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Abstract—This paper compares different cascaded and multilevel topologies to interface supercapacitors to a dc bus in regenerative braking applications. It is shown that the modular multilevel
dc/dc converter (MMC) can benefit from both reduced voltage
and increased frequency across the inductor to reduce its weight
and volume when using phase shifting modulation. The proposed
control method is able to balance supercapacitor voltage while providing precise output current control. The converter topology and
control method are validated with simulations and experimental
results.
Index Terms—Control strategies, modular multilevel converters
(MMCs), phase shifting, supercapacitors (SCs).

I. INTRODUCTION
EGENERATIVE braking is not only present in electric
vehicle (EV) or hybrid vehicle [1]. Many electric traction
applications such as elevators [2], [3] and railway [4] can also
benefit from regenerative braking. The braking energy can be
dissipated in resistors or stored in different systems such as batteries, capacitors, flywheels, or superconductive magnets [5],
but for simplicity and for its high power capability, supercapacitors (SCs) are preferred in front of others [1], [6].
SCs are energy storage devices that do not have mobile parts,
and they storage energy in the form of electric field. SCs are
stated as power sources, in front of batteries that are used as
energy sources. So they are best placed in applications where
high power levels are needed during a short period of time, from
milliseconds to few hundreds of seconds. Utility applications include uninterruptible power systems or utility voltage stabilizers
in wind farms or photovoltaic (PV) plants. Regenerative braking
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in any type of mobility application (hybrid and EV cars, trams,
buses, cranes, and fork lifts) is one of the main applications.
They can fit also in heavy diesel engines as a power sources
when starting or in start/stop applications.
In mobile applications, SCs are often paired with batteries [7]
in order not to degrade their life, to increase efficiency, and
to provide instant power whenever it is demanded. In these
applications, SCs provide constant power and batteries’ constant
energy [8].
However, direct parallelization of SC and batteries has many
drawbacks. There is no control on where the energy is flowing
from or to and also the voltage at which the capacitors are
connected is almost constant. Therefore, SCs are not used as
an energy source but as a powerful decoupling capacitor, which
is not what it is intended for. To achieve energy management
capabilities, a converter has to be placed to control the energy
flow in an SC [8].
SCs are low-voltage devices. To achieve the high voltage
needed in traction applications, a large number of cells have to
be connected in series. This series connection can cause voltage
imbalances due to the difference in capacitance of each SC
cell because of common series current. These imbalances could
cause premature failure of the SC or even destruction of cells.
Passive and active power electronics-based devices have been
proposed in the literature for cell voltage balancing [9], [10].
Commercially available SC banks reach voltages up to 200 V
[11], but active voltage-balancing methods must be used.
Another possible way to limit the number of series-connected
cells is to parallel them. But then, some voltage adaptation
must be used in order to connect the SC to the high-voltage
dc bus. Voltage adaptation can be achieved using bidirectional
boost converter, but a large inductor is needed. Using multichannel interleaved converters, the size of inductor can be reduced
and efficiency can be increased if the discontinuous conduction mode is used [12]–[15]. DC/DC bidirectional transformer
isolated converters are also used [2].
To obtain high voltage from low-voltage devices, or vice
versa, cascaded and multilevel converters have been employed
in the literature [16]. In [17], dc/dc converters are cascaded to
obtain higher bus voltage in PV applications. Vorperian [18]
used forward converters in a 10 kV to 400 V converter. Series–
parallel connection of converters is of interest in low-voltage
high-current applications such as computer and telecommunications power supplies [19], [20] to increase reliability, efficiency,
and standardization. In [21], a modular multilevel converter
(MMC) is used as a traction converter in an hybrid vehicle
achieving charge balance in batteries. The use of MMCs is a
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Fig. 2. Evolution of the voltages and duty cycle for the given converters when
discharging the SCs. (a) Buck-mode converter. (b) Boost-mode converter.

Fig. 1. Topology and typical current waveforms for an HB converter.
(a) Topology of the HB converter connecting two voltage sources. (b) Typical current waveforms for an HB converter.

good tradeoff between complexity and reliability [22]. Redundancy and control allow these converters to achieve more than
one goal within the imposed control scheme.
This paper presents the design and the control of a modular multilevel dc/dc converter intended to interface an SC bank
and a high-voltage dc bus. The paper compares three proposed
topologies based on the half-bridge (HB) converter in terms of
the energy stored in its inductive components. The modular multilevel dc/dc converter will show higher performance, because
it benefits from reduced applied inductor voltage and increased
frequency, reducing inductor size for the same allowable inductor current ripple.
The paper also proposes a control method to equalize the
energy stored in the SCs. Simulations and experimental results
are used to validate the design and the control method proposed.
II. CASCADED AND MMCS
Two quadrant dc/dc converter is needed in regenerative applications with energy storage in SCs. When braking, the energy
flows into SCs, but when in the traction mode, the energy flows
from SCs to the load. All the converters presented in this paper are based on the HB topology shown in Fig. 1(a). Some
authors propose the cascaded connection of multilevel neutral
point clamped or flying capacitor converter to achieve higher
number of levels at the output [23].
A. HB Converter
Fig. 1(a) shows the HB converter topology. It is built with
two transistors, with its antiparallel diodes, connected in series.
This converter connects two voltages U1 and U2 by an inductor
L. The HB converter is irreversible in voltage, but bidirectional
in current.
The transfer functions that relate the two voltages and the
two currents when the converter is working in the continuous
conduction mode are
U2 = D · U1

(1)

I1 = D · I2

(2)

where U1 and U2 are the voltage levels in each side of the
converter defined in Fig. 1(a), 0 ≤ D ≤ 1 is the duty cycle,
and I1 and IL = I2 are the two currents in each side of the

converter. As seen in Fig. 1(a), the condition U1 ≥ U2 must be
always satisfied for proper converter operation.
For a given input voltage U1 and switching frequency Fs ,
the maximum inductor current ripple ΔIL occurs for D = 0.5.
Then, the value of the inductor can be calculated as [24]
LHB =

U1
.
4ΔIL Fs

(3)

As can be seen in Fig. 1(b), the current waveform at voltage
source U1 has severe ripple.
The dc bus and the SCs can be connected either to U1 or U2 .
In regenerative braking applications, dc-bus voltage is supposed
constant, while SC voltage changes in order to store or release
energy.
In this paper, when the SCs are connected to U1 , the converter
is said to work in the buck mode, because it reduces the SC
voltage to the dc-bus voltage, and when connected to U2 , it
is said that the converter works in the boost mode, because it
elevates the SC voltage to the dc-bus voltage.
SCs are normally operated between rated voltage and half of
the rated voltage because within this voltage range, they deliver
75% of the energy stored [8]. For constant power operation, SC
current is lower, increasing efficiency.
As shown in Fig. 2(a), when working in the buck mode, the
SCs are fully charged at 2UDC . The initial converter duty cycle
is 0.5, but as the SCs are discharged, its voltage decreases, and
the duty cycle increases up to the maximum value of 1. In this
discharge process, the inductor current is maintained constant
to IDC = I2  = IL  when the power level at the dc bus is
maintained constant.
As shown in Fig. 2(b), when working in the boost mode, the
initial full charge voltage of the SCs is the same as the dc-bus
voltage. When SCs are discharged, its voltage is reduced to half
of the dc-bus voltage, and the duty cycle is also decreased down
to 0.5. In this discharge process, the average inductor current
IL  = I2  = ISC  will become twice when the power level
at the dc bus is maintained constant compared to the buck mode.
Cascaded and modular multilevel dc/dc converters split the
converter into smaller modules or cells, allowing multiple input
and output voltage and current levels, and switching frequencies.
Each module can be operated independently. In these topologies,
redundancy in combination with hot-swap capability of modules
can be achieved. When splitting the power sources, the energy
management can be improved because it can be independent for
each energy source [19]. However, in this paper, equal modules
are supposed.
The cascaded and multilevel converters proposed here are the
series connection of HB converters. Depending on where the
SCs are connected and how the HB converters are arranged,
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Three-level example of the three topologies compared. (a) CBk. (b) CBt. (c) MMC.

three topologies are investigated and compared in this paper:
cascaded buck (CBk), cascaded boost (CBt), and the modular
multilevel dc/dc converter (MMC). These three topologies can
be seen in Fig. 3(a)–(c), respectively, and are detailed in the
following sections.
B. Cascaded Buck Converter (CBk)
The CBk can be seen in Fig. 3(a). It is built from the series connection of HB converters in the low-voltage side U2 ,
while the SCs are placed in the high-voltage side U1 of the HB
converter.
Because this topology works in the buck mode, when the
SCs are fully charged USCN = 2UDC /N , where N is the number of series-connected modules. The inductance value of each
converter can be computed as
LCBkN =

UD C
.
2ΔIL Fs N

(4)

As can be seen in (4), the inductor is split into several smaller
inductors, but the total amount of energy stored in all the inductances is the same as for a unique converter with total voltage
rating.
C. Cascaded Boost Converter (CBt)
The CBt can be seen in Fig. 3(b). It is made from the series
connection of HB in the high-voltage side U1 , while the SCs are
placed in the low-voltage side U2 .
Because this topology works in the boost mode, when SCs are
half-charged USC = U D2C N = UDC / (2N ), the duty cycle is 0.5
and maximum inductor current ripple occurs. The inductance
value of each converter can be computed as
LCBtN =

UDC
.
4ΔIL Fs N

(5)

As can be seen in (5), the inductance value can be one half
that for the case of a CBk (assuming the same inductor current
ripple), but to maintain power level, the inductor current level
must be doubled. If we assume that the inductor current ripple
percentage of maximum average inductor current is constant, the
inductor value can be four times smaller than the CBk because
the current is twice. Then, the inductor size and weight of two
converters will be the same.

D. Modular Multilevel DC/DC Converter
The modular multilevel dc/dc converter is shown in Fig. 3(c).
The converter is made from the series connection of HBs. It
has only one inductor for the whole converter. That makes the
converter as a unique converter, not the series connection of
converters as in cascaded converters. MMCs are mainly used
in HVDC systems because its modularity allows high voltage
levels [25]. In the proposed converter, the application to HVDC
systems can be as a energy storage system.
In the modular multilevel dc/dc converter proposed in this
paper, the SCs are connected in the high-voltage side U1 . The
output converter voltage U2 is the addition of each output voltage UAN that depends on the switching state of each HB and
modulation strategy used. Each HB has a USCN = USC /N voltage level.
Several modulation strategies exist for this type of converters
[26]. In this paper, phase shifting modulation is used because it
offers several advantages over others.
As can be seen in Fig. 4, using this modulation strategy, the
triangular pulse-width-modulated (PWM) carriers are shifted
360◦ /N with respect to the next HB. The frequency seen by the
inductor is N times the HB switching frequency, Feq = N · Fs ,
and the applied inductor voltage is only USCN [27].
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Fig. 5. SCs low-pass filter. U sc is the variable voltage of the SC, L f and C f
are the inductance and the capacitor filters, respectively, U 1 N is the voltage of
the cell, and I1 N is the cell input current. C sc and ESRsc are the SC capacity
and equivalent series resistance, respectively.

ponents, the total magnetic energy stored will be calculated for
each proposed topology.
The base value for comparison will be the total magnetic
energy stored in the one module cascaded buck topology
Fig. 4. Four-level modular multilevel dc/dc converter typical waveforms. For
symbols, refer to Fig. 3.

These are the main benefits of using this modulation strategy
for the modular multilevel dc/dc converter.
Because it is a buck-type converter, when the SCs are fully
charged, USCN = 2UDC /N . Then, the inductance LM BkN can
be computed as
LM BkN =

UDC
.
2ΔI2 Fs N 2

1
2
LCBk1 IDC
.
(7)
2
1) CBk: From (4), the total energy stored plus the energy
stored in the filter inductance is
1
1
2
2
N + 0.01 LCBk1 IDC
N
(8)
ECBkN = LCBk1 IDC
2
2
and, as LCBkN = N LCBk1 , (8) can have the form
ECBk1 =

(6)

It has to be noted that the inductor value reduction depends
on the square of the number of series-connected HBs.
E. SC Considerations: Input Filter

eCBk =

ECBkN
= 1 + 0.01N.
ECBk1

(9)

2) CBt: From (5), the total energy stored can be computed
as
11
1
2
LCBk1 (2IDC )2 N = LCBk1 IDC
N.
24
2
Therefore, (10) can be rewritten as
ECBtN =

(10)

As said previously, SCs can be connected in the high-voltage
side U1 or in the low-voltage side U2 . But as can be seen in
Fig. 1(b), when connected to the low-voltage side U2 , the inductor and SC current ripple is smaller compared with when
connected to the high-voltage side U1 .
SCs cannot attenuate high-frequency currents. They behave
as a resistor for frequencies above 100 Hz [28]. Therefore, when
connected to the high-voltage side, filters must be installed [8].
LC filters are used because of low losses and simple design [28].
CBk and modular multilevel dc/dc converters need filters for SC
current. Fig. 5 shows the LC filter used to filter input currents in
SCs.
An attenuation of approximately −30 dB can be easily obtained with an Lf of 1% of the HB one-level converter inductor,
and a filter capacitor Cf for a cutoff frequency five times smaller
than the switching frequency [29].
When using filter in the SCs in the CBk and modular multilevel dc/dc converter, losses in SCs are reduced by a factor of
D [29], but the inclusion of this filter can cause input disturbances to the controller [30].

Fig. 6 shows the energy e for each topology as a function
of the number of cascaded or series-connected HB converters.
As can be seen, the minimum e is for the case of modular
multilevel dc/dc converter with six series-connected converters,
that is, a seven-level modular multilevel dc/dc converter. This is
the proposed converter in this paper, and is depicted in Fig. 7.

F. Comparison of Different Topologies

G. Inductance Reduction Verification

In order to be able to know the optimal number of seriesconnected converters to decrease the size of the magnetic com-

The reduction of size and volume of the inductance needed
by the modular multilevel dc/dc converter is compared to the

eCBtN =

ECBtN
= 1.
ECBk1

(11)

3) Modular Multilevel DC/DC Converter: From (6), the total energy stored plus the energy stored in the filter inductance
can be computed as
EM BkN =

1
1
2
2
LM BkN IDC
+ 0.01 LCBk1 IDC
N
2
2

(12)

and, as LM BkN = LCBK1 /N 2 , (12) can be written as
eM BkN =

EM BkN
1
= 2 + 0.01N.
ECBk1
N

(13)
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Total magnetic energy stored as a function of the number of levels.

needed inductance for an HB converter. The inductor is designed here for the experimental setup parameters and conditions shown in Section IV and summarized in Table III.
The number of turns for a desired inductance value that do
not saturate the magnetic core can be computed as
n=

L · Isat
Bsat · Ae

(14)

where L is the desired inductance value, Isat is the desired
saturation current, Bsat is the saturation flux density, and Ae is
the cross-sectional area of the magnetic core.
The air gap to obtain the inductance value can be computed
as
n2 · Ae
.
(15)
L
With a maximum current ripple of 15%, the computed output
inductance is 45 μH in the case of seven-level modular multilevel dc/dc converter and 1.26 mH in the case of a unique HB
converter.
Table I summarizes the most important data for the inductor
design. The selected core material is a 3C92 ferrite with a saturation flux density of Bsat = 375 mT. Saturation current Isat
is fixed to 6 A. Current density J of 5 A/mm2 and a nominal
current of 5 A is assumed.
As can be seen in Table I, the RM10/ILP core solution for
the modular multilevel dc/dc converter is 19 times smaller and
13 times lighter than the solution for the HB converter. This
relation is almost the same as in the case of the magnetic energy
stored, which is 11.4, as can be seen in Fig. 6.
These ratios are not equal because the cores are discrete components and the inductances have to be designed according to
available cores.
lg = μ0

III. CONVERTER CONTROL
The converter is aimed to store the regenerative braking energy in the SCs and release it when needed. This power flow

Fig. 7. Seven-level modular multilevel dc/dc converter. All the SC modules,
with input filter and the six series-connected HBs, can be seen.

can be easily controlled by controlling the current in the output
inductor IL . But this reference level for output current is fixed
by a higher level control system that is out of the scope of this
paper.
Another control objective of the converter is to equalize the
energy stored in the SCs. That can be done by controlling SC
voltage to be the same value. Balancing is crucial to obtain
constant current ripple at the output inductor.
From the IL controller point of view, the modular multilevel
dc/dc converter can be seen as a HB converter, as shown in
Fig. 8. Common techniques can be used to design the controller
Gc .
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TABLE I
DESIGN PARAMETERS FOR THE INDUCTANCES

Fig. 9.

Fig. 8.

Simplified diagram of the converter used for control purposes.

A. Current Control Loop
The system to be controlled is a first-order RL system that
can be defined as
Gs (s) =

1
RL

1 + s RLL

.

(16)

First-order systems can be controlled with zero steady-state error
using a proportional-integral (PI) controller. Here, the controller
is tuned using an indirect matrix converter method where Kp
and Ki are selected as [31], [32]
Kp = α · L

(17)

Ki = α · R L

(18)

where α is selected to fix the 10–90% rise time tr as
tr =

ln 9
.
α

(19)

B. SC Voltage-Balancing Loop
SC voltage balancing is crucial in order to store the maximum
possible energy in SCs. Also, a shifted switching modulation
strategy demands for equal voltages if a constant inductor current ripple is desired. Therefore, a voltage-balancing loop is a
must in order to ensure correct converter operation.
The current loop outputs the average duty cycle of each of
the series-connected HB, that is, the average duty cycle of the
converter. In the proposed six-cell converter, there exist six degrees of freedom. These are the six different SC voltages, and
these degrees of freedom can be used to balance SC voltages.
The reference voltage for the SC voltage-balancing loop cannot be set as a constant, because the voltage of each SC is
changing in the charging–discharging process. The control objective is to maintain the same voltage level in each as they are
charging or discharging. That means that the stored energy is

Control scheme.

the same in each SC, because the capacities are supposed to be
equal.
This control objective can be accomplished comparing the
individual SC voltage to the average of all SC voltages. In
this case, the system to be controlled is just the voltage on an
equivalent supercapacitor as
GsC (s) =

1
.
sCSC

(20)

Here, just a P controller can be used. The Bode diagram of
the transfer function is a straight line with −20 dB/decade that
crosses the 0 dB at ω0 = C 1S C and the controller adds some gain,
moving up this line as
−3

KpSC = 10 2 0

ωc
1
CS C

(21)

where ωc is the desired bandwidth of the closed-loop system.
This bandwidth must be chosen low enough not to perturb the
current loop and to limit SC currents when balancing SC voltages.
As can be seen in Fig. 9, the output of the balancing controller
is added to the output of the current controller taking into consideration the current sense. With this compensation, the value
of each SC will tend to the average value.
C. Semiconductor Voltage Drop Compensation
One of the main drawbacks of the modular multilevel dc/dc
converter presented here is the large number of semiconductors
connected in series. Each semiconductor, transistor or diode,
has a voltage drop that can affect the performance of the control
loop.
In order to obtain a good current response, the voltage drop
in semiconductors must be compensated. Because of integral
nature of the controller, the PI controller itself is able to compensate this disturbance, but better results can be obtained when
the disturbance is compensated.
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Fig. 10. Simulation results. (a) Output current response. (b) SC current response. (c) SC voltage response. (d) Charge and discharge output current. (e) SC
voltage-balancing loop. (f) SC current balancing.
TABLE II
SIMULATION PARAMETERS

Fig. 11. Experimental setup. The blue cylinders are the SCs, and the green
boards are the converters.

This disturbance is compensated adding to the output of the
current controller the semiconductor voltage drop as
Ddrop = sign(I2 )

Udrop
.
Usc

TABLE III
EXPERIMENTAL PARAMETERS

(22)

The complete control scheme can be seen in Fig. 9.
D. Simulation Results of the Proposed Converter and
Control Scheme
The control scheme simulated and implemented in an experimental setup is depicted in Fig. 9. A model of the seven-level
modular multilevel dc/dc converter shown in Fig. 7 has been implemented with MATLAB/Simulink software. The parameters
of the simulated model are shown in Table II.
As can be seen in Fig. 10(a), the response of the controller
to a current step of 75 A has a rising time approximately of

0.4 ms as designed. The low-frequency ripple current is due
to the dynamics of the Lf Cf current SC filter [30]. If better
dynamics are desired, the voltage of the HB input U1N must
be used to compute the desired duty cycle D instead of the SC
voltage, as shown in Fig. 9. Fig. 10(b) and (c) shows the current
and voltage at SCs, respectively. The initial voltage drop is due
to SC internal resistance.
An average model of the seven-level modular multilevel dc/dc
converter is implemented in MATLAB/Simulink to evaluate
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Fig. 12. Open-loop response of the proposed modular multilevel dc/dc converter. (a) PWM signal for one of the HBs and output current ripple. (b) Output
converter voltage. It can be clearly seen the seven levels of the converter.

Fig. 13. Closed-loop experimental results for the modular multilevel dc/dc converter. (a) Dynamic response of the output current controller. (b) SC voltagebalancing loop response when applying output current reference steps from −2 to 2 A.

the performance of the SC balancing loop. As can be seen in
Fig. 10(e), the SC initial voltage is different for each SC. Once
the converter is activated, with current steps of ±75 A each 5 s
[see Fig. 10(d)], the voltage-balancing loop tends to equalize
the voltage at SCs. Because this voltage-balancing loop slightly
modifies the duty cycle in each of the HBs, the current of each
SC is different, as can be seen in Fig. 10(f).

IV. EXPERIMENTAL RESULTS
The proposed converter and its control scheme have been implemented in an experimental setup shown in Fig. 11. It can be
clearly seen the six SC modules, the six HB converters, including transistors, drivers, and voltage and current measurements
needed, the DSP control board (on the right), the inductor, and
the battery used to do the experiments. The parameters of the
experimental test bed are shown in Table III.
The control algorithm has been implemented in a Texas Instruments DSP TMS320F2808 in C code. Inductor current is
sampled at the switching frequency, 120 kHz. The current loop
is also closed at 120 kHz. Because of lower bandwidth, SC
voltage-balancing loop is implemented at 20 kHz.
Fig. 12 shows the converter behavior during open-loop operation. In Fig. 12(a), PWM signals for one of the six HBs are

compared to output inductor current. It can be seen that the current has six times the switching frequency due to the modulation
strategy used. Fig. 12(b) shows the seven levels of the converter
when changing the duty cycle D from zero to one in a ramp.
Fig. 13 shows the response of the output current controller
and the SC voltage-balancing loop. In Fig. 13(a), the current
response can be seen when a reference step change is applied
from −5 to 5 A. The change takes 0.4 ms as designed. Fig. 13(b)
shows the response of the voltage-balancing loop. The SCs are
precharged at different voltage levels from 3 to 6 V and then
current steps from −2 to 2 A are applied to charge and discharge
the SCs while the voltage-balancing loop equalizes voltages
at SCs. As can be seen, the dynamic response of this loop
is slow, but it must be noted that in steady-state operation of
the converter, the SC voltages will be equal. This loop must
ensure that these voltages are maintained equal during normal
operation.

V. CONCLUSION
This paper has presented a modular multilevel dc/dc converter to be used in regenerative applications with SCs. The
main objectives of reducing output inductor size and weight and
achieving voltage balancing in SCs are accomplished.
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A phase shift switching modulation strategy in modular multilevel dc/dc converters allows for lower voltage level and higher
frequency voltage applied to the inductor, reducing its size and
weight. Equal voltage module is a must in modular multilevel
dc/dc converter to maintain current ripple when the phase shift
switching modulation strategy is used. It is also needed to balance the stored energy in SCs. The voltage-balancing loop proposed in this paper balances the voltage even when SCs are
charging or discharging.
All these features have been demonstrated in simulations and
in an experimental setup.
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