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Abstrach This paper presents a dual Modular Multilevel Converter (MMC) topology that utilizes energy exchange
between adjacent arm SubModules (SM), operating with out-of-phase modulation. The proposed configuration is
applicable to mediumvoltage, highpower variable-speed drives incorporating operend stator winding machines. A novel
concept of power redistribution between adjacent SMs in the dual MMC topology isealized through highfrequency
transformer-based dedc converter modules. This concept offers a significant reduction in the sizing requirement of the
SM capacitance and the stored energy in the MMC system, while avoiding the problem of wide voltage fluations of SM
capacitors, especially at low operating frequencies. The proposed configuration can produce dc voltage, therefore, a
machine speedange from zero speed to the rated speed is possible under the rated torque operating condition. The
operating principles of the proposed dual MMC configuration are elaborated and necessary mathematical analysis is
derived. Simulation and experimental results verify the concept of the proposed drive configuration.

Index Term® Dual Half-Bridge (DHB), high-frequency transformer, low motor speed,Medium-Voltage (MV) variable-speed drives,

M odular Multilevel Converter (MMC), open-end stator winding machines,Sub-M odule (SM) capacitor voltage ripple.

[. INTRODUCTION

Interest in the Modular Multilevel Converter (MMC) has been steadily grown due to its promising potential, enabling it to be
suitable for mediumto highvoltage, highpower applications such &tigh-Voltage DirectCurrent (HVDC) transmission and
MediumVoltage (MV) motor drive applications [{]10]. The salient features of the MMC can be summarized in its high
modularity, ease of scalability, and enhanced reliabliitaddition to itamerits, he shortcomings of classical multilevel converter
topologes, such as dioddamped [11], flyingcapacitor [12], and cascadeddfidge converters [13], result in the MMC being the
standard commercialized converter interface in the HVDC field, but not yet in MV adjustaddd drive applications. The main
reasons that MMGCfed adjustablespeed drives suffer from power imbalance problems between the uppemnanaims when
operating at higiiorque and lowspeed conditions, where the voltage fluctuations of the MMC floating capacitors is directly

proportional tothe magnitude of the output current, while inversely proportional to the operating frequency. With this serious



challenge, the MMC is not suitable to drive a motor at a constant torque while Volt/Hertz control is applied, which €dtsstrain
application n a narrow range of quadratiorque loads such as fans, pumps, and compressors [14], [15].

Reviewing the literature, several approaches have been proposed to restrain the inherent problem of wide voltage Bifictuations
the MMC floating capacitors &w operating frequencies. The most effective approach to suppress the capacitofriggtage
to inject a higkhfrequency circulating current into the MMC phase arms, while injecting the same frequency harmonic into the
converter output CommeMode Volkage (CMV) [16}[25]. With this approach, two degrees of freedomaeaed and can be
exploited to redistribute the power between the upper and lower MMC arms, where both injected signals proddicadrigh
power exchange between the arms, allowhegSubModule (SM) capacitors to be charged and discharged more frequently such
that their voltage ripple is attenuated. In order to reduce the peak of the injected signals, and hence to reduceitjesstes] the
circulating current waveform is reshapom sinusoidal waveform [14PR0] into a square waveform [2]24] and thirdorder
current harmonic as well [25]. Although this compensation approach limits capacitor voltage variation at low motor gpeeds, th
CMYV introduced at the motor terminals resuin insulation and bearing current problethat harm the motor and shorten its
lifetime. Also, the high magnitude of the hiffiequency arm currents significantly increases current stress, and consequently
power loss, which necessitates oversizing tiveent rating of the switching devices. In addition, a conflict in coordinating the
control of the intentionally injected signals and the basic MMC control loops may arise, causing stability problemsadsigémg tr
conditions.

Revisiting other approaches that address MMGCHimguency operation through the proposal of new control methods, operation
modes, or modulation techniques; an approach which applies a flexible control scheme for MMC capacitor voltage as a moto
driver was proposed in [26] and [27]. In this approach, the SM capacitor voltage can be varied in accordance to the motor spee
by regulating both the dc and ac components of the RMidéh Modulation (PWM) reference signal, which allows increasing
capacitor vdiageripple as the motor speed decreases without exceeding the maximum peak capacitor voltage. Asymmetric MMC
operation, to avoid dbénk voltage influence on the capacitor ripple, was presented in [28]. By forcing one arm to apply the major
dc-link voltage renouncing the contribution in output current generation, the other arm sustains almost all output current with a
low dc-link voltage. The quasi twievel MMC operation, proposed in [29], has been extended to trigagler based PWM in
order to synthgize lowfrequency output waveforms as in the conventionatievel PWM voltage source inverter, which reduces
branch energy variations [30].

On the other hand, various madifications to the basic MMC structure have been adopted to tightly cormitot eaftage
ripple at lowfrequency operation of adjustaldpeed drives. A power transfer channel has been introduced to provide power
balance between the upper and lower MMC arm by a cross connection of the middle taps of both arms through drpatiditiona

of either seriezonnected HalBridge SMs (HBSMSs) [31] or a flying capacitor [32] for each MMC phdeg. In both schemes,



a highfrequency voltage is introduced into the sarms, which excites a highequency current in the additional cressmnected

path to create one degree of freedom for power redistribution between both the upper and lower arms. Other configuestsons add
MMC low-frequency operation by employing fddlidge SMs instead of the HBMs [33], suggesting an MM8ased Hexverter
topology for energypalance control [34], combining the conventional MMC configuration with a series switch to the dc input
source to reduce the average dc components in the arm voltages by disconnection of the dc source at regular interdals [35], a
conrecting the capacitors of the top SMs and the bottom SMs via two accessorial cables, while connecting the upper and lowe
arms through a central SM [36].

Nonetheless, all of the abovementioned approaches are unable to drive a machideaat &ultl zeo-speed conditions. Also,
most studies address lefnequency operation of MM@ed variablespeed drives as a transient condition during starting instead
of considering it as a continuous operating condition. Moreover, no further detailed verificaticesaltsl have been presented
for high-power machines with multhegawatt drive systems.

To provide a reliable solution thavercomes the discussed limitatiafsVMC-fed variablespeed drives, this paper proposes a
dual MMC configuration for MV higkpower variablespeed drives incorporating an opamd stator winding machiné.he
concept of the proposed configuration is inspired by the adverse coupling and iowelstiveen arm storezhergies. For
instance, if the upper arm needs to charge energy, the lower arm needs to discharge the same amount of enethg. That is,
proposed configuration allows a bidirectional energy exchange between each pair of arntuaf MBIC, operating with out
of-phase modulation, through modular isolatedddcconverters interfacing each freotfront SM. With bidirectional energy
exchange between adjacent SMs, the capacitive energy is evenly redistributed among adjacent armsanie tiual leg,
eliminating the wide variation of capacitor voltageple independent of the operating frequency. This allows the MMC to drive
a variablespeed machine at constant torque over the whole speed range, even-atilsotition. Althoughthe proposed
configuration adds hardware to the basic MMC structure, it significantly reduces the SM capacitance, and hence, tlozezhergy st
in the MMC system. Further, the control of the added erexgange modules is independent of the main MMCegystontrol
loops.

The outline of this paper is as follows. Section Il addresses the operating principles of the dual MMC topologydnd Gipeior
winding machines. The proposed dual MMC configuration, with bidirectional energy exchailgecdaverte modules, is
illustrated in Section Ill. Simulation results for muttiegawatt MMC systems are presented in Section |V, while experimental
results for a scaledown laboratory prototype are presented in section V. Assessment of the proposed MMC cmfiggirat

discussed in Section VI. Finally, Section VII concludes the contributions of this paper.



II. DUAL MMC TOPOLOGY FOROPEN-END STATOR WINDING MACHINES

Machines with opend stator windings are a possible alternative to conventionahsthdeltacomected stators, that not only
suppress switchingCMVs but also improve output voltage quality [JAL]. The concept of employing a ddaverter
configuration feeding each end of an o stator winding of an induction motor was first introduceftfj for MV high-
power applications. The topology has been implemented using twewebinverters, while iis capable of generating thrézvel
output voltage with half the diink voltage compared to a singséded thredevel inverter topology. Simalrly, a dual thredevel
inverter configuration with a single dimk voltage was proposed for fidevel operation [43]Thereafter, several multilevel
topologies have been considered for epad stator winding machines with various topologies-[44]. Recently, a dual inverter
configuration based on the MMC has been proposed with many advantages [48], where Hirgferdc-source operation
regardless of the number of output voltage levels, which eliminates bulky and expensivshifiagemultiwinding isolation
transformers to provide isolated dc sources. Atke,dual MMC configuration achieves the same maximum output veltage
magnitude as the conventional singlded MMC with half of the ddink voltage, which reduces the insulation requiremén
one converter fails, the other converter can continue operation with a reduced output power while reconfiguring thendachine e
terminals at the faultgonverter side to be connected in star or delta, which gives the dual configuration an irniiksddefrant
capability. Moreover, it offers higher redundant switching state combinations compared térsiagierfed drives of the same

number of output voltage levels, which can be exploited in the voltage balancing of the floating capacitors.
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Fig. 1 Circuit configuration of a threphase dual MM&ed operend stator winding machine.



The circuit diagram of a thrgghase dual MMC configuration is shown in Fig. 1, where it consists of an MMC feeding each end
of the machine stator windings, while both MMCs operate in ambphase manner. Each MMC is composed of tease legs
eachof which consists of two arms connected in series through arm inductors. Each arm cohsBMs€onnected in series,
while the SM commonly consists of a HB cell with a dc capacitor of an equivalent capa€itande rated voltag®e. Although
thenumber of arm inductors is doubled compared to the conventional-sidgieé MMC topology, the equivalent arm inductance
of the dual MMC topology remains the same. The dual MMC structure can be considered a direct consequence of splitting eac
phaseleg of a conventional singtsided MMC into dual complemented legs each of half the number of-senescted SMs
compared to the singleided phase leg. Thus, for the same amount of power, the total number of SMs employed in a dual MMC
configuration is samesathe number of SMs in a conventional singjided topology. Additionally, the voltage and current stress

of the SM capacitors and switching devite&lentical in both MMC configurations.

A. Basic Circuit Analysis
¢ R Fo will represent the terminadnds connected to the right MMC. The voltage across each-piiadiag is the diffeential
voltage between both machiménding ends, and denoted by , while the current through the machine winding is denote@®@by

where'® ¢k, and are given as follows.

0 wAT100 — (1a)
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wherel is the output angular frequencysis the phase angle of the stator voltage tih— p ¢ifAT A ¢ Tim andn
is the machine powdactor anglew AT Darethemagni t udes of the voltage across th
respectively. The magnitude of the ac output voltage is bounded by the modulatioi irshethe voltage of the input source
@ asin (2). Itis worth noting that the utilizan of the delink voltage is doubled with the duabnverter configurations, compared
to a singlesided topology.

®w o (2)
Since each two MMC legs feeding a given machine phasding have oubf-phase modulation, the reference voltages for

different MMC arms in both converters in addition to the arm currents are given by (3) and (4), respectively, with tipgsdlibscr

ardLr eferring to the corresponding 6upperd and 6l ower 6 ar m
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where’'Q andQ are the Commoiode (CM) currents of each two complemented legs in the dual MMC topealndyften
referred to as circulating currents. Ideally, these CM currents should be equal to a corstampaitent which depends on the
number of MMClegs and the active power delivered from or to thdirdc However, the mutual interaction between &
inductors and the SM capacitors induces a series of@dan harmonics that appear in an-ofsphase profile in both CM currents

[49]. With appropriate evenrder harmonic suppression control [50], [51], both CM currents can be considered asdonly a
component which can be calculated for a dual tipteeese MMC through lossless power balance between the dc input and ac
output as shown in (5), witlD is the dc input current of the dual MMC.
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B. EnergyVariation Analysis
In this subsection, the analysis of energy variation is conducted for a generalgghasef the left MMC. The same analysis
applies to the other phategs, denoted bjeof the right MMC, however, in an owif-phase manner. The instantaneous power

input to each arm is given by the product of the arm voltages (3) and the corresponding arm currents (4):
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Substituting (1), (2), and (5) into (6) yields,
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The instantaneous power in the upper and lower arms can be categorized into a CM compdmehigh is in phase in both
arms, and a DifferentisMode (DM) componentf] hwhich is antiphase in the upper and lower arms. The CM component
alternates at twice the line frequency, and is a direct consequence of the active powersitithessdonstant, whereas the phase
power at the aside pulsates at twice the line frequgnThe DM component alternates with the fundamentaifieguency, and

represents the power which is circulated back and forth internally between the upper and lower arms of the same leglyAccordin
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Similar to the instantaneous power, the energy variation of the arms can be classified into a CM componant a DM
componentp  has given by (10).

0 0 0 (10a)

0 0 0 (10b)

where0 and0 are the alternating components of the stored energy in the upper and lower arms, respectively. Integrating (8)
yields both energy variation components as follows.
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C. Capacitor Voltage Analysis

Due to the dual frequency alternation of the capacitive energy stored in the MMC arms, capacitor voltage fluctuatiotis have bo
CM and DM voltageipple components alternating at twice the fundameinémuency and at the fundamental frequency,

respectively, as shown by (12).
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whereY0 andY0 are the capacitor voltage variation of SMs in the upper and lower arms of the left MMC, respectively, while
Yo andYo are the absolute values of the pgajpeak variation of the CM and DM components of the SM capacitorges|ta

ripple. That is, the variation of the arm stowtergy is handled by the capacitors of the sermected SMs in each arm as

demonstrated by (13).

o 06 s
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whereYo andY® are the peako-peak variation of the arm stor@mergy and capacitor voltagipple of each SM, respectively.



Since the average voltage across each SM capadibor isd 70, then the magnitude of the petmkpeak capacitor voltagepple

due to CMand DM components, from (11) and (13) are:

(14a)

Yo — 1 AT ® 0 10 (14b)

The CM component of the capacitor voltag@ple is a direct result of the CM power given by (8a), which is inherited in the
converter due to the different frequency of the input and output power. Although this CM component is inevitable, iglitas a sl
influence on the capacitor voltagpple as demonstrated by (14a), where in variapkeed drives with Volt/Hertz control, the
ratiod 1 is near constant, while the load curréis invariant. On the other side, when the operating frequerisyrediced in
(14b), while the rati® A is constant for constant motor torque requirements, the DM component of the capacitornjmitiage
increases. Furthermore, the direct proportionality of capacitor veltpgke to output current variation at a comgtaperating
frequency is much higher in the DM component, compared to the CM component. The significant influence of the DM component
in the capacitor voltaggpple can be emphasized as in Fig. 2, where the normalizeet@eaiak capacitor voltageariation, for

both CM and DM components, is illustrated with operating frequency variation in Fig. 2a, and with output current vaFRagion in

2b.
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Fig. 2 Normalized components of capacitor voltagele, with®  ¢& kV, C=3 mF,M = 0.75, and' =25x, at (a) variable frequency and constant output current

(I, =500 A)and(b) variable output current and constant frequefey2b Hz).

Further assessment of the two components of the capacitor vofipeis elucidated in Fig. 3, where the variation of the
normalized capacitor voltag#pple for both components is shown with operating frequency variation at different output gurrents
while the ratiod X is constant as required by Volt/Hertz control. The CM component of the capacitor vibalgeexhibits a

horizontatline ripple-profile, which is not affected by the operating frequency, with a low magnitude. The ripple pirtigeGiV



component is slightly affected by a corresponding increase in the output current from 200 A to 19@@rArast, the ripple
profile of the capacitor voltage DM component is significantly increasing at low operating frequencies, while approficityn
at near zero frequency. In addition, the Dbitagerippleis much increased as the output current incred$esconclusion is that
the dominant component of capacitor voltaigple isthe DM, which should be tightly controlled so that the aeifor voltage

ripple dees not exceed tolerated values.
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Fig. 3 Normalizeccomponents of capacitor voltageple at constand 71 . (C =3 mF,®= 2.5 kV, and' =25().

I1l.  PROPOSEDDUAL MMC CONFIGURATIONWITH ENERGY-EXCHANGE MODULES

The analysis establishes that thejonabstacle for wide frequenawnge applications of MMCs is the inherent fundamental
component in the pulsating power and stored energy of t he
componet, which produces wide voltagel uct uati ons across the SMsd capacitors
of the machine drops or the developed torque increases, the DM component tends to produce larger voltage fluctua8dhs on the
capacitor,while approaching infinity, theoretically, at speeds/frequencies near zero. Accordingly, the most reliable solution for
low-frequency MMC operation is to eliminate the DM component inherited in the energy stored in MMC arms.

The dual MMC topology, illusated in Section Il, infers each machine phagseding be connected differentially between two
MMC legs modulated owutf-phase. This oubf-phase modulation associated with a common maehinding keeps the DM
component of the energy stored in dMMBIC am to alternate with an opposite phase to the same energy component stored in the
adjacent arm of the complemented leg. Therefore, a scheme to eliminate the DM component in MMC arms is to create e
bidirectional energy exchange path between opposite arne isame dudeg. Since the energy stored in each MMC arm is
equally shared by all SMs subsisted by this arm through an individual capacitor voltage balancing technique, a modular
implementation of energy exchange between opposite arms in each duah leg aehieved by inserting higrequency (HF)

transformetbased dalc converter modules between each fitoAfront SMs in the same duldg. This allows redistribution of



the stored capacitivenergy among each frotd-front SM by transferring the DM peer component from the SM with arm current
charging its capacitor into the adjacent SM with a discharging ctalnerttion. With such bidirectional energy transfer between
adjacent SMs, the DM component of energy variation can be cancelled, while ther@drent is evenly distributed. This

approach is illustrated in Fig. 4, where, for brevity, one pleg®ef the proposed thrgghase dual MMC topology is shown.

A. Bidirectional Isolated DEDC Converter Module

The concept of ddc conversion via a HF transformer, proposed in [52], can achieve high-gdensty dedc conversion with
bidirectional poweifflow, galvanic isolation, high efficiency, low weight and size, and soft semiconductor switching. The phase
shift duatbridge converter is the common implementation of the HF transfelbased delc converter, in which two active
bridges are interfaced through a HF transformer, where the bridges are phase shifted relative to each other to comémol the po
tranderred from one dc voltage tank to the other. Two configurations among thegtifiskialbridge dedc converters are the
phaseshift Dual ActiveBridge (DAB) and Dual HatBridge (DHB) converters [52[55]. In a comparison, the DHB topology has
half theswitching devices and corresponding drivers for the same power rating resulting in an efficient power transfer. In addition,
the transformer fltss wi ng of the DHB is only half of DABO&s vwsbcdonal t h e
area @ the transformer core are employed. Therefore, the ptafteDHB is employed as a €ifc energyexchange module for
the proposed dual MMC configuration. A detailed circuit diagram for froffitont SMs in the proposed dual MMC configuration
shown in Fig 4 is elucidated in Fig. 5, where two HB MMC SMs are interfaced through a DHE® donverter. The DHB
converter consists of two voltageurce HB dec converters that are coupled to a HF isolation transformer. The turns ratio of the
transformer is 1:lisce the dedc conversion is only employed for energy exchange between bridge sides at the same voltage level,
which is equal to the average voltage of the MMC6s SM ca
interface and eneygransfer element between the two voltagerce HB inverters, while the output capacitance of the switching
devices is used to realize seftitching operation [56]. Both HB converters generate fiixequency squaravave voltages with
a constant duty ta of 50%, applied to both transformer sides. The DHB configuration necessitates the capacitor of each SM be
equally split with access to the centap point as shown in Fig. 5.

The phassshift angle,, , of the twosquarewave voltages of the DHBdetermine the amount of power transferred from the
leading bridge to the lagging one. With unity transformer tuati® and equal voltage levels at both bridge sides, the DHB

power is expressed as [55]:

T )

wherelL is transformer leakage inductance afds the DHB switching frequency.



Referring to Fig. 5, the frortb-front SMs are assumed in the upper arms of a general duatipgd@® where a positive half
cycle of the output current charges the capacitor of siéé (primary side) SM, while at the same time discharges the capacitor
of a rightside (secondary side) SM. Forward powransfer, designated as a positive pkstsi#t, occurs during the positive half
cycle of the MMC output current. In this case, the prirgide HB converter is the leading bridge while the seconsiaey HB
converter is the lagging bridge. The same power transfer action is repeated during the ndfyatretelat the output current but
with the reversal of leading and lagging bridge sides, resulting in reverse power transfer, with a negatishifbh@bes is
elucidated in Fig. 6, wheng and0 are the voltages applied on the primary and semgnilansformer sides respectivelf,is
the transformer current, and is the angular higifrequency of the DHB switching devices. At any output current instant, the

direction of power flow between frotb-front SMs in upper arms is the reversed of the ftofftont SMsin lower arms of the

same dualeg.
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Fig. 5 DHB configuration fofront-to-front HB SMs of the dual MMC topology.



B. Capacitor Voltage of Proposed Dual MMC Configuration

With an appropriate control of the phest@ft angle of the DHB converter modules, the DM component of the pulsating power
can be transferred from one SM to the adjacent one at the same Jeltelg¢hrough HF transformer action. With the capacitor
voltages of SMs, at both bridge sides, regulated to maintain their nominalcwvathe DHB phasshift angle allows the DM
component of the pulsating power to be transferred from the leading bridge to the lagging one, cancelling the same powe
componenin the adjacent SM. That is, the DM component of the pulsating power is zero far@a#dio-front SM, while the
CM component is the same, as given by (8a). Therefore, the voltage fluctuation across SM capacitors in the dual MMC

configuration is given byl16) with an absolute pedk-peak value equal to the CM component, as shown in (17).

YO Y0 i o — »n (16)
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Based on (17Yhe variation of the capacitor voltagipple in the proposed dual MMC configuration inherits the same behavior of
the CM component shown in Fig. 2 and FigwBijch has the least influence on the capacitor voltggse.

The idealized waveforms oféiSM capacitor voltageariation for a conventional MMC topology and the proposed dual MMC
configuration are shown in Fig. 7, at the same SM capacitance and a nominal capacitor voltage of 2.5 kV. In Fig. 7etdhe capa
voltagevariation of a conventiohdIMC topology alternates with the fundamental linequency, as a direct consequence of both
CM and DM components, in an atihase manner in the upper and lower arms, while thetpgagak voltage ripple is 440 V
( 8.8%).0n the other hand, the proposed dual MMC configuration features a serctandginusoidal voltageariation across the
SM capacitors as shown in Fig. 7b, which appears with the same phase in both the upper and lpwéth amsakto-peak
voltage fluctiation of 100 V ( 2%). Further assessment of the decreased capacitor vdjtatgeis presented in Fig. 8, where the
percentage reduction in the capacitor voltagple achieved by the proposed dual MMC configuration is depicted with respect to
the capaitor voltageripple of the conventional MMC topology, as the modulation index varies. The sizing requirement of the SM
capacitance for both topologies is also compared in Fig. 8. The percentage capacitofripgtageduction is 60% at unity
modulationindex, with further improvement as the modulation index decreases. The ratio between SM capacitance, which results
in the same capacitor voltaggple, for a conventional MMC with respect to the proposed configuration varies between two at
unity modulation index, up to 50 times at low modulation indices. For simplicity, the reduction in the capacitor -vigpltdge
shown in Fig. 8 is calculated while considering only the DM component as the domoitageripple componentfor a

conventional MMC topology.



C. Operation at Zerdviotor-Speed/frequency

In a conventional MMC topologythe unidirectional current through MMC arms during nearcfrequency power conversion

results in a unidirectional change in SM capacitor voltage, leading to infinite capatidégevr@ple. In contrast, one of the salient

advantages of the proposed dual MMC configuration is that it has the capability of starting a machine do#uktéutjue from

a stanekstill condition with a SM capacitor rippiieee voltage profile. Thasj at near zero frequency, the power drawn at the output

side will be near dc power, and therefore, the CM component of the pulsating power in MMC arms will be zero. Also, with

unidirectional transfer of the dc DM power component between eachtérérant SM in both the upper and lower arms, the

resultant pulsating power in different arms will be zero. In this case, the capacitive energy stored in the MMC arms will be

redistributed evenly at a constant level among all SMs, resulting in a constant @ottageo s s
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D. DHB DesignGuidelines

1. Transformer Leakage Inductance

Referring to (15)transformer powetransferred is governed by the phasdft angle and transformer leakage inductance when
the DHB6s switching frequency i s const arshiffangieh ee “meheréeforsy m p o
the maximum power transfes:

w
o &0

C2

(18)

Since the DM component of the arm power alternateshown in (8b), the maximum amplitude of the decoupled DM power
component for each frotib-front SMis:

. w O
T0

(19)

The peak decoupled power of each adjacent SMs pair must be less than the maximutrapsfeerability of the transformer.

Substitutingd 0 gives a boundary condition for the transformer leakage inductance:
0 © 20
0 500 (20)

2. Ratings of th@ransformer

The voltage applied on both transformer windings i, while the maximum transformer current is related to the peak value of
thedecoupled DM power, where it is limited to half the amplitude of the output current, anéndygiv

cO

0 :
w

€0 (21)

3. Ratings of Switching Devices

The voltage rating of the DHB switching devicesdiswhile the current rating is 0.

IV. SIMULATION VERIFICATION

The effectiveness of the proposed dual MMC configuration with DHB energy balancing modules is verified through simulation
studies at different operating conditions. A 10 MW MATLAB/SIMULINK model is used to investigate the stisdelypperation
of the poposed dual MMC configuration with a brief comparison to the traditional sgidéel MMC topology, while a 100 MW
model is considered to investigate the dynamic performance of the proposed configuration when the operating frequency i
increased from zerap to the rated frequency, at rated current. Simulation parameters for both models are listed in Table I, while

simulation results are presented in Figd.49
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Fig. 9 Fundamental simulation waveforms for a stestdyeoperation of the Fig. 10 Fundamental simulation waveforms for a stestd{e operation of ¢
proposed dual MMC configuration at 50 Hz. traditional singlesided MMC at 50 Hz.




TABLE |
SIMULATION PARAMETERS

Parameters of proposed MMC configuration

Numberof SMs per arm N=5
Input dc voltage ® 125kV
Average voltage across SM capacitor W 25kVv
Rated output voltage 8 kV
Fundamental output frequency "= 50 Hz
Carrier frequency of MMC "Q 2kHz
Switching frequency of DHB "Q 10 kHz
Parameters for steady state operation using&L load
Rated active power 10 MW
Rated current magnitude ‘O 655A
Load resistance 15.5%—q
Load inductance 24 mH
Total arm inductance per leg 2 mH
Equivalent SM series capacitance 1mF

Parametersfor transient operation using an operend winding motor

Rated active power 100 MW
Number of poles 10
Ratedmotor speed @ UM
Ratedphasevoltage 8 kV
Total arm inductance per leg 2.4 mH
Equivalent SM series capacitance 2 mF

A. Simulation Resultwith an RL Load

Figs. 9 and 10 show the fundamental waveforms of 10 MW ststadly operation for both proposed and traditional MMC
configurations at both rated output current and frequency in Table 1. In Fig. 9, the proposed dual MMC configuratibregeeds
phaseRL load connected in an opemd configuration via threparalleled dualegs, each with 5 SMs per arm, supplied from a
12.5 kV dc input voltage. In Fig. 10, the traditional MMC feeds a thieese staconnectedRL load via three conventional single
legs, each of 10 SMs per arm, supplied from a 25 kV dc input voltage. For both configurations, the modulation indéx3§4et to
to generate an 8 kV output phasatage (13.8 kV lingo-line voltage for the singlsided configuration). Comparing the results
in Figs. 9 and 10, the differential output voltage across the terminals of thengdéoadp |, in the dualsided configuration has
half the number of voltage levels compared to the phase voltag®ef the singlesided topology. Nonetheless, the quality of the
output currents for both configurations are near the same, with a currenegaalkto therated value of 655 A. In both
configurations, the currents in upper and lower arms are controlledgressoth secondnd fourthorder harmonic components
to give a nearhconstant CM current as assumed in the mathematical analysis in Section Il. The recorded peak arm currents is 51(
A, while the average CM current is 135 A for both configurations. Gdpacitor voltageipple of the proposed dual MMC

alternates at twice the line frequency with a ptageak voltageipple constitutes for 6% using an equivalent SM capacitance



of 1 mF.Whereashe capacitor voltagapple in the traditional MMC alternas at the fundamental frequency as a consequence of
the contribution of both CM and DM ripple components. The fieadeak voltageaipple of the traditional MMC is 7.8%, while

the SM capacitance is 2 mFhe current drawn from the input suppl®,, is doubled in the duadided topology compared to the
single-sided topology since the former operates at half the dc input voltage. The CMV of theédaédladopology is shown to be
slightly lower than that of the singl®ded topology due to the exploitatiof the available redundant states offered by-digd
configurations.

Fig. 11 shows the voltage across each side of the HF transformer along with the transformer current during positivevand negat
half cycles of the output current. The voltageoasrboth sides is near 1.25 kV which is half the non8hlcapacitoroltage. In
Fig. 11a, the voltage at the primary side is higher than the voltage at the secondary side with a leadsitftplvelsere the
waveforms are recorded during an arm curddrgction charging the capacitors connedtethe primaryside while discharging
the capacitors connected to the secondary side, resultanpmvardpower transfer from the primary to the secondary side. The
opposite case is shown in Fig. 11b, whéxe primary voltage lags with a lower magnitude than the secondary voltage, producing
areverse power transfer, from the secondary to the primary side.

Fig. 12 shows the performance of the proposed dual MMC configuration when operated at low iesqaecarding to a
Volt/Hertz control scheme. From left to right, the results of Fig. 12 are obtained for continuous operation at 10 Had5lHz, a
Hz, respectively. In this case study, the output voltage is reduced in accordance to the operatiray freduetion, while the
load resistance is varied linearly withe operating frequency to maintain the output current constant at the rated atadlie
frequenciesto emulate the constant torque characteristic of variged motors. The output currents are fgjghlity sinusoidal
waveforms with a peak of 655A, while the arm currents are maintained free mfadm@verharmonic componentimportantly,
the SM capcitor voltages are balanced and not affected by the reduction in both modulation index and operating frequency. The
peakto-peak voltage i ppl e acr oss t heb\wileshe equigalerst M dapacitancedsrl enF.

To assess the reductiam capacitor voltageipple achieved by the proposed configuration, Fig. 13 shows capacitor voltage
variation with the deactivation of the DHB switching signals at thepeiibd of a simulation at low operating frequencies. When
the DHB PWM signals are Iibited, the configuration is reduced to a conventional-digldd MMC which inherits the same
capacitor voltageipple profile as the singlsided MMC. At the time of deactivation of the enetmglancing modules, the
capacitor voltageipple significantlyincreases especially as the operating frequenfiyrtiser reduced. While the voltagépple
of the SMs6 capacit or s -differentfeequenciesavhes theaDHB madules &ré6n apératidnhthe voltadge e
ripple after DHB deactivatioiis recorded at 33%, 50%, and 66% at 10 Hz, 5 Hz, and 1 Hz, respectively. Although the latter
voltageripple percentages are impractical, they highlight the significant reduction in capacitive-gtleragat sizing achievable

by redistributing the energyebwveen frorto-front SMs of the dual MMC legs through the insertion of DHB modules.
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Fig. 11 Key waveforms of the phashkift DHB converter. (a) Primary voltage is leading and (b) Primary voltage is lagging.
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Fig. 12 Simulation results for a continuous operation of the proposed dual MMC topologyiGaHa)(b) 5 Hz, and (c) 1 Hz.
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Fig. 13 Simulation result®r the capacitor voltagBuctuation of the proposed dual MMC topology with deactivation of DHB modules at the mid of simulation
time, at (a) 10 Hz, (b) 5 Hz, arfd) 1 Hz.



