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Abstract—This paper presents a multilevel, cascaded 
converter topology that allows for integrations of combined 
photovoltaic and battery storage units. The modular features 
of the system enable the series connection of PV panels that, in 
turn, have a parallel connection to a specified voltage level. 
These voltage levels stem from a series string of power 
electronic submodules. Likewise, low voltage energy storage 
units are interfaced to the upper arm of the system via 
identical converter modules and provide various directions of 
dc and ac active power flow, depending on the mode of 
operation. By implementing additional, nestled current loops, 
guided by passive filters, the system controls the power flow 
between the photo-voltaic string, batteries and the low voltage 
dc terminal. The enhanced level of power flow allows the 
converter to achieve both a controlled energy exchange as well 
as various auxiliary services in the DC system. This paper 
demonstrates three distinct types of power flow that are 
achievable with by combining the multilevel topology along 
with multifrequency operations. Simulation results from a 
representative system model are utilised to demonstrate the 
three possible modes of operation.

Keywords—LV dc, photo-voltaic, energy-storage, cascade, 
modularity, multifrequency, power flow control.  

I. INTRODUCTION 

With the gradual proliferation of dc systems [1]–[3],
novel methods of power delivery are a key requirement for 
distributed, renewable energy sources that have inherent dc 
properties. Likewise, the incorporation of energy storage 
units is crucial for any dc microgrid (MG) that consists of 
stochastic sources of electrical energy. The conventional 
method of ascertaining such a system would include having 
separate converters for interfacing the various elements such 
as photovoltaic (PV) and battery electrical storage (BES) 
[4]–[7]. Within such a system, one of the difficulties relates 
to the fact that each type of device requires a separate 
converter which is most often optimised for the voltage and 
power level of the dc system and the interfacing device in 
question. Although this approach is convenient when picking 
and installing readily available power electronics (PEs) 
converters with standardised operational parameters, various 
issues related to system control and compatibility can 
become a greater issue with an increase in the variability of 
converter types and ratings within the system. These issues 
stem from the fact that the interaction between the converters 
has a proclivity to cause unwanted circulating currents, 
instability in certain operating conditions and general 
difficulty related to communication and control protocols. 
Likewise, with a multi-voltage system, as are usually the 
case in more complex designs, the greater variety of voltage 
and power levels entails more converter types that need to be 
employed. This, in turn, increases the complexity of
monitoring and maintenance of the system.

One method of addressing this issue is the incorporation 
of both PV sources and BES elements within a single 
topology, with minimum additional conversion stages.
Among the solutions currently present are devices that 
implement either a single PE converter that simultaneously 
interfaces both elements to the grid [8]-[9] or a converter that 
balances the power flow within its dc link with the dc 
system. Although these topologies provide a remedy for the 
compatibility and integration issue mentioned previously, 
various compromises to the system properties are required in 
order to accommodate both the PV and BES systems. First 
and foremost are the limitations that relate to the 
expandability and/or upgradability of such a system. Since 
the power and voltage levels of these devices are essentially 
limited to predetermined values, any modification to the PV 
unit or BES system would be required to remain within a
predetermined range. Likewise, in case of a fault on the 
converter, both of the devices could be put offline. 

Recently, these issues have been mitigated by
implementing a modular/cascaded approach to converter 
design. Systems that interface BES to identical converter 
submodules (SMs) have been presented in [10]–[16], while 
similar systems that incorporate PV modules to SMs have 
also been explored in [17]–[22]. Such systems are 
expandable via the addition of extra modulus in either series 
or parallel, in order to maintain or alter the voltage/current 
rating of the design. Although these systems have various 
benefits when interfacing either exclusively PV or BES, the 
combination of these two devices requires that an additional 
converter be introduced in the system in order to interface 
the respective complimentary device. This entails that the 
system still requires an additional converter that must be 
rated to either the full voltage or full current rating of the 
system. Therefore, the modularity of these systems 
essentially extends to only one dimension and as a 
consequence, these topologies generally lack a cohesive 
expendability in terms of both PV and BES.    

 With these limitations in mind, the newly introduced 
Modular Multilevel DC Converter [23]–[25] is a topology 
that allows for power conversion on multiple levels. This is 
possible via a secondary (nestled) current loop, within the 
topology that is guided by passive or active tuned filters. As 
a result, the converter has the potential to incorporate a 
greater number of dc terminals in a certain design. More 
crucially, various dc devices such as sources, loads and 
storage elements can interface to either the main dc terminal 
or, the submodules that comprise the string. Based on this 
principle, the incorporation of series-connected PV panels 
and battery interfacing submodules is explored in this paper. 

The layout of this paper is as followed: Section II briefly 
describes the topology and the key principles of operation 
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related to the M2DC. In section III, three different modes of 
operation of this converter are presented and discussed. The 
fourth and fifth section provides the simulation results of a 
model system and conclusions respectively.   

II. PRINCIPLE OF OPERATION

The Modular Multilevel DC Converter [23]–[25] 
(M2DC) represents a power electronics converter that 
emerged from the concept of implementing additional 
(nestled) current loops [23] within a conventional modular 
multilevel design. These additional current loops act as a 
substitute for the low frequency (50/60 Hz) component that 
would otherwise be present in conventional MMC systems.
By implementing this secondary ac current loop, the 
converter achieves charge balancing of the submodule 
capacitors, along with other benefits that will be discussed in 
this paper.  

A basic topology of a single leg M2DC is presented in 
Fig.1. As is visible from the layout the converter consists of 
two dc terminals, one of which is a lower-voltage (LV) and 
the second a higher-voltage (HV) connection. In the case of 
this topology, passive filters guide the circulating ac current.
The first is a band-pass filter located across the string of 
SMs, and the other a band-stop filter situated between the LV 
terminal and the cross-section of the two converter arms.
Additionally, an arm inductance is situated in between the 
upper and lower arm of the converter. This inductance is 
relevant to the converter operation, as will be discussed in 
this section. 

The converter operates by controlling the injected ac and 
dc voltage of the upper and lower arm submodules. 
Therefore, the power transfers between the terminals and 
submodules via a combination of dc and ac current 
components, making this a multifrequency network [24], 
[26]. The control system regulates the upper and lower 
converter arms separately by multiplying the injected voltage 
references (1) and (2) with the sum of the respective 
capacitor voltages ( ௖ܸ௨ and ௖ܸ௟ ). For a two-arm system
(upper and lower), such as the one explored in this paper, 
parameters ܦ௨ and ܦ௟ denote the inserted dc component
reference of the upper and lower converter arm respectively. 
Likewise, ݉௨ and ݉௟ represent the inserted ac component
reference of the two arms required to generated the 
secondary circulating current. This current has an angular 
frequency of ߱ and is also defined by the phase difference ߮
between the upper and lower arm. These parameters provide 
the combined ac and dc upper and lower arm injected 

voltage, given by (3) and (4).ݑ௥௘௙_௨ = ௨ܦ − ݉௨ ∙ cos (߱ݐ + ߮) ௥௘௙_௟ݑ(1) = ௟ܦ + ݉௟ ∙ cos (߱ݐ) ௨ݒ(2) = ௖ܸ௨ ∙ ௨ܦ − ௖ܸ௨ ∙ ݉௨ ∙ cos (߱ݐ + ߮) ௟ݒ(3) = ௖ܸ௟ ∙ ௟ܦ + ௖ܸ௟ ∙ ݉௟ ∙ cos (߱ݐ) (4)

These equations are expandable for systems that consist 
of multiple arms. The following section addresses how the 
control of parameters (ܦ௨, ௟ܦ , ݉௨, ݉௟ and cos(߮)) achieves
the various control goals of this system. The secondary 
current for this specific topology, where the converter arms 
are predominantly inductive is given by (5). This inductive 
quality allows the converter to operate in unison with the PV 
string as a voltage control current source. The converter is by 
default bidirectional, enabling the delivery of power from 
either of the two terminals. More crucially, the individual 
converter submodules have the potential to interface and 
exchange power with various types of devices such as load, 
sources or storage units. ݅௦௘௖ = [௏೎ೠ∙௠ೠ∙ୱ୧୬(ఠ௧ାఝ)ି௏೎೗∙௠೗∙ୱ୧୬(ఠ௧)]ఠ௅ೌೝ೘ (5)

III. RANGE OF OPERATION

For the purpose of mitigating the issues related to 
interfacing various devices to a dc microgrid, as described in 
Section I, the initial design of the M2DC Fig.1 is configured 
to accommodate PV cells and BES units. As a result, a
multilevel converter that incorporates these two types of 
devices is configured and presented in Fig.2. This 
configuration of the M2DC consists of series-connected PV 
cells across the higher voltage terminal. Likewise, the 
systems incorporate energy storage devices such as batteries, 
by interfacing them to submodules across the upper 
converter arm. Finally, the low voltage terminal is 
considered to be connected to a constant dc voltage, which 
represents a low or medium voltage microgrid. The 
remainder of the converter system is unaltered, with the band 
pass and band stop filters location unchanged.

For this design, the submodules of the lower arm 
implement a half-bridge configuration as in Fig.3. Due to 
this, the dc component of the injected voltage should always 
be equal to or greater than the ac component. The application 
of a half-bridge configuration for the submodules reduces the 
complexity of the topology and lowers the semiconductor 
losses associated with switching. Since the lower converter 
arm SMs are not interfacing any device, they mirror the 
terminal voltage of the converter with (6).  

Fig. 1. Single-arm Modular Multilevel DC Converter
Fig. 2. Photovoltaic interfaced Modular Multilevel DC Converter with 

integrated low voltage battery energy storage
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௧ܸ௘௥௠ = ௖ܸ௟ ∙ ௟ܦ (6)

Unlike the lower arm submodules, the upper arm 
converter SMs are chosen as a full-bridge topology. This 
greatly increases the range of voltage the converter can 
provide. Likewise, the available level of power flow between 
the interfacing BES and the remaining converter is also 
increased. By implementing a full-bridge configuration, 
additional fault and protection features can also be become 
available.     

In this type of design, the system incorporates both PV 
sources as well as BES with at least one dc terminal within a
single configuration. The controller of this system must 
cover several levels of control. At the top level, the controller 
deals with the maximum power-point tracking requirement 
of the system and therefore should take president. By 
contrast, the second level of control is dependent on the 
specific mode in which the converter is operating. These 
modes are among others: 

- Direct power delivery from the PV sources onto the
grid, with a net zero power exchange with the
batteries.

- Inter-power exchange between the PV sources and
BES along with power delivery to the dc grid.

- Charging of the BES via the PV sources and dc grid
power.

A. Primary Control Level: Maximum Power Point Tracking
In order to achieve MPPT tracking, the voltage across the

PV string needs to be modified within a certain range. The 
high output voltage of the terminal interfacing the string of 
PV submodules is determined by the sum of the injected arm 
dc voltage (7). ௉ܸ௏ = ௟ܦ ∙ ௖ܸ௟ + ௨ܦ ∙ ௖ܸ௨ (7)

Since the low voltage terminal is considered to be a fixed 
dc grid, the dc voltage injection of the lower arm is constant 
and equal to ௧ܸ௘௥௠. Therefore, any voltage change across the
higher-voltage terminal is determined by the injected dc 
voltage component of the upper arm ( ௖ܸ௨ ∙ ௨). The sum ofܦ
the upper arm submodule dc capacitor voltages is determined 
by the voltage levels of the energy sources that the 
submodule interfaces. This voltage range is dependent on the 
LV dc terminal as well as the chosen voltage value  and 
number of BES submodules. If the BES are chosen such that 
their sum is equal or greater than the LV dc terminal, the 
positive voltage levels that can be achieved across the string 
of PV panels range from zero to the full voltage ( ௧ܸ௘௥௠ +∑ ஻ܸாௌ ) for (ܦ௨ → 1). Likewise, the lowest voltage at the
higher-terminal is then equal to zero or a negative value. This 
enables the system to operate in the wide range required for 
the MPPT of the PV panels.

Therefore, in order to adjust the voltage across the string 
of PV cells, the system must modify the injected voltage of 
the upper arm by means of the relevant dc arm reference. 
Since the ac injection reference range of the upper converter 
arm ( ݉௨ ) is determined by this value, the second level
control is subject to any parameter change that occurs on the 
primary (MPPT) level.

B. Secondary Level of Control: Power Flow Control
There are three distinct sources of power in the presented

system, the BES units, the low voltage dc terminal and the 

string of PV sources. While the first two can be considered 
bidirectional, the PV source can only inject power equal to or 
greater than zero. The M2DC system allows for several 
degrees of power flow, that can be modified and adjusted via 
multiple parameters, with several having a direct or indirect 
effect of the others.  

By multiplying the upper arm current, consisting of the 
PV output current and secondary (circulating) current with 
the injected arm voltage of the converter, the average active 
power can be calculated. This is achieved by averaging over 
a period of the secondary frequency. As a result, the active 
power balance of the upper arm string of submodules is 
equal to (8).

௨ܲ = ௖ܸ௨ ∙ ௨ܦ ∙ ௉௏ܫ − ௏೎ೠ∙௠ೠ∙௏೎೗∙௠೗∙ୱ୧୬ (ఝ)ଶఠ∙௅ೌೝ೘ (8)

Since the upper converter arm submodules can inject 
positive and negative voltage, the BES can sink or source the 
dc power component ( ௖ܸ௨ ∙ ௨ܦ ∙ ௉௏). Likewise, theܫ ac active
power component of (8) can be either positive or negative, 
depending on the value of ݉௨ and ϕ. This enables the system
to have a greater degree of power flow with respect to the 
charging and discharging of batteries. 

Apart from these main control goals, the operation of the 
system should ensure a high level of efficiency. One key 
method of achieving this is by setting the circulating current 
(required for the power transfer) as low as possible while still
being subject to the primary and secondary level of control. 
For this reason, the ac voltage injection references (݉௨, ݉௟)
should be set as high as possible, so that the circulating 
current is reduced for the same active power transfer.

Depending on the relationship between the three powers, 
the system can operate in three modes of operation: 

- Direct power delivery.

- Inter-power exchange.

- Combined battery charging.

The direct power delivery mode is such that all the power 
being generated by the string of PV panels is transmitted to 
the dc terminal. Therefore, the power exchange with the BES 
is equal to zero. To achieve this mode of operation, after the 
primary level had set the values of ܦ௟ (required for the
MPPT operation), the secondary control level needs to assure 
that (8) is equal to zero. Since the dc power component is 
determined by the PV current and the subsequent dc voltage 
injection (all dictated by the primary level of control), the 
second component of (8) is utilized to ensure zero active
power exchange with the BES. Parameters ௖ܸ௨  and ௖ܸ௟ are
determined by the voltage levels of the batteries and the dc 
terminal respectively, while ݉௨  and  ݉௟ are intended to be
kept as high as possible. This implies that the main parameter 
with which the power balance of the BES interfacing SM 
should be achieved is the phase-angle ϕ.

If the system tracks the PV current from the string of 
submodules and assumes or measures the voltage at the 
output dc terminals as well as the BES capacitor voltage, the 
secondary controller acts so that it sets the phase-angle, such 
that the conditions of (8) are met. When these conditions are 
met, the power that is generated by the PV string is equal to 
the output power on the dc terminal, in addition to some 
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losses in the process. Although the BES interfacing SMs are 
processing power, the net exchange is equal to zero.  

In the inter-power exchange mode, power from the string 
of PV modules and the BES is combined and a certain 
amount is derived to the dc terminal. This implies that the net 
power balance between the BES and the system is not zero,
meaning that (8) should be equal to the amount of power that 
the BES is delivering to the dc terminal or extracting from 
the PV power. Similar to the previous mode of operation, the 
PV current and the injected dc voltage are determined by the 
primary control level. Therefore, by setting the active power 
of the ac component, the total active power exchange 
between the BES and the system is determined. As in the 
previous case, the phase angle should be implemented 
primarily to set this power exchange to a level determined by 
the system or controller. 

Lastly, since the system is designed to be bidirectional, 
the power from the dc terminal can be reversed and in 
combination with the PV power, utilised to charge the BES 
in the upper arm of the converter.  To achieve this, the phase 
angle of the second active power component of (8) should be 
greater than the dc power component. Under these 
conditions, the current from the dc terminal changes signs 
and contributes to the power delivery to the BES units. 

IV. SIMULATION RESULTS

To demonstrate the combined power exchange between a 
photovoltaic source, low voltage dc grid and battery storage 
units, this paper utilizes a model system designed in 
Simulink. The system, presented in Fig. 3, consists of a four-
submodule M2DC converter, with full-bridge submodules 
placed in the upper arm and two half-bridge submodules in 
the lower converter arm. The upper arm SMs are each 
interfaced to constant dc voltage sources that represent a 48V 
battery, while the lower SMs remain open such as in 
conventional MMCs. In this model, it is taken that the 
converter is interfacing a stiff, low voltage dc grid on the 
low-voltage terminal. Three photovoltaic sources are 
connected in series across the high-terminal of the converter. 
These sources are taken from pre-existing libraries that 
simulate the behaviour of photovoltaic cells. The solar power 
to each cell is constant and chosen to be maximum for these 
experimentations. All relevant simulation parameters are 
provided in Table I.  

A. Photovoltaic Power Delivery During Voltage Sweep
As was stated in the previous section, the MPPT tracking

is achieved by varying the voltage across the string of 
submodules. The main parameter for altering the PV voltage 
is the dc injection reference for the upper converter arm (ܦ௨).
By changing this voltage reference at a rate given by Fig. 4,
the sum voltage across the PV string varies from 0V to 
88.8V, as seen in Fig. 5.a The resulting current from the PV 
string is given in Fig. 5.b and drops-off increasingly fast after 
a certain point, which is expected from a PV system. The 
converter secondary current, at Fig. 5.c is the result of the ac 
active power exchange between the upper converter arm and 
the lower arm. Since the remaining parameters of the 
converter remain constant during the sweep, the secondary 
current remains fairly constant during the process. As a result 
of the change in voltage across the PV string, the 
photovoltaic power curve is given in Fig. 6. Therefore, by 
modifying ܦ௨, MPPT can be achieved within the converter.
The terminal current given in Fig. 7 is positive, implying that 
the grid is delivering power to the converter and storing it 
into the BES. This represents the third mode of the converter, 
discussed in the previous section.

TABLE I. PARAMETERS AND VALUES OF SIMULATED SYSTEM

VPV Photovoltaic string voltage Variable
IPV Photovoltaic string current Variable

ITerm Grid-terminal current Variable

isec
Secondary current/ circulating current 
of the secondary power loop

Variable

VTerm Grid-terminal voltage 48 V
VBES Nominal battery voltage source 48 V
VOC Photovoltaic open circuit voltage 28 V
VMP PV voltage at maximum power point 26 V
ISC Photovoltaic short circuit current 1 A
IMP PV current at maximum power point 0.85 A
CSM Submodule capacitance 200 μC
Lbp Band-pass filter inductance 98 μH
Cbp Band-pass filter capacitance 67.7 μC
Lbs Band-stop filter inductance 1464 μH
Cbs Band-stop filter capacitance 4.55 μC

Rarm

Equivalent upper arm resistance (sum of 
upper arm inductor resistance and 
switch turn on resistance)

135 mΩ

Larm Arm inductance 990 μH
RPV PV terminal equivalent resistance 333 mΩ
LPV PV terminal equivalent inductance 2894 μH

RTerm Grid terminal equivalent resistance 134 mΩ
LTerm Grid terminal equivalent inductance 984.9 μH
fsec Secondary frequency 1.953 KHz
fsw Converter switching frequency 25 KHz

Fig. 4. Upper arm dc injection reference voltage sweep trajectory.
Fig. 3. Simulation setup of photovoltaic interfaced Modular 

Multilevel DC Converter with integrated battery energy storage.
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B. Varying Power Delivery from BES Components
When the primary control level sets the parameters

required for MPPT, the converter may adjust or set the 
secondary level of control to a certain type of power 
exchange. As previously stated, three parameters can be 
utilized for this purpose (݉௨, ݉௟ and ϕ). To demonstrate the
different types of power flow capabilities within the 
converter, the ܦ௨ is set to provide the maximum power
delivery from the PV string while the phase angle theta (ϕ) is 
varied from 1.57 rad to -1.57 rad as in Fig. 8.

As is visible in Fig. 9a,b the photovoltaic current and 
voltage remain relatively constant during this experiment, as 
does the power from the PV string given in Fig. 10. The 

secondary current of the converter changes in amplitude as 
the BES alters the direction and quantity of power being 
delivered, as seen in Fig. 9.c. Initially, the energy storage 
units in the upper converter arm are delivering active power 
alongside the PV string to the low voltage dc grid terminal. 
As can be seen when the current from Fig. 11. is multiplied 
by the terminal voltage (48V), the initial power the M2DC 
converter delivers to the grid is approximately 96W. This 
implies that the BES is providing the 25W difference from 
the PV source, after accounting for the losses in the 
converter. At the point where the terminal current equals 
zero, all the power from the PV sources is delivered directly 
to the BES units (direct power delivery). From this point, 
further decreases in the upper arm phase-angle will dictate 
the amount of power the BES units receive from the dc grid. 
The maximum grid terminal active power in this example is
approximately 24W, including the 69W from the PV system 
from Fig. 10. This final mode of operation represents 
previously mentioned combined battery charging mode.   

Fig. 7. Simulated terminal current for upper arm voltage sweep. 

Fig. 6. Simulated photovoltaic power during upper arm voltage sweep.

Fig. 8. Upper arm phase-angle (ϕ) reference change during simulation.

Fig. 5. Simulation results for upper arm voltage sweep࢛࢓ = ࢒࢓ = ࢒ࡰ = ૙. ૞ ;  ࣐ = −૚ ݀ܽݎ; 
a) Photovoltaic voltage; b) Photovoltaic current;

c) Secondary/circulating current;
d) Zoomed-in secondary current.

Fig. 9. Simulation results for upper arm phase angle sweep࢛࢓ = ࢛ࡰ = ૙. ૜ૠ૞; ࢒࢓ = ࢒ࡰ = ૙. ૞ 
a) Photovoltaic voltage; b) Photovoltaic current;

c) Secondary/circulating current.

Fig. 10. Simulated photovoltaic power under upper arm  
phase-angle (ϕ) sweep.
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V. CONCLUSION     
The M2DC allows for the incorporation of both 

photovoltaic sources and energy storage units within a single, 
multilevel topology. Voltage adjustments required for MPPT 
can be done on one level of control by setting the upper arm 
dc voltage injection. By implementing circulating currents 
within the converter, the secondary control allows for various 
degrees of power flow between the different terminals and 
devices. Three modes of power flow are presented in this 
paper, including direct power delivery, inter-power exchange 
and combined battery charging. Simulation results 
demonstrating MPPT and all three modes of operation are 
provided in the paper. 
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Fig. 11.  Simulation of terminal current during upper arm
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