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Abstract—The key for decentralized battery systems is a
robust and communication-less control strategy for autonomous
power sharing of parallel-connected DC-DC converters. Battery
systems improve the reliability and quality of power supply in
renewable energy systems and enable power supply for off-grid,
mobile applications, including islanded grids, home storage, and
electric vehicles. In many cases, components with different elec-
trical properties require different voltage levels. An adaptation
is consequently essential and is normally implemented in DC
grids for the batteries via bidirectional DC-DC converters. The
power flow in both directions can thus be ensured. To achieve
a power distribution in parallel connected DC-DC converters,
a droop control in the form of a virtual internal resistor
can be used. This paper presents a novel approach of a DC-
DC converter with a digitally parameterizable droop resistor,
whose voltage regulation is based on an analog operational
amplifier circuit to ensure low delays and robustness. The droop
resistor is adjusted with a microcontroller, which offers the
possibility to apply a higher-level control for load sharing via an
interface. Mathematical correlations are used to clearly define
the parameters of the control. Furthermore, the circuit was
completely simulated and tested in the hardware setup. The
shown results verify the functionality and indicate only minor
deviations. Therefore, this circuit is important for future use in
distributed battery systems.

Keywords—DC-DC power converters, Power stage, Bidirec-
tional power flow, Automatic voltage control, Droop control,
Load sharing, Microgrids, Battery management systems, Mi-
crocontrollers

I. INTRODUCTION

Using renewable energy sources is a promising solution to
reduce greenhouse gas emissions. In this context, batteries are
essential to improve the quality and reliability of the power
supply in energy systems. In many applications, including
residential battery storage systems, uninterruptible power
supply, island grids, and electric vehicles, the battery system
maintains the energy balance.

In order to interconnect energy generators, electrical loads,
and batteries with different electrical characteristics, power
electronic converters are required between each component
and the common DC line. Bidirectional DC-DC converters
provide the power flow in the charging and discharging
direction [1-3]. To optimize reliability and extend battery
life, effective power sharing between the batteries depending
on the current state, e.g., state of charge or state of health, is
required [4,5].

The control strategy is essential for the maintenance of the
bus voltage, the power distribution between the generators,
batteries and loads, and the charge balance between the
batteries. With regard to the reliability and robustness of
the battery system, communication-less, decentralized control
strategies offer particular advantages [6,7].
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Droop control is an established method for load sharing
of parallel connected components and voltage control [8,
9]. It is based on local measurements and does not require
communication between the components [10]. The used droop
characteristic divides the load and determines the power of the
DC-DC converters. The droop characteristic corresponds to a
virtual internal resistance and enables the determination of the
required power at a locally acquired reference voltage (Fig.
1). The operating point results from the reference voltage and
the droop resistance characteristic (Rp; and Rp>) to set the
output voltage (VoyT) of the DC-DC converter.
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Fig. 1. Equivalent circuit diagram for two converters using droop
control, adapted from [19].

By varying the slope of the droop characteristic it is possible
to load the DC-DC converters differently. To ensure safe
battery operation and effective battery life, it is necessary to
adjust the droop characteristic in battery systems depending
on the corresponding battery condition [11]. In this paper, the
variance of the droop slope is realized by a digitally adjustable
potentiometer via the microcontroller (uC). This allows
communication-less load sharing depending on the battery
state and the combination of different battery technologies.

Concerning the reliability and fail-safety of the battery
system, analog voltage regulation is targeted to ensure stable
operation even in case of a communication or a microcontroller
failure. Therefore, an efficient bidirectional DC-DC converter
is proposed, which realizes an analog voltage regulation
with a digitally parametrizable droop resistor. In addition,
the digitally controlled DC-DC converter enables distributed
control strategies in which one computing node manages the
load of the individual energy storage devices and monitors
the grid voltage [12].

In Section II, the bidirectional DC-DC converter is de-
scribed and in Section III, the system architecture is presented.
In Section IV, the control methods are discussed and in
Section V, experiments and results in simulation and hardware
are shown. Afterward, the results are discussed in Section VI



II. DESCRIPTION OF THE BIDIRECTIONAL DC-DC
CONVERTER

Basically, there are two groups of DC-DC converters:
isolated and non-isolated. Furthermore, a classification be-
tween single-phase and multi-phase converters can be made.
A multiphase DC-DC converter is represented by an array
of individual converters which are controlled by a phase-
shifted signal. This results in high efficiency with a wide
power range at the same time. In addition, splitting into
multiple power paths reduces copper losses, current ripple,
and electromagnetic emissions [13]. The most common circuit
topology for the power stage of non-isolated bidirectional DC-
DC converters is the half-bridge. The reasons for this are the
high efficiency due to lower switching and ohmic losses in
the inductance and other active components. [3, 14, 15]

The employed chip LM5170 [16] is a current controller for
non-isolated bidirectional DC-DC converters with half-bridge
topology. With its two channels (phases), it directly drives
two power stages. Fig. 2 illustrates the operation of a single
channel.
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Fig. 2. Functional representation of the wiring for one channel of
the bidirectional power stage with the LM5170.

The circuit represents a combination of a buck and a boost
converter. In buck mode, 73 acts as a switch with the required
duty cycle and 75 is continuously off. In boost mode, 75 is
triggered while 77 is always off. Thereby, the magnetic field
of the inductor L acts as energy storage. The circuit already
provides a current control with the shunt resistor RsyynTt as
the measuring element. The external voltage signal Visgta
sets the target current at the LV-port while the digital signal
DIR defines the current direction at the LV-port and thus the
direction of the power flow (Fig. 2). [16] Other signals are
only relevant for further control requirements and are not
considered here.

To verify the intended functionality quickly, an evaluation
board [17] is used as a bidirectional DC-DC converter. This
offers the advantage that essential pins of the LM5170 can
be easy connected via a pin header. The printed circuit board
DC-DC converter operates with a maximum current of 60 A
at the LV-port. The voltage range at the HV-port is between

6V and 75V, and at the LV-port between 3V and 48 V.

The evaluation board already provides an optional voltage
control, but this is designed for fixed values of 14.5V at the
LV-port and 50.5V at the HV-port. The lead-out pin VisgTa
is preconfigured in such a way that a current of Iy = +40 A

flows at the LV-port when a signal of Visgta = 1V is applied.

The current is positive in buck mode and negative in boost
mode. [17]

III. SYSTEM ARCHITECTURE

Fig. 3 shows an application of a bidirectional DC-DC
converter with adjustable droop resistance within a Battery
Management System (BMS) consisting of several nodes,
which act as power sources or power sinks. A CAN bus
is used for communication between the individual nodes.
In a node, a battery is connected to the DC line via the
converter. The evaluation board described above is used as
the bidirectional DC-DC converter component in this setup.
To manage the converter a microcontroller based control board
equipped with all components required for voltage control
and CAN communication was designed.
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Fig. 3. Microcontroller based DC-DC evaluation board integrated
as a node of a BMS with battery, producer, load, and CAN bus.

With this architecture, many different energy sources and
sinks can be connected to the common DC line. A BMS
can thereby take over the higher-level management of the
individual nodes. Specifically, each node receives separate
instructions on how to charge or discharge its battery. The
parameter settings depend on the output voltage and the value
of the desired internal resistance (droop resistance Rp).

For improved flexibility in future applications, the voltage
control based on adjustable droop resistance was realized for
both, the LV-port and the HV-port. However, the circuit design
for the HV-port is analogous besides adapted component
values. Therefore in the following, we focus on the LV-port
design labeling it as Voyt and the current I}y as IoyT.

IV. PRINCIPLE OF THE CONTROL

Fig. 4 shows the basic control structure of a node for the
application of a BMS, as described in section III. The control
can be divided into an analog and a higher-level digital control.
The microcontroller [18] communicates with other nodes via
the CAN network and sets the parameters for the power
distribution accordingly. For this purpose, the microcontroller
specifies the analog reference voltage Vrer via a DAC. It also
defines the set point for the droop resistance with the 12C-
signal for RpoT. The analog voltage control with adjustable
droop resistance generates the output variable Visgta from
the reference voltage Vger, the current output voltage Voyrt
and the specific set point RpoT of the droop resistance. The
DC-DC converter shows in buck mode a steady-state gain
conductance factor Fpcpc of:

I
Y —40A/V
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Due to the placement of the current sense resistor RsyynT
of the DC-DC converter (cf. Fig. 2), in equation 1 the losses
of the DC-DC converter must also be taken into account when
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Fig. 4. Digital and analog control loop structure placed on the uC - add-on board to steer the DC-DC converter (node) with a connected
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Fig. 5. Analog circuit for voltage control with droop in detailed view with the labeling of the corresponding gain factors.

operating in boost mode. For better comprehensibility, only
the buck mode is considered from here on.

The internal current controller of the bidirectional DC-DC
converter generates the output current oyt from the control
variable Visgta based on equation 1. In combination with the
load, in this case the impedance of the DC line, the output
voltage VoyT results.

Furthermore, the microcontroller monitors the output volt-
age Vourt and the output current Ioyt. This allows to
communicate the values among the nodes and offer the
possibility for a higher-level digital control.

A. Analog Voltage Control with Droop

In Fig. 5 the hardware structure of the analog control for
the LV-port is shown. Besides regulating the voltage, the main
requirement is to generate a voltage drop depending on the
output current. This behavior is achieved by limiting the DC
gain in the voltage control loop [19].

In general, when using a proportional controller there is
always a permanent control error, which generates a current-
dependent voltage loss. This behavior can be explained by the
following simplified example: = describes the control result
(output voltage) of a proportional controller with amplification
Kpr at an existing system with amplification Kps. w denotes
the given setpoint of the output voltage. In addition, the
system Kpg consists of the DC-DC converter as the current
source and the load resistor R, . Thus, the system Kps is load-
dependent and hence the desired output voltage x is a function
of the load R|. Equation 2 specifies the output variable x
under the influence of the residual control deviation.

A Kpr - Kps
1+ Kpr - Kps
Moreover, the resulting internal resistance can be calculated

with equation 3.

2

(w—2x)-R_

Rp = 3)

By substituting equation 2 into equation 3, it can be
shown that the internal resistance Rp is independent of
the load R| and the given output voltage w. As a result,
this behavior is identical to a voltage source with internal
resistance. Consequently, the equivalent internal resistance is
the droop resistance Rp of the DC-DC converter.

In the concrete realization, cf. Fig. 5, the voltage of the
output Voyr is first scaled down via a voltage divider with the
amplification factor Gyp. In combination with the reference
voltage VRer, the control derivation is created, which is
amplified accordingly via the circuitry of the operational
amplifier and generates the intermediate value V|Sgra. It must
be noted that the voltage divider is directly loaded with the
operational amplifier circuit. Thus, the value of the resistor
RpoT has a linear influence on Gyp. The circuit therefore
represents a bandwidth-limited proportional controller. Since
the components for frequency compensation do not influence
the DC operating point of the circuit [19,20], they are omitted
in Fig. 5. To change the value of Rp, only the gain factor of
the proportional controller Gproop has to be adjusted. This
is realized with a digital potentiometer Rpot [21], which is
linked to the microcontroller via an I2C bus connection. The
resistor values RpoT are ~ 35 () (wiper resistance, specified



in [21]) to 20 k(2 in 1024 steps. Thus, the gain factor is given
by equation 4:
Ry
Rpot

“)

Gproop =

As a separate voltage control is present for the buck
and boost modes, the circuit contains an additional merging
network to combine the output Vi&z1, from the respective
control parts to form the output Visgta for the DC-DC
converter. Due to a diode in the signal path for separating
between the buck and boost control loop, the gain factor
GmEerge of this network is not linear.

B. Calculation of the Operating Point

For the correct parameter set point determination, the
mathematical relation between the droop resistance Rp and the
output voltage Voyt is important. Since the gain factor of the
voltage divider Gyp depends on the value of the potentiometer
RpoT, the following relationship applies:

-1
Rz + RPOT) 5)
Rz - RpoTt
Using equation 2 and 3, and substituting all gain factors

of the circuit (cf. Fig. 5), the resulting droop resistance Rp
can be described as follows:

Gvp = <1+R2'

1
Gvb - Gbroop - GMERGE * Fbepc

1 Rpor 1 1

Gvp

Equation 6 shows that Rp is independent of the reference

voltage Vger and can be varied with RpoT. According to

equation 7, the following relationship applies to the output
voltage VouT:

Rp

(6)

Ry Gwmerce Fbcepc

VRer (
Vour=— -1+ ——
Gvp Gproor
Finally, with equations 6 and 7, the parameters (Voyt and
Rp) for the node are clearly defined and can be set properly

via the microcontroller.

) — Iout - Rp @)

V. EXPERIMENTS IN SIMULATION AND HARDWARE

To validate the entire circuit, a circuit simulation and
measurements on a real test setup were performed. For both
tests, an output characteristic field was recorded with different

values of Rpot. The reference voltage Vrgr was set to 1 V.

An output curve field was created in which the dependence of

the output voltage VoyT on the output current /oyt is shown.

It offers the advantage that the negative first derivative of the
curve corresponds to the droop resistance Rp.

A. Simulation

The circuit from Fig. 5 was simulated by the circuit
simulation software LTSpice [22]. To generate an output
characteristic field, the DC operating point was calculated
for different load currents Ioyt and different values of the
potentiometer Rpot. In order to analyze the behavior of
the remaining circuit parts, the voltage divider (Gyp) and
the merging network (Gmerge) were also implemented with
discrete components. Furthermore, a realistic model was used

for the operational amplifier to keep the simulation error
as low as possible. The DC-DC converter was modeled as
a voltage-controlled current source with a gain factor of
FDCDC =40 A/V
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Fig. 6. Test setup of a node with the LM5170 evaluation board, the
attached pC - add-on board, and a PC for processing the data.

B. Realized Test Setup of one Node

For the test setup shown in Fig. 6, the uC - add-on board
was attached to the DC-DC converter [17] (Fig. 10). The
HV-port was supplied with a constant voltage of 24 V. An
electronic load [23], which can consume up to 400 W, was
connected to the LV-port and set to constant current operating
mode. Using a test framework, the PC automatically applied
the desired load current profiles and simultaneously recorded
the output voltage Voyr and the output current Ioyt. The
application of a 4-wire measurement setup ensured that the
voltage loss on the lines did not falsify the results. Moreover,
various resistance values of Rpot were configured by sending
CAN messages to the node.

VI. DISCUSSION OF THE RESULTS
First, the simulation results are presented, followed by the
hardware results. Finally, a comparison is made.
A. Simulation Results

Fig. 7 shows the output characteristic field of the simulation
for different resistance values of Rpot. The output voltage

Simulation — output chart

Vout (V)

Iout (A)

Fig. 7. Simulation results from the LTspice simulation. Deviations
from the linear behavior at low currents are caused by the offset
voltage of the used amplifier.
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C. Comparison
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a ; (Figs. 7 and 9). Tab. 1 compares the values of the droop
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Fig. 8. Droop resistance values, obtained from the LTspice simula- 6k 133.0 134.2
tion. 8k 171.5 173.2
10k 210.0 212.2
12k 248.5 250.5
14k 287.0 290.3
Vour for large values of RpoT decreases more with increasing 161}: 325.4 329.2
. 18 363.9 368.1
current oyt than for smaller values of Rpot. Due to this 20k 1024 1077

behavior, load sharing can be achieved when multiple of these
nodes are connected in parallel. Fig. 8 shows the negative
numerical derivative of Fig. 7 and thus represents the droop
resistor Rp depending on the output current. It is not constant
through the output current range. There are two reasons for the
shape of the curve: The sharp increase of the droop resistance
Rp in the range < 2 A is caused by the offset voltage of
the real operational amplifier. In the range > 2 A, the offset
voltage is no longer decisive for the imperfectly linear curve.
In this range, the non-linear behavior of the diode in the
merging network has a minor effect.

B. Hardware Results

Fig. 9 shows the determined output characteristic field from
the hardware measurements. It shows that the array of curves
is slightly shifted downwards and also to the left compared
to Fig. 7. Such a shift occurs when the reference voltage
Vrer is lower than 1 V. This relationship is also proven by
equation 7.
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Fig. 9. Measurement results. The slight deviation from the simulation
results shown in Fig. 7 is caused by a deviation of Vrgr.

The comparison in Tab. 1 between the column for the
simulation and the hardware construction shows that the droop
resistance values differ only slightly. The deviations of up to
1.3 % can be attributed to the tolerances of the components
used. Furthermore, the systematic error between simulation
and hardware is identifiable, which can be compensated by
the microcontroller.

VII. CONCLUSION

We have demonstrated that the circuit of a proportional
amplifier is suitable to generate a digitally adjustable virtual
internal resistance for the DC-DC converter used here. This
was proven by a simulation and measurements on a real setup.
As shown in Fig. 8, the resulting droop resistance is linear
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Fig. 10. Underlaid evaluation board [17] with the attached uC - add-
on board. (1) & (2) phase-shifted power stages, (3) circuit breaker,
(@) eduacation board LM5170, (3) uC - add-on board.



in a wide range, but not for small currents. Whether this
behavior is undesirable must be clarified depending on the
application. Due to the use of a voltage divider, no value of
the droop resistor close to 02 can be set. Using a voltage
follower operational amplifier circuit, this characteristic and
the dependence of Rpot on Gyp (see equation 5) can be
solved. Moreover, the settings for the bidirectional DC-DC
converter can be conveniently made by the microcontroller
and its peripherals (GPIO, I?C, DAC). However, a failure of
the microcontroller leads to a change of the reference voltage
VRer, since this is provided by the DAC. Consequently, this
changes the output voltage Voyt of the DC-DC converter.

In conclusion, it can be confirmed that the circuit presented
here fulfills the function of an analog voltage control with
a digitally adjustable droop resistor very well. Thus, the
combination of a DC-DC converter with a puC - add-on board
can be used for the application as a node in a BMS. Also,
the microcontroller together with a CAN communication can
be used to implement a higher-level digital control. As a
result, this system is suitable for load sharing of parallel
connected components. Additionally, it is advantageous that
the last settings of the parameters are retained in the event of
a communication failure. So the droop-controlled bidirectional
DC-DC converter with CAN bus communication is an
important functioning component for the implementation of
a BMS.

In the following work, the parallel connection of several DC-
DC converters with adjustable droop resistance is investigated.
The aim is to still control a decentralized BMS in simulation
[24] and in hardware tests. Furthermore, a compact all-in-one
printed circuit board is currently designed, which will contain
the power electronics of the DC-DC converter, as well as
the analog voltage regulation with a digital steered droop
parameter. In addition, the chosen microcontroller will also
be able to communicate via CAN FD [25], which allows the
control of multiple nodes by a single message. Moreover,
the fail-safe functionality is improved so that the DC-DC
converter with its communication-less control can be used for
power sharing in a decentralized battery system.
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