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Abstract—An isolated bidirectional dc–dc converter, which
combines parallel-connected two-level converters (TLCs) on the
medium-voltage side and a modular multilevel converter (MMC)
on the high-voltage side, namely a TLC-MMC converter, is a
promising candidate for the interconnection of medium-voltage
direct current (MVDC) and HVdc grids. Different from typi-
cal phase-shift controlled isolated bidirectional dc–dc converters,
transformer currents of a TLC-MMC converter are regulated by
the MMC in a closed-loop manner in order to achieve extremely low
switching losses and low total device rating of power-semiconductor
devices in TLCs. This paper addresses the dedicated operation
technique and the voltage-balancing control of the TLC-MMC
converter. The MMC in the TLC-MMC converter operates with
six-step phase voltages and sinusoidal phase currents. Such an
operation makes the MMC present remarkable differences to ac–dc
applications. The direct-modulation technique, which is the most-
used technique performed to MMCs in line-frequency ac–dc power
conversion, has been concluded not applicable to the MMC in a
TLC-MMC converter due to the significant sixth-order oscilla-
tion resulted in the dc-link voltage. Thus, the indirect-modulation
technique is employed, and consequently a closed-loop voltage-
balancing control is mandatory for the MMC. Possible measures
for voltage balancing have been explored, and effective voltage-
balancing control with a simplified implementation is proposed.
Validity and effectiveness of the proposed control strategy have
been verified by both simulations and experiment using a downscale
prototype.

Index Terms—DC grid, dc–dc converter, direct modulation
indirect modulation, voltage-balancing control.

I. INTRODUCTION

COMPARED to the existing ac grids, dc grids present
several significant advantages such as high efficiency, high

power density, flexibility, high controllability, no reactive power,
free of bulky line-frequency transformer, etc. These advantages
make the dc grid technology a promising solution to integrate
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Fig. 1. Configuration of a TLC-MMC hybrid dc–dc converter.

large-scale renewable energies and energy storage systems,
which call for more flexible and more controllable smart grids
[1]–[3].

To build up such dc grids, an medium-voltage direct current
(MVDC)-HVdc converter is one of the key components to inter-
connect MVDC distribution grids and HVdc transmission grids
[4], [5]. In the past years, numerous topologies of high-power
dc–dc converters including both nonisolated [6]–[9] and isolated
[4], [10]–[14] types have been proposed and discussed. For the
MVDC-HVdc power conversion, where the voltage step-up ratio
is high (Vdc,HV/Vdc,MV > 5), galvanic isolation is preferred not
only for safety but also to reduce total device ratings and losses
of power-semiconductor devices [13].

The two-level converter(TLC) modular multilevel converter
(MMC) converter proposed in [14], which combines multiple
three-phase TLCs in parallel on the MV side and a three-phase
MMC on the HV side as shown in Fig. 1, is a promising candidate
for this application. The TLC-MMC converter presents low-
power semiconductor total device rating and low semiconductor
losses over a wide power range at variable input and output
voltages.

This paper aims to providing an insight into the control
strategy of the TLC-MMC converter and verifying it with ex-
perimental results. In a TLC-MMC converter, the TLCs operate
in the six-step mode in an open-loop manner, and the MMC
controls transformer currents in a closed-loop manner in order
to achieve low switching losses and low total device rating of
power-semiconductor devices in the TLCs.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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The stable operation of the TLC-MMC converter is highly
dependent on the MMC operation. Operation techniques of
MMCs are generally classified into the direct-modulation-based
operation and indirect-modulation-based operation [15], [16]. In
the direct-modulation technique, a modulation index is acquired
by nominal submodule (SM)-capacitor voltages. The main ad-
vantage of such a technique is the self-balancing capability
of arm SM-capacitor voltages. However, it presents a major
drawback of the presence of a considerable second-order circu-
lating current due to fluctuations of SM-capacitor voltages. The
second-order circulating current can be suppressed by employ-
ing an additional circulating current suppression controller [17].
In the indirect-modulation technique, a modulation index is ac-
quired by measured SM capacitor voltages. It inherently presents
no second-order circulating current, whereas voltage balancing
of arm SM-capacitor voltages is marginally stable, and a closed-
loop control should be applied to maintain voltage balance
[16]. The direct-modulation technique is mostly used in HVdc
applications [17]–[23], where an MMC converts power from
line-frequency ac to dc, due to its simple structure of controllers.

In a TLC-MMC converter, the voltage on the ac side of
the MMC is in a form of six steps. If the direct-modulation
technique is employed, it can realize desired transformer-current
control and voltage balancing of SMs as well as in ac–dc power
conversions. However, it has been proven in this study that a
serious voltage oscillation issue can be induced in the dc link on
the HV side. This can result in a significant oscillation current
propagating into the connected HVdc cable. It is first revealed in
this paper that, an MMC presents a unique feature of sixth-order
oscillation in the dc-link voltage when the ac-side voltage is of
six steps. Such an oscillation inherently results from the fifth-
and seventh-order harmonics in the ac-side six-step voltage.

In order to avoid the aforementioned oscillation issue, the
indirect-modulation-based operation is performed to the MMC.
This brings a new challenge to voltage-balancing control since
the existing knowledge is limited to ac–dc power conversion
where the ac-side voltage is sinusoidal. Different possible
measures for voltage balancing are explored, and an effective
voltage-balancing control with a simplified implementation is
proposed in this paper. Thus, the voltage-balancing issue can
be successfully addressed, and the voltage oscillation in the dc
link of the MMC can be fully avoided. In addition, experimental
verifications of a TLC-MMC converter are first presented by a
60 V/250 V, 1-kW downscale laboratory prototype.

II. OPERATION PRINCIPLE AND

TRANSFORMER-CURRENT CONTROL

A TLC-MMC converter includes a number NTLC of TLCs in
parallel on the MV side. They are connected via the same number
of open-end winding transformers to an MMC on the HV side
as shown in Fig. 1. The ac outputs of the TLCs are connected to
the primary sides of the transformers, and the secondary sides
of the transformers are connected in series in order to boost the
voltage. The number NTLC is determined by the current rating
on the MV side.

Each TLC on the MV side is based on integrated gate-
commutated thyristors (IGCTs) for higher current rating and

Fig. 2. Transformer-current model and the block diagram of the transformer-
current controller.

lower conduction loss [14]. A certain number of IGCTs are
connected in series to form an IGCT valve as shown in Fig. 1,
which can withstand the MV-side dc-link voltage. Due to the
series connection of IGCTs, the snubber capacitors in parallel
are mandatory for dynamic voltage balancing [24]. Due to the
presence of the snubber capacitors, IGCTs should be always
turned ON at zero voltage after the snubber capacitors in parallel
are fully discharged in order to protect themselves against an
uncontrolled rate of di/dt [25], [26].

The TLCs on the MV side operate synchronously in the six-
step mode in an open-loop manner, and they are equivalent to
a single equivalent TLC referred to the MMC side as shown
in Fig. 2. The MMC on the HV side controls the transformer’s
secondary-side current in a closed-loop manner in a sinusoidal
form in order to suppress the transformer stray loss caused by
the leakage fluxes of harmonic currents [27]. Due to the series
connection of the transformers’ secondary sides, the primary-
side currents of the transformers are driven by the MMC’s ac-
side current uniformly. Thus, a circulating current between TLCs
is inherently prevented.

In the transformer-current controller, the instantaneous phase
voltages generated by the TLCs are calculated online by the
feed-forwarding block in Fig. 2. The power transfer of the TLC-
MMC converter is linear with respect to the active current isd
generated by the MMC, and its reference irefsd comes from the
power reference P ref . Note that the turn-OFF current iturn_off of
a TLC operating in the six-step mode is identical to the reactive
current. Thus, the MMC also draws a certain amount of inductive
reactive current to discharge the snubber capacitors in order to
realize zero-voltage switching (ZVS) in the TLCs. The reactive-
current reference irefsq is set constant to a certain value, which is
high enough to fully discharge the snubber capacitors within the
dead time for ZVS of IGCT valves in the TLCs but still much
smaller than the rated active current.

With such an operation method, the switch valves in the TLCs
are always turned OFF at a very low current and are turned ON at
zero voltage, and the TLCs operate virtually in a zero-switching-
loss manner. Consequently, conduction optimized IGCTs with
minimized on-state voltages can be employed to further decrease
the overall losses in the TLCs. In typical phase-shift controlled
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isolated dc–dc converters used in high-power applications, e.g.,
dual-active bridges (DAB), auxiliary circuits should be installed
and activated in partial-load conditions in order to assist dis-
charging of snubber capacitors within the dead time [25], [26].
Due to the losses caused by the activation of the auxiliary cir-
cuits, the efficiency of the converter is significantly degraded in
partial-load conditions [34]. However, the functionality of these
auxiliary circuits is covered by the MMC via drawing a small
reactive current. Thus, the TLC-MMC converter can achieve
low semiconductor losses not only in the full-load condition but
also in light-load conditions. In accordance with calculations,
the light-load efficiency at 10% of the rated power is almost
identical to that in the full-load condition [14]. More details on
the loss calculations and the characteristics of the TLC-MMC
converter are found in [14].

III. OPERATION TECHNIQUE OF MMC

To the best knowledge of the authors, operation characteristic
of an MMC operating with a six-step ac-side voltage in con-
junction with the direct-modulation technique has never been
investigated.

In the direct modulation, the modulation indexes of both upper
and lower arms nref

ux and nref
lx in an arbitrary “x” phase are

obtained directly via the nominal SM-capacitor voltage VSM as
(1), where vrefux and vreflx are the arm terminal voltage references
of upper and lower arms, respectively. The variable vrefsx,MMC is
the ac-side output voltage reference of the MMC shown in Fig. 2

⎧
⎨

⎩

nref
ux = vref

ux

NSMVSM
=

0.5Vdc,HV−vref
sx,MMC

NSMVSM

nref
lx =

vref
lx

NSMVSM
=

0.5Vdc,HV+vref
sx,MMC

NSMVSM
.

(1)

If the sums of the instantaneous SM-capacitor voltages,
namely the arm capacitor voltages of both upper and lower arms
are vΣSM,ux and vΣSM,lx, respectively, then the terminal voltages
of both arms are (2). Since modulation indexes are not obtained
via the measured SM capacitor voltages, arm terminal voltages
are synthesized with errors with respect to their references
⎧
⎪⎨

⎪⎩

vux=nref
ux v

Σ
SM,ux=

(
0.5Vdc,HV−vrefsx,MMC

) vΣ
SM,ux

NSMVSM
�=vrefux

vlx=nref
lx vΣSM,lx=

(
0.5Vdc,HV+vrefsx,MMC

) vΣ
SM,lx

NSMVSM
�=vreflx .

(2)

Since an MMC inherently includes three individual phases,
single-phase power fluctuation results in oscillations in the
SM-capacitor voltages if the ac-side current is not zero. It has
been analyzed mathematically that a fundamental-frequency and
a second-order fluctuations exist in the SM-capacitor voltages
[28]. The second-order fluctuations in the upper and lower arms
are with the same magnitudes and polarities. However, the
fundamental-frequency fluctuations are with the same magni-
tudes but opposite polarities. The instantaneous arm capacitor
voltages of both arms can be represented as (3), where the
symbol v̄ presents the dc mean value and the symbol ṽ presents
the fluctuating component. In the steady state, the dc mean
voltages of the arm capacitors of both arms v̄ΣSM,ux and v̄ΣSM,lx

are NSMVSM. It is noted that the voltage fluctuations are linear

with respect to the magnitude of the ac-side sinusoidal current,
and they diminish in the no-load situation

{
vΣSM,ux = v̄ΣSM,ux + ṽΣSM,x,ω + ṽΣSM,x,2ω

vΣSM,lx = v̄ΣSM,lx − ṽΣSM,x,ω + ṽΣSM,x,2ω.
(3)

The spectrums of the arm terminal voltage and the leg terminal
voltage are presented in Fig. 3. From (2) the arm terminal voltage
is the convolution of the modulation index and the arm capacitor
voltage in the frequency domain. In the spectrum of the arm
capacitor voltage, all components are identical in magnitude
in both arms, whereas the fundamental-frequency components
present opposite polarities. In the spectrum of the modulation
index, all the ac components are with opposite polarities as
indicated by (1). A significant difference compared to the case
of grid-connected applications is that the ac components in-
clude not only the fundamental-frequency component but also
the fifth- and seventh-order harmonics, which are depicted in
blue and red, respectively. These two harmonic components in
the modulation index result in various components in the arm
terminal voltages including third- to ninth-order harmonics, as
shown in the gray area of Fig. 3. Note that the leg terminal
voltage at each phase is the sum of the arm terminal voltages of
the upper and lower arms. Thus, the odd-order harmonics vanish
in the leg terminal voltage due to the opposite polarities in the
arm terminal voltages, and the even-order harmonics remain
in the leg terminal voltage. Note that the fourth-, sixth-, and
eighth-order harmonics do not exist in the leg terminal voltage
in grid-connected applications [28].

Fig. 4 shows the equivalent circuit to describe the dc-side
current of the MMC. The ripple voltages across a leg terminal
include second-, fourth-, and eighth-order harmonics, which
are differential mode, and a sixth-order harmonic, which is
common mode. In accordance with the Thévenin’s theorem, the
differential mode ripple voltages do not present to the dc side.
However, they result in a significant circulating current at the
corresponding frequencies [17], [28] if no countermeasure is
taken. The common mode ripple voltage generates a harmonic
current that flows into the transmission line. The dc link of the
MMC is supposed to connect to an HVdc transmission grid via
an HVdc cable. The magnitude of the resulted sixth-order ripple
current is dependent on the sum of the impedance of the arm
inductorLarm and the impedance at the sending end of the HVdc
cable Zsend.

The simulation results of the HV-side dc-link voltage and
current of the TLC-MMC converter are shown in Fig. 5 when
the cable length is 31.6 km, which corresponds to one fourth of
the wavelength λ6th at the sixth-order harmonic frequency. The
power flows from the HV side to the MV side, and it increases
from 0 to 1 p.u. at t = 0.5 s. The simulation parameters are
identical to the simulation study in Section V. The impedance at
the receiving end (HVdc grid) of the cable is approximated to be
zero [29]. Thus, the impedance at the sending end of the HVdc
cable presents the maximum when the cable length is λ6th/4
[29]. Consequently, the sixth-order ripple current is suppressed
well even though a significant voltage oscillation exists.
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Fig. 3. Analysis of arm terminal voltages and the corresponding leg terminal voltage of “x” phase in the frequency domain.

Fig. 4. Equivalent circuit for the dc-side harmonic current of the MMC
operating in the six-step mode.

Fig. 5. Simulation results of the direct-modulation based operation when the
HVDC cable length is 31.6 km.

However, the cable impedance is very sensitive to the cable
length. A dramatic difference occurs when the cable length
increases to 48 km as shown in Fig. 6. A significant sixth-order
harmonic current is induced with respect to the increased power,
and the magnitude in the steady state when the power is 1 p.u.
is as high as 230 A. Such a ripple current in the dc link not only
increases the transmission loss in the cable resulting in hot spots
but also might lead to malfunction of the protection system in
the dc grid [30].

It is well known that the isolated dc–dc converters operating
in six-step mode, e.g., three-phase DABs [34] and three-phase
series-resonant converters (SRCs) [35] also feature sixth-order
ripple currents in the dc-link. However, the sixth-order ripple
currents in these types of dc–dc converters originate from a
different reason and present different characteristics as shown

Fig. 6. Simulation results of the direct-modulation based operation when the
HVDC cable length is 48 km: HV-side voltage and current in (a) the time domain
and (b) the frequency domain.

Fig. 7. Comparison of dc-link models of the TLC-MMC converter and the
three-phase DAB.

in Fig. 7. In three-phase DABs and SRCs, the dc-link current
results from a superposition of chopped transformer currents in
three phases, which are phase shifted by 120◦. The superposition
of the chopped transformer currents features a dc component
Idc and a sixth-order ripple ĩdc,6ω [34], and the magnitudes of
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both dc component and sixth-order ripple are only determined
by the transformer currents. Thus, from the connected cable
side, the dc link of a three-phase DAB or SRC is equal to two
current sources in parallel behind the dc-link capacitor. Thus,
the sixth-order ripple current, which flows into the cable, is
limited up to ĩdc,6ω in Fig. 7 in the worst case. The magnitude
of ĩdc,6ω can be calculated analytically, and the ripple current
flows into the cable is usually limited by a proper design of the
dc-link capacitance Cdc. However, in the TLC-MMC converter
the sixth-order ripple current that flows into the cable is driven by
voltage ripple ṽleg,6ω , which originates from the SM capacitor
voltage ripples, and its magnitude is determined by the arm
inductor and the cable impedance. In the worst case, when the
cable impedance is capacitive and tends to counter with 2

3Larm,
a significant ripple current could flow into the cable.

The second-, fourth, and eighth-order circulating currents
resulted from the differential mode ripple voltages in the leg
terminal voltage in Fig. 4 could be suppressed by employing
circulating current suppression controllers. Note that the funda-
mental frequency of the transformer is in a range of hundreds Hz
(typically 200–500 Hz) [11], controlling the harmonic currents
in a closed loop is challenging regarding the sampling ratio of
the digital controller at the corresponding harmonic frequencies.

IV. VOLTAGE-BALANCING CONTROL

The sixth-order oscillation in the dc-link voltage discussed in
Section III is attributed to two aspects. The first reason is that
fifth- and seventh-order harmonics are included in the references
of the arm terminal voltages due to the six-step voltage. The
second reason is that the modulation index is obtained via the
nominal SM capacitor voltage. Thus, the ripples in the SM
capacitor voltages in conjunction with the harmonics included in
the reference of the arm terminal voltage result in the oscillation
in the dc-link voltage as expressed in (2).

Since the harmonics intrinsically exist in the reference of the
arm terminal voltage, the unique way to eliminate the sixth-order
voltage oscillation in the dc link is to avoid the synthesis error
of the arm terminal voltage introduced by the direct modulation.
The indirect-modulation-based operation is an effective way to
address this problem, where the modulation index is obtained
via the measured SM capacitor voltages as (4). Thereby, the arm
terminal voltages can be synthesized without errors with respect
to the references as (5), and the sixth-order oscillation voltage
in the dc link is eliminated since no sixth-order component is
included in the arm terminal voltage any more
⎧
⎨

⎩

nref
ux = vref

ux

vΣ
SM,ux

=
0.5Vdc,HV−vref

sx,MMC

vΣ
SM,ux

nref
lx =

vref
lx

vΣ
SM,ux

=
0.5Vdc,HV+vref

sx,MMC

vΣ
SM,ux

(4)

⎧
⎨

⎩

vux = nref
ux v

Σ
SM,ux =

(
0.5Vdc,HV − vrefsx,MMC

) vΣ
SM,ux

vΣ
SM,ux

= vrefux

vlx = nref
lx vΣSM,lx =

(
0.5Vdc,HV + vrefsx,MMC

) vΣ
SM,lx

vΣ
SM,ux

= vreflx .

(5)

However, in order to apply the indirect-modulation-based
technique to avoid the sixth-order oscillation in the dc link, the

Fig. 8. Principle of the arm voltage balancing control inside each phase.

voltage-balancing issue must be addressed. It is well known that
the voltage balancing among six arms of the MMC is intrin-
sically marginally stable when the indirect-modulation-based
operation is performed. Thus, a closed-loop voltage-balancing
control is mandatory to sustain the voltage balance. A common
control strategy performed to an MMC in sinusoidal ac–dc
conversions is injecting circulating currents inside the MMC
[31], [32] temporarily in case of a voltage imbalance in order to
circulate power among six arms for the voltage balancing. The
injected circulating currents vanish automatically as long as the
arm capacitor voltages are balanced.

The voltage balancing among three-phase legs is realized by
injecting a dc circulating current since three legs share the same
dc-link voltage. The voltage balancing between upper and lower
arms inside each leg is realized via injecting a sinusoidal ac
circulating current since the sinusoidal voltages included in the
upper and lower arm terminal voltages are identical in magnitude
but opposite in polarity as (1). The dynamics of the arm capacitor
energy imbalance of an arbitrary “x” phaseEΔ

x are characterized
in (6)

dEΔx

dt
=

d (Eux − Elx)

dt
= PΔx = −2vrefsx,MMCicirx. (6)

However, the ac-side voltage reference of the MMC vrefsx,MMC

in the TLC-MMC converter includes a six-step voltage and a
sinusoidal voltage across the transformer leakage inductor, and
the six-step voltage is dominant in magnitude. This introduces a
problem of determining the form of the circulating current to in-
ject and the implementation of the circulating-current reference
generation and regulation.

Regarding the form of the injected circulating current, any ac
form of a circulating current, which can contribute a dc mean
power in conjunction with vrefsx,MMC in (6), e.g., a triangular
or a rectangular waveform, can be utilized for arm capacitor
voltage balancing as depicted in Fig. 8. In closed-loop current
control point of view, a sinusoidal current form is optimal since
it does not include any other harmonic component. In addition,
an optimal form is preferred to be with a frequency as low as
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possible when the digital control delay is taken into account so
that the sampling ratio can be maximized.

As discussed in Section III, vrefsx,MMC includes not only the
fundamental-frequency voltage but also fifth-order and seventh-
order harmonic voltages, since it is dominated by the six-step
voltage. It means that, either a fundamental-frequency or a
fifth-order (or seventh-order) sinusoidal circulating current can
transfer an active power (namely with a dc mean value of
PΔx) between arms in accordance with (6). The fundamental-
frequency circulating current is regarded as the optimal one
for the following two reasons. First, the fundamental-frequency
voltage in vrefsx,MMC is the largest in magnitude. In accordance
with the spectrum analysis, the magnitudes of the fifth-order
and the seventh-order harmonic voltages are one fifths and one
sevenths of that of the fundamental-frequency voltage. Thus, the
fundamental-frequency circulating current injection requires the
minimum current in magnitude to transfer the same amount of
power between upper and lower arms for arm capacitor voltage
balancing. Second, the lower frequency of the fundamental-
frequency current can significantly simplify the efforts to the
closed-loop digital current control. If the transformer operates
at a frequency of 200 Hz, then the fifth-order harmonic current
is with a frequency of as high as 1 kHz, which calls for a
high sampling frequency of the digital controller resulting in
remarkable efforts in engineering implementation.

Another issue of the voltage balancing comes in the generation
of the circulating-current reference. The fundamental-frequency
component in vrefsx,MMC should be extracted online for the volt-
age orientation and generating the reference of the circulating
current. The online Fourier transformation not only increases
the computational burden but also leads to a delay. In this paper,
a simplified voltage extraction method is proposed.

The fundamental-frequency component in vrefsx,MMC, namely
1vrefsx,MMC includes two parts, which are the part 1v′px included in
the six-step voltage v′px of the equivalent TLC in Fig. 2 and the
part across the transformer leakage inductor jωL′

lkisx. Note that
the fundamental-frequency component of the six-step voltage is
always in phase with the six-step voltage, and its magnitude
is only determined by the instantaneous dc-link voltage. Thus,
the first part 1v′px can be calculated by the phase angle θ and
the dc-link voltage vdc,MV. The second part jωL′

lkisx can be
calculated in the stationary αβ reference frame by the measured
transformer current isx.

The block diagram of the proposed arm voltage-balancing
controller for the TLC-MMC converter is shown in Fig. 9.
The fundamental-frequency component of vrefsx,MMC is extracted
via the aforementioned technique, and the circulating-current
reference irefcirx,ac is generated by the reference of the circulating
power P ref

Δx and the extracted voltage component 1vrefsx,MMC in
accordance with (6). By the proposed method, the arm capacitor
voltage balancing can be realized via the minimum injected
current and the minimum effort for the implementation.

Besides the voltage balancing, the total energy stored in the
SMs of the MMC should be regulated to its nominal value as
well in order to sustain the capacitor voltages of each arm at the
nominal voltage. The total energy is controlled by regulating

Fig. 9. Block diagram of the proposed arm voltage balancing controller for
the TLC-MMC converter.

the HV-side dc-link power, namely the dc-link current. The dc-
link current is controlled in a closed-loop manner, since the dc-
side of the MMC acts as a controlled voltage source behind an
equivalent inductor to the connected cable, when the indirect-
modulation technique is performed [31], [32].

To summarize, the indirect-modulation-based operation gets
fully applicable to the MMCs operating with six-step phase
voltages when the proposed voltage-balancing control is em-
ployed. It should be noted that the injected dc and fundamental-
frequency circulating currents occur only in case of the voltage
imbalance, and they become automatically nullified when arm
capacitor voltages are balanced. In addition, different from
the case of the direct-modulation-based operation there is no
harmonic circulating current or sixth-order harmonic dc-link
current in the steady state. Thus, operation of the MMC
with minimal losses is assured with the proposed indirect-
modulation-based operation.

V. SIMULATION RESULTS

To verify the proposed control strategy, a ±25 kV/±200 kV,
400-MW TLC-MMC converter is simulated using PLECS soft-
ware. The detailed parameters of the simulated converter are
presented in Table I. The sampling frequency of the digital
controller is 12 kHz. Over the whole operation range, the MMC
injects a reactive current to the TLCs in order to ensure ZVS of
IGCTs. The magnitude of the reactive current reference on the
primary side is set to 100 A, whereas the rated active current
on the primary side is 4.2 kA, which is much higher than the
reactive current. The HV-side dc link is connected to a ±200 kV
HVdc grid via a cable at a length of 48 km, which is identical to
the case in Fig. 6.

Fig. 10 presents the simulation results of a power reference
reversal from 1 to –1 p.u., when the proposed operation scheme
based on the indirect modulation is performed to the MMC. Dif-
ferent from the results of the direct modulation controlled MMC
presented in Fig. 6, the sixth-order oscillation voltage and current
are fully eliminated in the dc link in the full-load situations,
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TABLE I
PARAMETERS OF THE SIMULATED TLC-MMC CONVERTER

Fig. 10. Simulation results when the power reverses from 1 pu to −1 pu.

and the dc-link current tracks its reference with an acceptable
dynamic performance. With the proposed voltage-balancing
control, the average SM-capacitor voltages of both upper and
lower arms in all three phases are regulated successfully at the
rated voltage 2.2 kV in both the dynamic process and steady
states.

Simulation results are shown in Fig. 11 in case an HVdc-
grid voltage sag occurs from 400 to 380 kV abruptly when the
power flow is –1 p.u. The dc-link voltage of the MMC decreases
accordingly due to the closed-loop control of the dc-link current,
and the magnitude of the dc-link current increases in order to
sustain the presag power. Stepwise oscillating disturbances are
observed in both the dc-link voltage and current of the MMC.
These disturbances are induced by the traveling waves along the
HVdc cable, which are induced by the abrupt voltage sag from
the HVdc grid, and they are damped by the cable resistances
afterward. In such a dynamic process, the average SM-capacitor
voltages of both upper and lower arms in all three phases are well

Fig. 11. Simulation results in case an abrupt HVDC grid voltage sag occurs
when the power flow is −1 pu.

Fig. 12. Simulation results of the arm capacitor voltage balancing control,
when the (a) fundamental-frequency and the (b) 5th-order circulating currents
are injected for the voltage balancing.

balanced and are regulated at the rated voltage by the proposed
voltage-balancing control.

Simulation results of the arm capacitor voltage balancing are
presented in Fig. 12(a) and (b), where the balancing controls
based on the injections of the fundamental-frequency and the
fifth-order harmonic circulating currents are compared. The
PI parameters of the balancing controller shown in Fig. 9
are set identical in order to observe the injected circulating
current with identical balancing dynamics. The balancing
controller is activated at t = 1.0 s. As shown in Fig. 12,
the upper and lower arm capacitor voltages converge to the
balanced state with an identical dynamic process in both cases.
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Fig. 13. Experimental results when the power varies from 0 pu to −1 pu:
(a) results in the complete process, (b) results in the zoomed time scale.

However, the magnitude of the fifth-order harmonic current is
five times of that of the fundamental-frequency current, which
coincides with the analysis in Section IV. The higher magnitude
of the fifth-order harmonic current introduces higher conduction
loss and higher current stress to the semiconductor devices.
Thus, the fundamental-frequency circulating current presents an
optimal performance at a minimal cost of the current magnitude.

VI. EXPERIMENTAL VERIFICATIONS

A 60 V/250 V, 1-kW downscale prototype is built up and
tested to verify the proposed control method. The prototype
includes two TLCs, two multiwinding open-end transformers
(turns ratio 1:1) and an MMC. The MMC includes 5 SMs per
arm, with a nominal SM voltage of 50 V and an SM capacitance
of 5.4 mF. The arm inductance is 4 mH, and the sampling
frequency of the digital controller is 12 kHz. The magnitude
of the reactive current reference on the primary is constantly set
to 0.5 A, whereas the rated active current on the primary side is
10 A, which is much higher than the reactive current.

Experimental results shown in Fig. 13 present the case of
a load power ramp from 0 to –1 p.u., when the proposed
indirect-modulation-based control is performed to the MMC.
The transformer current and the HV-side dc-link current are
well controlled in the dynamic process, and the sixth-order

Fig. 14. Steady-state experimental results when the power is −1 pu, (a) TLC
phase voltage and current, and the ac-side voltage reference of the MMC,
(b) the blocking voltage and the gate voltage of a switch, and the phase current
in the corresponding TLC.

oscillation voltage and current are fully eliminated as shown in
Fig. 13(a). With the proposed voltage-balancing control method,
the average SM capacitor voltages of both upper and lower arms
of phase “a” vaveSM,ua and vaveSM,la are well balanced, and their
dc mean voltages are controlled at the rated voltage of 50 V.
The turn-OFF current of the switches in the TLC is identical to
the injected reactive current in the dynamic process as pointed
out by the green dots in Fig. 13(b). This indicates that the
complementary switches are turned ON in the ZVS condition
as discussed in Section II.

The steady-state experimental results are shown in Fig. 14
to verify ZVS in the TLCs, when the power reaches –1 p.u. In
Fig. 14(a), the transformer current is successfully regulated in a
sinusoidal form, and the ac-side voltage reference of the MMC
is a superposition of a six-step voltage and a sinusoidal voltage
coinciding with the analysis in Section II. The blocking voltage
and the gate voltage of a switch in a TLC are shown in Fig. 14(b).
The blocking voltage decreases to zero when the gate voltage
is 0 V and the phase current is identical to the reactive current
of 0.5 A, which means that the complementary switch is turned
OFF at the reactive current. In addition, the investigated switch is
turned ON when the blocking voltage fully reaches zero, which
indicates a successful ZVS turn-ON.

Experimental results of the arm capacitor voltage balancing
are presented in Fig. 15(a) and (b), when the balancing con-
trol is based on the injections of the fundamental-frequency
and the fifth-order harmonic circulating currents, respectively.
The controller parameters of the balancing controller, namely
the PI controllers in Fig. 9 are set identical in order to ob-
serve the injected circulating current in the case of identical
balancing dynamics. The balancing controller is activated at
t = 0.2 s. As shown in Fig. 15, the upper and lower arm
capacitor voltages converge to the balanced state with a similar
time constant in both cases. However, the results in Fig. 15(b)
actually include two different dynamic processes, where the
boundary is indicated by the dashed blue lines. This is attributed
to the fact that, the arm inductors employed in the downscale
prototype are of high per-unit value impedances. Thus, the
large reference of the fifth-order circulating current results in
overmodulation at the initial stage of the balancing process.
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Fig. 15. Experimental results of the arm capacitor voltage balancing control,
when the (a) fundamental-frequency and the (b) 5th-order circulating currents
are injected for the voltage balancing.

It leads to a poor performance of the circulating current control
and consequently a distorted balancing process of the arm capac-
itor voltages, whereas the voltage-balancing control employing
the fundamental-frequency circulating current does not have this
issue as shown in Fig. 15(a). Nevertheless, the magnitude of
the fifth-order circulating current is still around five times of
that of the fundamental-frequency current, which coincides with
the analysis in Section IV. Thus, the validity of the proposed
voltage-balancing control is verified, and the superiority of the
injection of the fundamental-frequency circulating current over
the fifth-order harmonic circulating current is proven.

VII. CONCLUSION

This paper presents a comprehensive discussion on the control
of the TLC-MMC converter, which operates with six-step phase
voltages and sinusoidal phase currents in the intermediate ac
link. A closed-loop transformer-current control is presented,
which is crucial for the low-power semiconductor losses of the
TLC-MMC converter. It is first revealed in this paper that a
six-step phase voltage on the ac side of the MMC can result
in serious sixth-order voltage and current oscillations in the
dc link, when the commonly used the direct-modulation-based
operation is performed. The indirect-modulation-based opera-
tion is employed to solve this issue. However, it introduces the
problem of arm capacitor voltage balancing. The principle and
possible means for arm capacitor voltage balancing for the MMC
operating with a six-step voltage are discussed, and the optimal
control method and its implementation are proposed. The va-
lidity of the proposed control method is verified by simulations
and experimental results tested by a downscale prototype.
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