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Abstract—The direct chain-link modular multilevel dc
converter has raised great interest recently in medium/high-
voltage dc-dc conversion due to the high power device utilization
and lower power losses than the front-to-front configurations of
modular multilevel converter. This paper introduces a single-
phase chain-link modular multilevel buck-boost converter for
medium voltage dc applications and presents an analysis
methodology on its internal circulating current frequency. Its
connection and comparison with the classic dc-ac modular
multilevel converter are given first, and its dc and ac components
are analyzed in the respective equivalent circuits. Then, the
derivation methodology for the proper circulating current
frequency with lowest internal reactive power is provided, which
could minimize the current stress and decrease the power losses.
Also, this method can be directly applied in the derivative
topologies and further configurations to satisfy various conversion
requirements. The theoretical analysis is verified by a set of full-
scaled simulations and further verified against experimental tests
on a down-scaled prototype.
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I. INTRODUCTION

The rapid development of renewable energy in recent year
has attracted more and more attention in medium voltage dc
(MVDC) networks. The MVDC collection and distribution may
reshape the future power system structure, which can
accommodate higher penetration of renewable generators and
provide greater power capacity than traditional ac networks [1]—
[3]. However, MVDC system faces the natural difficulties in dc
voltage transformation [4], [5]. One of the serious challenges
needed to be addressed soon is the low step-ratio high-power dc-
dc conversion, often termed as ‘dc transformer’, which will play
akey role to realize the power flow between two or more MVDC
networks with different voltages or different configurations [6]—

(8].

The dc-de conversion in low voltage level (LV) has been
extensively investigated for many years [9], [10], but the single
switch configuration and high switching frequency make them
difficult in the medium voltage (MV) applications. The multi-
module concept can be applied to the classic dc-dc converters
[11] and develop the applications to MV scope by utilizing

input-series-output-parallel (ISOP) or input-parallel-output-
series (IPOS) arrangements, but they are more suitable to
accomplish the extremely high step-ratio dc-dc conversion, and
the isolation between large number of module transformer
would be another concern in practical applications. The modular
multilevel converter (MMC) technology opens a new road for
medium/high-voltage dc-dc conversion, and its front-to-front
configuration has been regarded as the most competitive
solution to interface two different high voltage dc (HVDC) links
due to the good modularity, controllability and flexibility [12].
However, this dc-ac-dc conversion use two MMCs to transfer
only one unit power, resulting in higher capital cost and lower
power efficiency, which would undermine its advantages in
MVDC applications.

Apart from the above-mention well-known converters, some
emerging topologies are proposed in last three years through the
combination of MMC principles with the classic de-dc circuits
[13]-[15], forming the chain-link dc-dc topology family for
medium/high-voltage dc network interconnection. Sub-modules
(SMs) in the stack are utilized on both high-voltage side and
low-voltage side, leading to a higher power device utilization
and less power losses. Also, these arrangement considerably
reduce the total number of stacks in the overall conversion
system, which could substantially reduce system footprint for
highly-compact and low-cost dc-dc conversion. However, the
chain-link modular multilevel configurations still need to create
a circulating ac current to balance the stack energy although
there is no independent ac stage in the conversion flow. This
current will cause extra amplitude stresses and power losses for
both SM switches and filters [16], [17] in the operation, and it
needs a specific analysis and management before these chain-
link converters could be applied in the practical dc systems.

To analyse these negative effects in chain-link converters,
this paper introduces a single-phase chain-link modular
multilevel buck-boost converter and presents an analysis
methodology on its circulating current frequency, which
provides a possibility to minimize the internal reactive power
and circulating current amplitude, facilitating the low step-ratio
high-power dc-dc conversion for MVDC network connection.

The connection and comparison between the chain-link dc-
dc converter and the classic dc-ac MMC are analysed first, and



the equivalent circuits for dc and ac components are investigated
in the respective equivalent circuits. Then, the derivation
methodology for the proper circulating current frequency with
consideration of SM capacitor voltage ripple is provided in
detailed, and it can be also direct applied in the derivative
topologies and further configurations to satisfy various
conversion specifications. The theoretical analysis is verified
against a set of full-scaled simulations and further verified
against experimental tests on a down-scaled prototype.

II. CIRCUIT ANALYSIS AND CIRCULATING CURRENT
FREQUENCY

Fig. 1 shows the single-phase MMC topology with a passive
ac load. The black arrow defines the reference of current
directions. The blue arrow and red arrow denotes the actual dc
and ac current direction respectively. If the converter is
properly controlled, the dc current flows through the outer blue
loop as the internal common component for top stack and
bottom stack currents while the ac current is split to circulate
within two small inner red loops as the external differential
component for stack currents. Since the stack energy needs to
be balanced in the circuit, the net ac energy and dc energy
deviation over each ac cycle T (T = 27/w) should be zero, as
shown in (1).

fo Tvsﬂ,s(t)istr,s(t)dt = fo

T 1
[Vdc + Uac(t)] [Idc t Eiac(t):l dt=0 (1)
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Thus, the relationship between ac components and dc
components is derived in (2). The dc voltage V,;. comes from
the dc voltage source v or vz while the ac amplitude voltage
V¢ 1s dictated by the stack modulation index m (V. = mVy,).
The dc current I;. and ac current I,. are dependent on the
passive ac load. w is the angular frequency of the ac voltage and
current, and 6 is the phase difference between them.
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Fig. 1. Current loops in the classic single-phase dc-ac MMC

This classic single-phase MMC achieves dc-ac conversion.
If the dc current and ac current exchanged their roles in the
conversion, the circuit can be modified to a single-phase chain-
link modular multilevel buck-boost converter for dc-dc
conversion, as shown in Fig. 2. v; still serves as the dc source
voltage while vz changes to be the dc load voltage, and R is
defined as the voltage step-ratio between them. In this dc-dc

circuit, the ac current is running through the outer loop as the
internal common component for stack currents while the dc
current is split into the two inner loops with different directions
as the external differential component for stack currents.

41
Lae k
E,: Vae P

n
Ll
LTST

[ Ei

Vm(VT)CjD Vi ~Vac :_:M
) M 1
Ir—1ae Z:J[} s [dc'EIm‘
a;» T
Vit iA
ik
X *T i
1 Vo= VacR Vae
Vo Vo VaR| || Ly ::E% =V
i L i==A
Volve) =F, —
’ 1 ) C, %, T T 1 1
2 g =
™ de | 4 ﬁi IstB R de zlac
L 7
AN EN
T
Ly -

Fig. 2. Current loops in the chain-link buck-boost converter

The energy deviation for both stacks is given in (3) and (4),
and their results are still both 0, which means that this
arrangement could also keep the stack energy balanced for dc-
dc conversion. More importantly, unlike the dc-ac conversion
in which the ac component frequency is dependent on the
external frequency when it is connected to utility grids, this dec-
dc conversion could independently choose the proper internal
circulation ac frequency to decrease the circuit current stresses
and avoid unnecessary ac power losses.

T T 1
f Vser (t)ist’r(t)dt = f [Vdc - Uac(t)] [E iac(t) + Idc]dt =0 (3)
0 0

T

fTUStB ®)isept)dt = f [VacR + Uac(t)][liac(t) - Id—c]dt =0
0 o 2 R

Analysing the dc components of this chain-link dc-dc
converter, it can be found that the dc equivalent circuit is based
on the classic negative output buck-boost converter, shown in
Fig. 3(c). Drp are defined as stack equivalent duty-cycle, which
equals the ratio between stack average voltages and stack peak-
to-peak voltage, shown in (5), and the step-ratio of this
converter is expressed as (6). By adjusting the dc component
value of stack voltage in modulation, the converter is capable

of wide-range operation to satisfy various step-ratio
requirements.
_ UsttBdc . VserBde VT
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On the other hand, the ac equivalent circuit can be seen as
an LC passive network supplied by two controllable ac voltage
sources, shown in Fig. 3(b). The value of the ac voltage sources
is modulated from the ac components of the sum of SM
capacitor voltages.

The stack energy expression with dc and ac components all
included is presented in (7) given the assumption that the high
frequency ac component value is much smaller than the dc



component.
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where egyrp(t) and vsyrp(t) are the sum of SM capacitor
energy and voltage in top or bottom stack, Cgy is the SM
individual capacitance and Ny p is the number of SMs in the top
or bottom stack. The ac component value of the sum of SM
capacitor energy, esyrg qc(t), is dictated by the stack power
exchange, and it is expressed as (8).
t

esmr,p_ac(t) = f Vg () igerp (E)dt (©)
0

Substituting (8) into (7), the ac components of the sum SM
capacitor voltage, vsyr 4.(t) and vsyp 4-(t) are described in (9)
and (10).
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Since the dc components of the sum SM capacitor voltage
Vsur s_ac should be able to provide the maximum value of stack
voltage for modulation, m;rp is defined as the internal
modulation index to denote the voltage ratio between V. and
Vomurs ac (Vac = MirgVsurp ac )- Thus, the value of the two
voltage sources in ac equivalent circuit can be given in (11) and
(12), and the ac circulating current in the circuit is derived in

(13).

mir
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Substituting the results of (11) and (12) into (13), the
general expression of this ac current is provided in Appendix
and the specific analysis for the most common case of
minus/plus symmetrical conversion with full internal
modulation (Vy =V, Nrg = Ngym, Lrg = Lapm, Mirp = %) is
shown in (14).
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(14)

Its fundamental frequency amplitude is expressed in (15),
and it also needs to satisfy the power balancing conditions in
(3) and (4). Thus, the fundamental frequency of this circulating
ac current is derived in (16), which is also the stack modulation
frequency for this dc-dc converter.

NarmI cho
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where A = /(tan? 6 + 9)m* + (16 tan2 § — 48)m?2 + 64 tan2 § + 64.

The minimum value of (16) is achieved in (17) with 8 = 0
in the operation given the passive component value and
modulation index have been decided in the design process, and
the corresponding ac frequency is presented in (18).

NarmlacCo(8 — 3m?)

leirmin = 5o A mymZat Ly Cy = 1) an
1 1 Ny (8 — 3m2)
Joe = 27 j 2LarmCo | BLarmConr (L + m)? (18)

This circulating ac frequency could avoid reactive ac power
in the circuit and the ac current amplitude is also minimized,
which increases the overall efficiency and also decrease the
current stress for both SM switches and circuit filters.
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Fig. 3. Equivalent circuit analysis of the chain-link buck-boost converter. (a)
DC components. (b) AC components.

III. FURTHER CONFIGURATIONS AND DERIVATIVE TOPOLOGIES

The circuit in Fig. 2 is a buck-boost configuration with
negative output, which can be used to interconnect monopolar
dc system with bipolar dc system, shown in Fig. 4(a). If the dc
source in the top changes position with the dc capacitor in the
bottom, the converter is modified to a symmetrical arrangement
with positive output, presented in Fig. 4(b). It can be applied to
connect two monopolar dc systems of different voltages.
Although the dc and ac current directions will be in the opposite
sense with that in Fig. 2, the operation principle is same and the
ac current analysis also follows (17) and (18).

Moreover, the chain-link dc-dc converters in Fig. 4(a) and
Fig. 4(b) can be also employed as module circuits for the
derivative arrangements and topologies. The series and parallel
design could be implemented directly to accomplish the higher
power rating and higher voltage rating conversion.

On the one hand, the positive-out configuration or negative-
output configuration can be paralleled and developed to the
corresponding push full-bridge topologies, shown in Fig. 5(a).
Each phase is operated as a single circuit and the switching
sequence keeps a half-cycle phase-shift with respect to the



parallel phase, which increases the power rating twice and
decreases the voltage ripples on dc-link capacitor at the same
time. One the other hand, the positive-out configuration and
negative-output configuration can be also connected in series,
forming the bipolar topology in Fig. 5(b). The switching
sequences for positive leg and negative leg are modulated with
half-cycle phase-shift angle. In this manner, the top stack
current of the positive leg will approximately equal the bottom
stack current of the negative leg, and the currents going through
the bottom stack of the positive leg all flows into the top stack
of the negative leg. The inner two neighboring stacks can be
regarded as a unity, and the grounding at the stack is removed.
It develops the voltage rating twice and also accommodates the
low step-ratio power connection between two bipolar dc
systems.

Vo(Vhi) Vo(Vimo2)
A A
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Fig. 4. Different configurations of the chain-link modular multilevel buck-boost

converters. (a) Negative-output configuration. (b) Positive-output configuration.
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Fig. 5. Derivative arrangements and topologies. (a) Parallel arrangement: push-
pull topology. (b) Series arrangement: bipolar topology.

IV. MEDIUM VOLTAGE APPLICATION EXAMPLES

This section presents a set of full-scaled chain-link dc-dc
simulations to verify the theoretical analysis and explore
application examples for MVDC network interconnections.
The simulation parameters for the negative-output buck-boost
configuration are provided in Table I (with respect to the
terminology in Fig. 4(a)). The SM capacitances and arm
inductance are set with 10% variations to simulate the
tolerances in practical conversion.

TABLE I. SIMULATION PARAMETERS IN THE FULL-SCALE APPLICATION

EXAMPLES
Parameter Description Value
P Power Rating 3 MW
Vin (Vo) Input Positive-pole Voltage 11kV
Vi Negative-pole Voltage 4kvV-11kV
R Step-ratio (Vg;_[Vin) 0.33:1-1:1
ACH) Output Bipolar Voltage 15 kV=22kV (=11 kV)
[P DC capacitance 300 uF
L, Filter Inductance 20 mH
Lagrm Arm Inductance 150 uH with £10% variation
Narm SM Number per Stack 9
Csy SM Capacitance 1.0 mF with +10% variation
S SM Power Switches ABB 5SNA1500E330305
[ SM Capacitor Voltage Range 5%

The minus/plus symmetrical conversion ( R=1) is
discussed first, and the modulation index is chosen at 0.8 in this
study (m = 0.8). The dc equivalent duty-cycle of the top stack
and bottom stack is set at an equal value (D = Dg = 0.625) for
this symmetrical conversion, and the ac modulation frequency
is designed at 800 Hz to minimize the internal reactive power
and circulating current amplitude according to the analysis in
(18). The stack voltages in Fig. 6(a) show that the ac
components of the top stack voltage vy and bottom stack
voltagev,.z are phase-shifted with 180° but the dc components
are the same, and the stack currents in Fig 6(b) illustrate that
the ac components of the two stack currents iy and isz keep
the same value but their dc components are opposite. It can be
seen that the phase difference between voltage and current for
both stacks is almost either 0° or 180°, so there is nearly no
reactive power in the ac energy loop, which means the ac
components have been fully utilized for stack energy balancing.
Furthermore, the amplitude of the circulating ac current is about
680 A, which reaches good agreement with the result of (17)
and demonstrates that iy and i,z have both achieved the
minimum value in this simulation case. In the meantime, the
SM voltages in top stack and bottom stack are both well
controlled. The maximum voltage deviation is limited within
5% of the nominal value of 2.2 kV, shown in Fig. 6(c) and Fig.
6(d), and the sum of the dc components of SM capacitor
voltages in each stack also matches the maximum stack voltage
value.

Then, the asymmetrical voltage conversion (R = 0.67) is
shown in Fig. 7 to demonstrate the validity of this ac frequency
analysis in more general application cases. The ratio of the dc
equivalent duty-cycle between bottom stack and top stack is set
as 0.67:1 (Dg/Dy =0.67), and the modulation index is
accordingly adjusted to 0.54 to accommodate the negative-pole
voltage in this case. It is worth noting that the power conversion
is reduced to 1.33 MW, and the ac frequency is operated at 925
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Hz following the equation in Appendix (B—2) for general step-
ratio case analysis. From Fig. 7(a) and Fig. 7(b), the ac
component amplitude of both voltages and currents are equal
for the two stacks, but their dc components are different due to
this asymmetrical conversion. The value of dc and ac
components correlates the theoretical analysis in Section II, and
there is also no ac reactive power in the energy loop. The
circulating current achieves the minimum value of 450 A,
which further validates the effectiveness of (B—1). Also, the SM
voltages in Fig. 7(c) and Fig. 7(d) show that the voltage
balancing is still effective. The SM voltages in the top stack are
balanced around 1.9 kV, and the SM voltages in the bottom
stack are balanced around 1.5 kV. The sum of their dc
components equals the maximum value of the corresponding
stack voltage.

V. EXPERIMENTAL RESULTS ASSESSMENT

To further verify the theoretical analysis and simulation
results, a down-scaled prototype of the chain-link negative-
output buck-boost converter was designed and built, and the
relevant parameters are listed in the Table II.

TABLE II. EXPERIMENTAL PARAMETERS IN THE DOWN-SCALED PROTOTYPE

Parameter Description Value
P Power Rating 1.2 kW
Vi (V) Input Positive-pole Voltage 150 vV
Vi Negative-pole Voltage 50 V-150 V
R Step-ratio (vg;_[Vin) 0.33:1-1:1
ACH) Output Bipolar Voltage 200 V=300 V (+150 V)
Cyc DC Capacitance 300 uF
L, Filter Inductance 5 mH
Lorm Arm Inductance 150 uH
Ngrm SM Number per Stack 9
Csu SM Capacitance 1.0 mF

The key capacitance and inductance in the prototype choose
the same value as those in simulation analysis, so the internal
ac frequency is also operated at 800 Hz for the minus/plus
symmetrical conversion. The stack voltages and currents are
presented in Fig. 8. It should be noted that the current distortion
is caused by low-voltage operation of SM IGBTs in the lab,
which can be easily solved in high voltage rating practical
operation. It can been seen that the ac component of top stack
voltage has a phased-shift value of 180° with respect to that of
bottom stack voltage while the dc components also have the

same value. In the meantime, the ac currents are equal for the
two stacks, but the dc currents are in the opposite direction as
expected. The phase-shift between stack voltage and current is
nearly is 0° or 180°, so the reactive power is very small.
Moreover, the dc and ac component value of the stack voltage
and current follow the theoretical analysis in Section II, and the
ac current amplitude is about 20 A, which is well-matched with
the results of (17) and means that the stack currents also
achieved the minimum value in this experiment. Further, the
top stack and bottom stack SM capacitor voltages are all well
balanced in this case, shown in Fig. 9. The maximum and
minimum SM capacitor voltage are both controlled within 5%
of the nominal voltage of 30 V, and the sum of the SM voltage
capacitor voltages in each stack also equals the maximum value
of the stack voltage. These results further validate the
theoretical derivation in Fig. 2 and simulation assessment in
Fig. 6 for the symmetrical interconnection between a
monopolar dc system and the matching bipolar dc system.
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Then, a variable step-ratio test is given in Fig. 10 and Fig.
11 to illustrate the capability of asymmetrical conversion (R =
0.67 ) and the -controllability of the output voltage
v, (vp;). The input positive-pole voltage keeps constant at 150
V, and the reference value for the output voltage is set at 250 V
first and changed to 300 V at the midpoint of the time period.
The result shows that the output voltage follows the regulation
command accurately both before and after the change of the
reference value, and the stack currents also respond quickly to
match the load power. The converter is operated well in both
asymmetrical case and symmetrical case, and the SM capacitor
voltages results in asymmetrical period is presented in Fig. 11.
Compared with the results in Fig. 9, the SM voltages in top
stack are decreased to around 25.5 V because the modulating
index is adjusted for the negative-pole voltage. The SM
voltages in bottom stack are balanced around 20 V, and the sum
of them also matches the maximum value of the bottom stack
voltage. These results demonstrate the controllability and
adjustability of the output voltage in this down-scaled
prototype.
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Fig. 11. SM voltages in asymmetrical conversion case.

VI. CONCLUSION

A direct chain-link modular multilevel buck-boost
converter was introduced for MVDC network interconnection
and an analysis methodology on its internal ac frequency was
provided to avoid the reactive power in the circuit and minimize
the circulating current amplitude.

The connection and comparison between the chain-link dc-
dc converter and the classic dc-ac MMC are presented first, and
the dc and ac components are analyzed in the respective
equivalent circuit. Then, the derivation process for the proper
circulating frequency is given in detail, which provide the
possibility to minimize the reactive power losses and current
amplitude stresses in this single stage dc-dc conversion. Also,
this method can be further applied in the derivative topologies

for different conversion requirements. The theoretical analysis
is verified against a set of full-scaled simulations and further
verified against experimental tests on a down-scaled prototype.
The simulation and experimental results are well-matched with
the mathematical analysis, and they demonstrate the validity of
this analysis method.
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APPENDIX
A. General Current Analysis for Buck-boost Configuration

Substituting the results of (11) and (12) into (13), the general expression of the internal ac current is expressed in (A—1),
jCoN7ly 0% m?+8 z

icir(t) = 2ol — 02y + L) C (L + m)? [ o tan 6 sin wt +$cos wt + (3 —m?) sin 2wt + 3 tan 8 cos 2wt
—Ttan 6 sin3wt + Ecos 3wt — 2tanf] + JCoNs lacds [m2 + SR tan 6 sin wt +3m2—_8Rcos wt
2 2 2Csul1 — w2(Ly + Lp)C, (R + m)2"  2m 2m
m? —2R —R? m ) m
— g sin 2wt — 3R tan 6 cos 2wt — ?tan 0 sin3wt + — cos 3wt + 2R tan 0] A-1

where 87 p is the redundancy ratio for the dc components of stack voltage (m;; = mér

mép
,Mip = ——mbg,0rg < 1).
14m’ "B T gy "B UTB = )

B. Asymmetrical voltage conversion for Buck-boost Configuration

The minimum current amplitude of the fundamental frequency component in the asymmetrical conversion (Vg = VyR, Ny, =

Norm Lrp = Lgrmm,, = % mg = ﬁ, 8rp = 1) is given in (B-1), and the corresponding ac frequency is provided in (B-2).

NgrmlacCo[(8 —3m?)(R + m)? + (8R — 3m?)(1 + m)?] 1
4Csy (R + m)2(1 + m)2mQ2w?LgymCo — 1) B-1

I cir_min —

fac

1 1 N Ngrn[(8 = 3m2)(R + m)? + (8R — 3m2)(1 + m)?] B2
" 21 | 2L gymCo 16Lgrm Csu (R + m)2(1 + m)2 ( )
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