arm inductancel{ ) 2 mH 2.4mH = 0f {

Equivalent SM capacitanc€) 1mF 1.1 mF 1 \/ /
DHB parameters

Transformer turns ratio 1 1 -2 '

Auxiliary leakage inductancé.) 100 pH 70 pH 15

Switching frequency'Q) 10 kHz 10 kHz 1

RL load parameters 0

(S}

/\/’\/\/\/\ﬂ

Load resistance 7.88%—q 16x—q T
X, O
Load inductance 8.25 mH 26 mH
Motor parameters 051 I
cma
Rated output power 20 MW 4 kW -1 : :
Rated line voltage 13.2 kV 380V 3 T T
Fundamental frequency 50 Hz 50 Hz Veuaand VeLa

25

Rated speed 600 rpm 1440 rpm Q A MM - N
\ ZW&%} ' W‘N / \ KA N&
Number of poles 10 4 oF v W Wy fy\}ﬁ\m\ i

Different samples of capacitor voltage for SMs in upper and 15 ]
lower arms are shown balanced around 2.2 kV wihtt b
voltage ripple. The CM voltage, measured at the terminals of
the threephase load is shown to alternate with near 1 kV
amplitude. The supply current is near constant with only |
switching harmonics, due to the suppression of even Vem
harmonics in the arm curren

Fig. 12 shows the switching waveforms of one DHB module
interfacing a pair of uppearm SMs located in phaseandb, 25t .
within two switching cycles in different time spans. The
voltages across the primary and secondary transformer -5 : :
windings are showralong with the transformer current. The 1.5 ' '
amount of power transfer is in direct proportion to the I
magnitude of the phase angle difference, while forward or l de |
reverse power transfer is designated depending on the polarity = g P i g A i Mt oy
of| .

To highlight the effectivenss of the employed power 05 1
decoupling scheme, the simulation was performed at low
operating frequencies, while the load resistance was varied | . .
linearly with the frequency reduction to maintain the load 02 022 024 026
current constant at the rated value. The DHB scheme is Time (s)
initially deactivated, and the MMC system behaves as (g 11 simulation results fahe MMC configuration at rated parameters.
conventional MMC, (the results are recorded for one operating
cycle). Then, the DHB scheme is activated, and the systemd seconarder arm powers decoupled in the thpdmse
performance is monitored for two operating cycles. This BIMC legs, the arm currents are near ev@mmonicsfree
shown in Figs. 13 and 1lfbr operation at 10 Hz and 5 Hz, without a harmonic suppression control algorithi&M
respectively. Common to both cases is that the quality of bathpacitor voltages &ibit significant ripple reduction with the
line voltages and load currents is enhanced with the activatibtlB energy balancing scheme, where at 10 Hz, the voltage
of the power decoupling scheme. Also, with the fundamentalripple is reduced from v ¢ Fo v B and from w T Ho
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Fig. 12 Simulation results for the switching waveforms of the pehgeDHB converter at ratggarameters.
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Fig. 13 MMC performance at 10 Hz before and after DHB po Fig. 14 MMC performance at 5 Hz before and after DHB power decouy
decoupling scheme activation. scheme activation.

v bat 5 Hz. Although operation with such extreme voltage Fig. 15 shows the dynamic performance of the proposed
ripple percentages without DHB scheme incorporation BIMC-DHB system when driving a thrgghase induction
impractical, it gives clear indication of the significantmachine from standstill to the rated speed, at the rated torque
reduction achieved in SM capacitance when the poweperating condition. The motor currents maintain a -igh
decoupling scheme is employed. quality sinusoidal profilevithin the entire speed range.



