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ABSTRACT - The concept of partial power converter is
promising since it might bring significant cost, weight, volume and
loss reduction. However, in most cases partial power converters
include a transformer to redirect power from one part of the
circuit to another. This transformer adds cost, weight, volume,
losses, and cancels most of the gains promised by the partiality
concept. In this paper a TransformerLess Partial Voltage
Converter capable of supplying a power up to three times the
output power of a standard converter is described and analyzed,
its main properties are explained, and an example of application is
presented.
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1. INTRODUCTION

Partial Power Processing (PPP) offers a more efficient
alternative to conventional power converters. The core concept
involves processing only a fraction of the total power, allowing
the majority to flow directly to the load. By easing the burden on
the converter, component sizes can be minimized, leading to
lower energy losses and reduced thermal concerns. This
ultimately enhances the overall efficiency of the system. PPP is
particularly well-suited for systems composed of series-
connected, independent sources such as batteries or photovoltaic
panels. The concept was initially introduced in the 1990s within
the aerospace sector [1], with a focus on connecting photovoltaic
sources to the converter input based on partial power principles.
Today, this approach is more commonly applied in Electric
Vehicles ([2], [3]) and Battery Energy Storage System ([4], [5],
[6D).

According to [7], PPP architectures can be categorized into
two main types: Differential Power Converters (DPC) and
Partial Power Converters (PPC). The primary function of DPCs
is to correct current imbalances among series-connected
elements sharing a common voltage bus. As a result, only the
differential power is processed rather than the entire power flow.
However, in such architecture, an additional converter is
required if regulation of the common voltage bus is necessary

[8].

PPCs are designed to manage and regulate the power flow,
the current, and the voltage between a source and a load [8].
They can be categorized into two groups: isolated and non-
isolated converter topologies. In modern designs, PPCs typically
incorporate a transformer or coupled inductor within the
converter ([2], [4], [6], [9]). However, magnetic components
introduce additional losses, weight and volume-factors that

counteract the efficiency and compactness benefits sought with
this type of converter architecture.

References [10] and [11] present examples of Fractional
Power Converter (FPCs), a subtype of PPCs without galvanic
isolation, where only a portion of the battery is interfaced with
the converter. A key limitation of this approach is that the
selected battery fraction mut be carefully sized to accommodate
the charging and discharging demands of the remaining cells.
Additionally, this topology does not allow for individual cell
current regulation. As a result, imbalances can develop over time
between the battery cells, ultimately restricting the usable
capacity of the entire battery.

Batteries are electrochemical devices that maintain stable
terminal voltage. A simplified model includes an electromotive
force (EMF), non-linearly related to the state of charge (SOC)
and observed as the open-circuit voltage (OCV), and an
equivalent series resistor (ESR) that is responsible for an
additional voltage drop and charging-discharging. ESR changes
with temperature and aging, making accurate model complex.
The topology introduced in this paper relies on the fact that
terminal voltage remains in a limited interval in all operating
conditions over the battery’s lifetime. Data shows this voltage
remains within [2.7V; 4.2V] (64.2%-100% in per-unit) [12].

Conventional converters, including those presented in [10],
[11], typically provide a voltage variation over the full [0; 100%]
range. However, this often results in underutilization of
approximately two-thirds of the battery’s operating range. In this
paper, we explore an alternative architecture capable of
regulating voltage strictly within the required range. This
approach enables the use of semiconductor devices rated for
one-third of the full voltage, offering significant advantages in
terms of cost reduction, faster switching, lower losses, decreased
size, value, and cost of passive components.

2. TOPOLOGY CONSTRUCTION

The root idea of TransformerLess Partial VVoltage Converter
(TLPCV) is to switch only a fraction of the source voltage,
specifically in the range [2/3;1], rather than the highest voltage.
This could theoretically be achieved with a circuit made of a
Partial Buck converter and a Capacitive divider (Fig. 1-a).

However, standard PVC architectures face stability issues
due to naturally stabilizing the capacitive divider without
additional components, increasing cost and losses. A proposed
workaround is to symmetrize the circuit (Fig. 1-b), where
currents in switches connected to the midpoint compensate due



to equal duty cycles and amplitudes. By adding two additional
cells (Fig. 1-c), we still observe two nodes carrying £D.l and two
carrying +l. However, the intermediate node appears balanced,
suggesting that with this construction, adding any number of
additional cells will consistently result in only two problematic
nodes at each end. Meanwhile, the internal nodes maintain a zero
average current and can remain stable. Given that battery packs
often consist of several hundred cells, addressing the issue at
these four end-nodes could be worthwhile. This is especially
relevant considering that, in doing so, all internal commutation
cells would then handle three times the nominal current. Such an
approach could potentially optimize the overall system
performance.
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Fig. 1.Topologies for controlling battery current by regulatin terminal voltage
between 2V and 3V. (a) Partial Buck converter with Capacitive voltage divider,
(b) Extra cells must be added to compensate for non-zero average current at
some of the capaacitive nodes, (c) Minimal converter shape with four stabilizing
points and one balancing point. Adding more cellw will not reduce the number
of non-stable nodes.

To address this issue, it is imperative to stabilize the four
problematic nodes. The two lowermost nodes can be regulated
at potentials V and 2V by means of an auxiliary battery and two
switching cells (Fig. 2). These cells serve to stabilize the voltage
across the capacitors which see currents D.I and I (cf. Fig. 1-c).
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Fig. 2 Building block for modular construction. (a) Terminal bottom block (b)
Generic block (c) Terminal top block

The average current in the bottom switches of the two
commutations cells can be calculated as:

%4
<lcen1, >= Dpor_1-< iy >= V—b.D.I
. _ 2V 1
<lcenuz, >= Dpor 2- < i3 >= V—.I
b

In this study, the voltage of the auxiliary cells was set to the
same values as the inner cells: Vy,. Therefore, D is equivalent for
all inner commutation cells and can be expressed as:

v, =2V
D=— 2
%4
The following equations have been developed to express the

average current drawn by the auxiliary battery:

<pgurs = = <lceun, > +<lceuz, >
vV v,—-2V 2V
v + 7
< ibauxz > = I
The result of (3) indicates that the auxiliary battery, which is
employed to stabilize lower nodes, contributes an equivalent
amount to that of the inner battery. The device exhibits a
consistent voltage and current under these conditions, reaching
its maximum capacity. Consequently, the battery does not incur
an additional cost. A similar demonstration can be executed for
the upper nodes, yielding a similar conclusion.
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3. GENERAL CONSTRUCTION

The construction of the TLPVC is analogous to assembling
a LEGO structure. The system is built using components derived
from the three generic blocks, as illustrated in Fig. 2
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Fig. 3 An exemple of extrapolating the construction principle for an 6-battery
structure with generic, top and bottom block idenfied

The system is governed by the following set of equations.
First, the average voltage generated by the commutation cells
(avgV) is considered. Second, Kirchhoff’s Voltage Law is
applied to the main loop, which includes capacitors C; to Cs and
the bus (KVLm). Third, Kirchhoff’s Current Law is applied to
the batteries 1 and 6 (KCLb). Finally, Kirchhoff’s Current Law
is applied to the nodes shared by adjacent capacitors Cx and Cys1,
fork =1to 5 (KCLc).
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Ib1 = DT0P1111+DT0P2112
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111 = Dzlb2
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161 = D51b5
This modular approach facilitates system construction by
combining the three types of blocks. These include a terminal
block, an arbitrary number of generic blocks, and a terminal top
block. Such an architecture ensures both scalability and
efficiency. Indeed, the generic blocks benefit from the ‘triple
power effect” with a SCUI (Semiconductor Utilization Index) in
[2;3], while the terminal blocks are conventional, with their
SCUI lying in [1/3;1].

} => KCLb 6

=> KCLc 7

4. SENSITIVITY TO BATTERY PARAMETERS

In this section, the operation of the architecture depicted in
Fig. 3 will be examined in the context of unbalanced sources. To
that end, the following assumptions will be made:

the full DC voltage Vays Will be referred to as 6V,
standard voltage loops (not detailed here) allow to
regulate the two outputs of the auxiliary block at
respectively V and 2V,

e the generic blocks are controlled by different duty
cycles adjusted by standard control loops that
regulate the current flowing in each battery,

e the battery open circuit voltages are the inputs of
the problem to be solved; their values should
represent the parameters spread of sources of
identical nature and commercial reference (e.g.
batteries of the same model); typical differences
might be 10-20%.

This section elucidates the methodology for determining the
steady-state voltage distribution across capacitors C to Cs in the
presence of unbalanced battery voltages Vi to Vps.

The following development focuses on the average model of
each commutation cell within the generic block. Based on the
primary and secondary assumptions, the resulting equation can
be formulated

Vg
Vc1=vc2=vc5=vcﬁ=%=v 8
With (8), four of six capacitor voltages are known. For the last
capacitor voltages, we will focus on the two central
commutation cells (associated to vi3 and vps). The node between

those needs to see a current with zero average value to avoid vcs

and v to drift. If we now focus on voltages, we can write four
equations, one imposed by (8) and three equations based on
Kirchhoff’s Voltage Laws.

( Dsly3 = 5411)4
Bus
3 - 9
‘Ubg = 2V + D3UC3
‘Ub4 = 2V + D4UC4
Based on the system (9) we can work with equations and finally
express Ve and Ve capacitor voltages based on the converter
parameters (battery voltages and currents, Ves).

v =V (Vpa — 2V)lpy
AT (Whs = 2V)lps + (Vpa = 2V)ps
Vcs is obtained with injection of (10) in the second expression of
(9). With those equations, it is now possible to evaluate the
impact of battery voltage variations on the partial converter
when each battery current is regulated by its own current loop.

Vez + Vs =

10

5. SIMULATION

This section presents preliminary simulation used to validate
the equations describing the converter’s steady-state behavior.
To remain consistent with the previously stated assumptions, the
auxiliary commutation cells are replaced by independent voltage
sources V and 2V. These sources emulate voltage regulation in
this initial simulation.
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Fig. 4 PLECS model of the TLPCV 6-battery converter with auxiliary modules
substituted with voltage source

Table 1 TLPVC parameters

Parameter Value

208pH
c 125pF
Ra.s 10mQ
Ry 7.2 100pQ

Vaus 60V
Va2 275V

Vg3 24V
Ve 25.2V

Ves 23V
fsw 20kHz




5.1.  Current control loop

The control system consists of four independent current
loops, each implemented using a PI regulator. To illustrate this,
consider the voltage mesh associated with vps, as shown in
Fig. 4.

Fig. 5 Equivalent circuit of battery 4 voltage mesh

After isolating the expression for in and applying the Laplace
transform, we obtain:

Dy X Ve + Ves + Voo — Vps
[ = 11
ipa(5) L,xs+ R,
Based on (11), the following synopsis of the current control loop
can be created:
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Fig. 6 Full current loop synopsis for vy, arm of the TPLCV

3 ib4

In this study, vus, Vcs and ves are often neglected for two main
reasons. First, although these quantities contribute to the static
error, this error is ultimately eliminated by the integral action of
the PI regulator. Second, their measurement would require
additional sensors, increasing the system cost and contradicting
the converter’s design philosophy.

The transfer function considered is as follows:

TF(s) = I(s) _ 1 1 1
T D TLixs+R, L,xs

Due to this low value, R4 is neglected. The final expression of

(12) is used to determine the coefficient values of the PI

corrector Kd and Ki (parallel form).

5.2.  First result

The selection of the four reference current values was based
on a specific set of criteria. The nominal current was defined as
2A, and the nominal battery voltage was set at 25V. A deviation
of the battery voltage from this 25V reference leads to an
increase in the charging current, and vice versa. Table 1 lists the
different current setpoints.

Table 2 Charging current values for each battery

Current name Value
lbo_ret 1A

Loz ref 2A
loa_ret 1.7A
los_ref 3A

The battery currents and the capacitor voltages are presented
in Fig. 7. As expected, Vc1 = Vcz2 = Ves = Ves = 10V (voltage
sources). Among the 60V present at the input bus, a total of 20V
is allocated for distribution between voltage vcs and ves. This
phenomenon is illustrated in Fig. 7, where the voltages exhibit a

transient variation before oscillating between steady-state values
of 15V and 5V, respectively. As a result, the associated currents
also oscillate, since they depend directly on these voltages. Such
behavior is undesirable and indicates that regulating at least one
of the capacitor voltages is necessary.
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Fig. 7 First simulaton result of the TLPVC with current loop regulation

5.3.  Voltage control loop

As demonstrated in the preceding section, the determination
of converter operating points is contingent upon the parameters
that define the converter’s functionality. These parameters
include the battery voltages, the bus voltage, and the battery
current setpoint. The decision was made that the voltage vcs
would be regulated by the control loop, thereby imposing vcs.

According to the stipulated parameters of the simulation, the
corresponding vca value is determined to be 10.4988V. This
value is defined as the reference value for the control loop.

avg Capacitor Voltages
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Fig. 8. Simulation result of the converter with all current regulated and vC4
regulated

Voltage regulation has been demonstrated to stabilize the
capacitors’ voltages. It is evident that their values align with the
established expectations (i.e. vca = 10.4988V and vcz =
9.5012V). This stability is further evidenced by the current
measurements in each battery, which are consistently with the
established parameters.



5.4.  Simulation perspectives

Next, we will implement voltage control loops for the
auxiliary switchgear. Under the current assumptions, the
terminal capacitor-pair voltages are fixed at V and 2V.
Alternatively, one could regulate the auxiliary inductor currents
to match the unstabilized node currents.

6. EXPERIMENTATION

To minimize the carbon footprint of this work, an
experimental setup capable of supporting multiple
configurations was developed, building on an existing platform
previously used for a 3-phase, 5-level-per-phase flying capacitor
inverter and a 12-phase interleaved converter with InterCell
Transformer. For this third application, only the power PCB was
modified. The updated configuration features a top terminal
block, a bottom terminal block, and four generic blocks. By
selectively shorting certain blocks, the setup can accommodate
6-, 8-, 10-, and 12-battery configurations

The batteries used in the setup are 39Ah, 3.2V LiFePOs cells.
All control operations are carried out using an RT-BOX. For
safety purposes, each battery is individually monitored, and a
shutdown signal is triggered if any cell voltage exceeds its upper
or lower threshold.
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Fig. 9Experimental setup (inductors and TLPV Converter)

7. CONCLUSION

This paper introduced a converter topology enabling
controlled charging and discharging of a battery pack. A key
characteristic of this architecture is its ability to process power
levels typically two to three times higher than what the employed
semiconductors are conventionally rated for. This approach
holds promise for reducing costs and improving overall
efficiency, although these benefits must be confirmed through
experimental validation.

The proposed converter is suitable for both high- and low-
power or voltage applications, and it opens the door to
implementations using a wide range of semiconductor
technologies and switching frequencies. Regardless of the
specific choices, the high SCUI is expected to provide
advantages across all scenarios.
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