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ABSTRACT

In this article, a decentralized self-stabilizing Energy Management System for undersupplied

EV charging parks is presented. This undersupply is due to the maximum power demand from all charging
stations connected to a common DC grid being larger than the maximum infeed power from AC mains. The
EMS allows easy addition of additional participants such as chargers, or storage systems, into the common
DC grid. To assure grid stability, this decentralization necessitates adjustments to the control structure of
connected power converters. To show the self-stabilizing effect, a simulation model based on real-world
charging park data evaluates the EMS under varying levels of undersupply and storage capacity. The findings
are further verified by implementation of the EMS into actual power converters and their stability assessment

through impedance measurement.

INDEX TERMS DC power systems, energy management, impedance measurement, control, system analysis

and design, stability.

I. INTRODUCTION

The- increasing electrification of the automotive fleet drives a
growing demand for fast-charging stations. In order to meet
this demand in a cost-effective manner, larger and more pow-
erful charging parks are being constructed [1], [2]. The high
number of charging points within these parks results in an
increased maximum power demand at the connection point
to the distribution grid. Additionally, the typical user behav-
ior leads to significant variations in the power consumption
throughout the day [3]. To address the challenges posed by
these fluctuations and mitigate peak loads, the integration of
storage and an Energy Management System (EMS) is essen-
tial [4]. This EMS has the capability to influence connected
sources, storage systems, and the loads themselves.

This paper presents a decentralized EMS to be used in low
voltage DC (LVDC) microgrids. These LVDC microgrids
sidestep unnecessary AC/DC conversion steps, leading to a
cost- and energy efficient grid layout [5]. They also allow a
single connection to the AC mains, thereby limiting future

requirements for power quality [6] to a single infeed converter.

The use of EMS in microgrids has been extensively studied.
Generally, grid control can be categorized into three layers [7],
[8], [9]. In LVDC microgrids, the primary control is tasked
with maintaining voltage stability following changes in set-
points or transient perturbations. ldeally, primary controllers
are evaluated at switching frequency to ensure stability of
the power electronic converter with minimal passive energy
storage.

Secondary control is responsible for counteracting imbal-
ances within the grid and acts on primary control by handing
down set values. Depending on the grid dynamics, secondary
control may be evaluated more slowly than primary control.
However, low latencies are essential to maintain stability dur-
ing unexpected severe imbalances. Tertiary control, on the
other hand, coordinates the microgrid with the connected
distribution grid, or other microgrids to optimize operational
efficiency. Typically, tertiary control focuses on optimizing
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power flow based on certain specific objectives, such as re-
ducing costs for dynamic energy pricing [10], [11], [12], [13]
or prioritized usage of renewable energy sources [14], [15]. As
with secondary control, tertiary control only acts on the lower
level via set points. Delays in tertiary control signals primarily
affect optimal power flow and generally have minimal impact
on grid stability.

When considering microgrid stability, the secondary
control layer is of utmost importance, as the ratio of requested
power to available power may not be negligible. If power
demand cannot be met with the current grid configuration,
the EMS typically must dispatch additional power sources
or implement load shedding as discussed in [16], [17], [18],
[19]. If power imbalances are predictable, forward looking
strategies can be used to control dispatchable sources as
investigated in [9] or [18], [19]. Aside from sufficient pre-
dictability, the approach requires that the dispatchable sources
can sufficiently supply all loads. If this is not the case, load
shedding is required. In [20] and [21] loads are differentiated
as critical and non-critical. While critical loads cannot be
shed, non-critical loads can be used to improve grid stability
in undersupply situations. If the grid state can be predicted,
load shedding can be executed preemptively as discussed
in [17]. In charging applications, the individual chargers
can be seen as continuously controllable loads. In [22]
residential low power chargers are controlled counterbalance
varying household power demands. The power distribution
between individual vehicles is adjusted under power grid
constraints, while minimizing customer dissatisfaction. In
[23], continuous load shedding is realized though fuzzy logic,
taking account of charging urgency and dynamic pricing for
low power residential charging. The effect of possible load
shedding in EV fast charging is investigated in [15], where
EV charging power is reduced to match photovoltaic (PV)
infeed under the constraint of charging deadlines.

If storage systems are included, the task becomes even more
complex, as not only power but also energy supply is limited.
The EMS therefore not only needs to keep track of power
supply and demand, but also needs to manage the limited
amount of energy within storage systems. In [24] this is solved
by having a centralized EMS, which manages power flow
between sources, controllable loads and battery storage. In the
simplest case, this can be implemented through a decision tree
considering all critical and non-critical loads, dispatchable
and in-dispatchable sources as well as the state of storage
systems. More sophisticated EMS employ machine learning
[24], or model predictive control [9] to handle increasingly
complex tasks. These centralized EMS require state and
behavioral information from each individual component
within the grid, which leads to high communication and
computation effort, as participants increase [25]. Especially if
the microgrid continuously increases — as is expected for fast
charging stations due to the increase in electric vehicle sales
— decentralized systems offer better adaptability [26]. These
systems can still have some form of communication, as the
multi agent systems investigated in [25], [26], [27], [28], but
are ideally required to maintain system stability even without
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FIGURE 1. Evaluated charging park consisting of a distribution grid
interfacing AC/DC converter, a battery storage system and a number of
charge points connected via a common DC bus. Data connections only
exist from each application to its power converter.

communication [26] as set point negotiations can take tens
of seconds [27]. Ideally, these microgrids will remain stable
independent of any communication, as data transmission
opens up cyber security issues [29]. [30] describes three
different cases of cyber-attacks, that can destabilize a grid.
Malicious altering of an individual components set values is
characterized as a device attack. These directly target individ-
ual components. In case of data attacks, false data is sent to
the secondary controller, possibly leading to false dispatch of
one or multiple sources. Lastly network availability attacks
try to overwhelm the communication channels, resulting
in increased delays or a total failure in communication. To
avoid over-reliance on communication, at least the secondary
control of the EMS can be fully decentralized. [31] describes
a fully decentralized EMS in which both sources and storage
systems operate independently, only using the grid voltage
state to operate optimally — prioritizing renewables — under
fuzzy control. A more detailed comparison of centralized and
decentralized EMS is given in [32], [33], [34], [35], [36], [37].

The EMS investigated in this paper achieves full decen-
tralization by applying and modifying droop-control, as it is
used in many LVDC grid applications [38], [39], [40], [41].
While these control strategies have been widely investigated,
they generally assume that the potential power supply to the
grid is higher than the power required by its loads. This
paper investigates the scenario of an undersupplied LVDC
grid, as charging parks are prime candidates for load shedding
or load reduction from a distribution grid perspective [42].
Furthermore, the integration of storage systems may enable
the installation of higher peak charging power than would be
feasible with distribution grid connections alone [43].

The investigated EMS is designed to control a charging
park, as illustrated Fig. 1. The charging park includes a con-
nection to the AC distribution grid, a battery storage system,
and multiple chargers. As the number of connected electric
vehicle (EV) chargers increases, the load on the grid also rises,
particularly when the battery — typically used for peak shaving
[4], [12] - is unavailable. If the connected distribution grid is
already experiencing stability issues, there may be a need to
temporarily limit power to the charging park’s AC connection
[6]. This limitation on supplied power to the DC grid can lead
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to instabilities, especially if the infeed power is less than the
power required by the EVs. Consequently, the DC grid re-
quires the chargers to reduce their load when sufficient power
supply is not available. As shown in Fig. 1, there is no com-
munication structure among the individual power converters;
each converter is only aware of its connected source, load, or
storage and the DC grid voltage. To maintain grid stability,
secondary control must therefore be inherently integrated into
the power converter, becoming part of its primary controller.
The EMS investigated does not include a tertiary controller,
as the optimization for the charging park is to supply as
much power as possible to the EVs, with the battery charging
during oversupply and discharging during undersupply. This
approach strikes a good balance between the charging park
operator’s goal of selling as much energy as possible and the
customer’s desire for rapid charging.

This paper introduces and investigates novel modified
droop-control schemes for sources, loads and energy storage
systems, that enable a self-stabilizing decentral EMS. The
controllers designed to achieve the optimization goal while
ensuring grid stability for each power converter are introduced
in Section Il. The developed control structures are evaluated
for both large and small signal stability. For large signal
stability, various levels of undersupply are assessed through
energy flow simulations based on real-world data presented in
Section 111, utilizing simplified models as described in Sec-
tion IV. The final results for large signal behavior are
presented in Section V. To assure small signal stability in
different grid states impedance measurements are carried out
as detailed in Section VI, with the results given in Section VII.
Sections I, IV and V were previously published in [44].

Il. ENERGY MANAGEMENT SYSTEM

A. CONVENTIONAL DROOP-CONTROL

Droop-control in DC grids allows for decentralized control
in multi-infeed converter systems [40]. Different from cen-
tralized control structures, droop-controlled converters adjust
their output current based on their terminal voltage [39], [45],
[46], [47]. Exemplary droop-curves of a DC microgrid con-
sisting of an active infeed converter (AIC) and a battery are
shown in Fig. 2.

The shape of the droop-curves can be tailored to fulfill
specific purposes. In the example shown in Fig. 2, the AIC
is configured as a unidirectional power source, with its cur-
rent Iaic monotonically increasing as the grid voltage Vgrig
decreases. The battery droop-curve is chosen to reduce peak
power from the AC grid. For Vgig lower than 850 V, the
battery will supply a positive current Igg to the grid. Between
850 V and 900 V, the battery remains, with the loads being
solely supplied by the AIC. For voltages exceeding 900 V,
Isat becomes negative and the battery will be recharged by
the AIC. For each monotonic segment within a droop-curve, a
differential droop-resistance Rproop Can be defined by:

—dVarid
dl

)

RDroop =
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FIGURE 2. Droop curves for the AIC (Iac), battery (Isat), and load (I ,qq) as
well as the sum of AIC and battery Isource. If the battery is charged (solid
lines) a stable OP can be found. If the battery is fully discharged (dashed
lines) the grid is unstable.

This droop-resistance is visible in the power converters
Zout- From the load side — neglecting cabling resistances — the
source side droop-curves will act like a single power converter
with a droop-curve supplying a Vgrig dependent Isgyree. FOr a
CPL connected to the grid, the load current 1| 454 Will behave
like a hyperbolic droop curve over Vgrig. An exemplary Iy gaq iS
shown in Fig. 2 with negative sign. The operating point (OP)
of the grid can be found by the intersection of lsgyrce and the
negative Iy oa¢. If N0 intersection point can be found, the grid
is inherently instable.

If the grid not only consists of infinite energy sources, the
droop-curve becomes conditional. For a battery, the condition
that allows negative currents (e.g., charging the battery) is a
state of charge (SOC) smaller than 100%. Similarly, positive
currents into the grids can only be supplied with a SOC greater
than 0%. This can be problematic when the OP can only be
stable if battery and AIC simultaneously supply current. If
that state is maintained for too long, the battery will be fully
discharged, at which point it needs to limit its discharging
current to 0 A. The effect is shown with dashed lines in Fig. 2.
In this case, the information about the SOC would need to
be communicated to the EMS, so that a sufficient amount of
load can be shed. Otherwise, the abrupt reduction of lsgyrce
would result in almost instantaneous severe undervoltage and
a shutdown of the grid. To accommodate high load dynam-
ics, classical droop control will therefore require real time
communication or high prediction reliability to address this
undersupply issue.

An additional challenge with including conventional droop-
control for EMS purposes is the selection of operational Vgrig
range (e.g., 800 V to 1 kV in Fig. 2). As excessively low
droop-resistances will lead to instabilities within the source
converters [48], [49], including higher level functionality like
dead bands and different slopes will require a wide voltage
range. Since the maximum Vgig is limited due to component
safety, only the minimum nominal Vgig can be selected with
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FIGURE 3. Definition of grid and EV side currents and voltages.
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FIGURE 4. Current limits given by the droop-curve and the EV for different
charging powers. The resulting set current for P,y = 60 kKW is given as the
red dashed line.

more freedom. Conversely, the maximum current — typically
limited by the power converters or cabling — will occur at
this lowest Vgrig, which severely limits the power transfer
capability of the grid. In the example in Fig. 2, the maximum
power transfer will be at 800 V, which limits the capabilities
of the grid to 80% compared to constant voltage control at
1 kV.

In this section, droop control methods for power converters
will be introduced, that mitigate or limit these issues, by using
Verig not only as a pseudo communication between sources
and loads but also to enable the battery storage to smoothly
adjust its droop-curve with SOC.

B. DROOP-CONTROL OF LOADS

For the proposed energy management system, this concept is
extended to the connected EV chargers, which would other-
wise be treated as constant power loads.

Instead of drawing a constant power from the DC grid
independent of voltage, each charger is controlled in a twofold
way. The definition on the direction of currents and voltages
is given in Fig. 3. The maximum allowed current drawn from
the grid Igrid,proop iS given by a Vgrig dependent droop-curve,
as shown in Fig. 4. Assuming a minimum and maximum
grid voltage Vmin (800 V) and Vmax (1000 V), as well as a
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maximum charging point power Pyax, the droop-current limit
IGrid, Droop IS given by:

IGrid,Droop (VGrid) = ere (2)

To achieve Pmax at Vmax, the droop-resistance Rproop IS
being calculated as:
V, in—V,
max (le;n max) (3)
— Imax
For ideal current sharing between different chargers con-

nected via different cable lengths to the DC bus, Rproop Can be
adjusted (Rpraop) for the individual cabling resistance Reaple:

RDroop =

I:\_’Droop = RDroop — Rcable (4)

If the individual Rcapie Values are not known, optimized
droop-curves, as discussed in [50], [51], [52], can be used,
or the minimum grid voltage can be reduced to allow for
less steep curves. This would lead to higher Rproop, thereby
reducing the impact of Rcgple. Since maximum power is not
transported at the lowest voltage — as would be the case in
conventional droop-control — the power-carrying capability
would therefore not be diminished. It is important to note that
ideal current sharing might not be in the best interest of the
charging point operator, as prioritizing connections with lower
cabling losses can be beneficial during undersupply.

In the practical application, the maximum charging power
can be limited by the connected EV. lgiq therefore might also
be limited by the vehicle. Assuming the EV can be charged at
a maximum power Peyv max — in practice given by the battery
voltage Vey and the communicated maximum charging cur-
rent Ieyv max — the maximum grid-side power is given by the
hyperbolic constant power curves given in Fig. 4. Ignoring the
power converters efficiency as well as the back reaction from
the EVs battery to a change in charging current, the grid-side
current limit lgyig 1imev that can be reached without leading to
atoo high EV side current lgy can be calculated from Pgy and
Verid:

lerid limev (Vorid) = T/Ev’max _ v Vev ®)
Grid Verid

The basic principle of the proposed droop-controlled load is

to ensure that the converter does not violate neither the current

limit given by the droop-curve, nor the current limit set by

the EV. Ideally, this can be achieved by comparing lgrig limev

and lgrid,proop and using the maximum of the two — due to

both currents being negative — as the set point Igyig set for the
current control:

lrid.set = mMax ('Grid,limEV, IGrid,Droop) 6)

Ideally, a controller will therefore always follow Igrig set.
with the resulting curve being a composite of the constant
droop-curve and the constant power curve. This is exemplary
shown in the red dashed line in Fig. 4 for a Pgy of 60 kW. For
low Vgrig the charger will behave droop-controlled, while for
Vorid > 820V it will resemble a CPL.
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Igria
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FIGURE 5. Proposed control structure for the droop-controlled EV
chargers. The controller calculates two errors egy and eproop for the
difference of Iqto the current given by the droop-curve as well as Iy to
Iey st requested by the vehicle. A positive e will lead to an increase in Iey
and a decrease in Igig, the minimum of both egy and eproop Will be used as
€.

In practice, the power drawn from the EV cannot easily be
calculated as a grid-side set current value for the internal con-
trol of the power converter. To determine lgyig limev (Veria), the
converter would need to measure Vey and Vgyig with sufficient
accuracy, as well as estimate its own conversion efficiency.
Since Vgy is itself dependent on the charging current, the
control structure would end up requiring high calculation re-
sources. Therefore, in practice a more direct control structure
as shown in Fig. 5 can be used.

The proposed control is set up, so that the plant Gpjant and a
designed feed forward compensator Gt Will increase Igy for
a positive input error . lgrig — using the definition in Fig. 3 —
will therefore decrease for a positive . To determine &, two
errors are calculated. eproop IS the error resulting from the
deviation regarding to the droop-curve and is calculated as:

Vimin — Vaerid (5)) (7)

€Droop (s) = GDroop (s) <|Grid - RDroop

The error egy is determined by the difference in the charg-
ing current lgy set Set by the EV and the actual charging
current lgy:

gev (s) = Gev (5) (lev.set — lev) (8)

To assure that neither limit is violated, it is therefore suf-
ficient to select the minimum of both sgv and eproop. The
converter will therefore either control Igy or lgrig, depending
on the sign of epreep and egy. Assuming an ideal converter,
this will reproduce the curves shown in Fig. 4. In practice, it
will make sure, that a measurement and calculation intensive
transformation from Igy set 10 lgriglimev Within the digital
control structure is no longer necessary. The additional feed
forward compensators Gproop and Gey are needed, if the re-
sulting feedback compensation loops for control of Igy and
Igrig are too different, to achieve reliable performance with
just a single Geont. For practical applications, Gproop and Gey
can be set as constant factors, or even include multiple poles
and zeros to stabilize the system. It is important to note, that
a pole at zero should not be included in either Gproop OF Gev,
but only in Geont, since always one of the two errors will
not be compensated. Therefore, pure integrative behavior in
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FIGURE 6. Relationship between Ig,;q and Vg,iq for a power limited
droop-controlled converter.

Gproop and Gey will consequently lead to windup issues and
a complete deactivation of the controller.

If different levels of charging power, or even different
charging technologies, are implemented in the same grid,
the overall control principle does not need to be adapted, as
the internal power limitation of a charger will limit power
at higher Vgrig. A 50 KW wireless charger combined with a
vehicle capable of accepting 100 kW will therefore not behave
any differently than a conductive 350 kW DC charger with a
vehicle that can only accept 50 kW.

C. CONSTANT POWER INFEED
Like droop-controlled loads, the infeed power source also
needs to be controlled depending on the state of the grid.
Depending on the utilization of the chargers, the availability
of the storage system and the allowed power draw from the
distribution grid Pac, the DC-grid can be in two possible
states. Initially — not considering the battery — either Pac can
be higher than the sum of power Pyehicles requested by all
chargers, leading to an oversupplied grid, or it can be lower,
leading to an undersupplied grid. To maximize the charging
power, the infeed converter is supposed to feed in as much
power as possible, while the grid is undersupplied, while en-
suring a stable Vgrig once the grid is oversupplied. This can
be achieved by a control structure where the DC-grid is either
droop-controlled, or constant voltage controlled, while setting
a hard infeed power limit. If the infeed isn’t the distribution
grid, but a renewable energy source, the similar control mech-
anisms such as introduced in [53], can be used to maintain
voltage stability.

No matter the energy source, the relation between current
and voltages results in the dashed curve such as shown in
Fig. 6 for a power limited droop-controlled source converter.
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the batteries SOC.

D. DECENTRAL CONTROL OF STORAGE SYSTEMS

To achieve full decentralized control of connected storage
systems, the charging and discharging needs to depend on
Verig as well as the storage systems SOC. If the grid itself is
undersupplied, the storage system — if possible — is supposed
to discharge, enabling faster EV charging. Once the grid is
oversupplied again, the battery needs to recharge as much as
possible. This behavior can be achieved by implementing a
SOC dependent droop-curve, as have been implemented for
AC-systems in [54], or DC-systems in [55], [56].

In this paper, we will try to simplify the SOC based droop-
curve control, by relating the storage batteries energy content
to a virtual capacitor. Using the minimum and maximum grid
voltages, Vimin (800 V) and Viax (1 kV), a virtual capacitance
Csto Can be calculated, that supplies the same energy Ep,t as a
battery, if Cso Were to be discharged from Vipax t0 Vimin-

2. Ebat
Csto =55 7 (9)
szax - Vn%in

If the difference in Vinax and Vpin is significantly smaller
than Vmin, the resulting dependence between the virtual ca-
pacitor voltage V¢ and the SOC is nearly linear, as shown in
Fig. 7. If instead of a battery any other storage system were to
be used, the energy content can still be related using (9).

In terms of droop-control, the battery storage then behaves
like a large capacitor Cso connected to the grid via a virtual
resistor Rgto. In this analogy, a regular droop-controlled source
would be an ideal voltage source connected to the grid via the
droop-resistance.

For the controller, the current I, exchanged between the
storage and the grid therefore only needs to be calculated from
Ve and Vg;ig for the selected Rgo.

Ve — Vari
lio = ——— (10)
sto
The differential equation for Cs, consequently needs to be:
dV, —I
_C — sto (11)
dt Csto

This relationship can easily be implemented into a digital
control for the converter connecting the storage system to the
grid. A possible solution is shown in Fig. 8.

Since the energy estimation of the battery is not exact
and Epg; might change with the state of health (SOH) of the
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FIGURE 9. Set of droop-curves of a connected storage system with the
proposed control scheme for a set of SOCs.

battery, Vc and Cs;, require regular updating to avoid over-
or undercharging the battery. In principle the estimated SOC
could be directly used to adjust the droop-curve. In practice
this is not a useful approach, since especially Li-ion batteries
SOC estimation is much easier at fully charged, or fully dis-
charged batteries than in SOCs between 20% and 80% [55].

Applying this control scheme, a possible resulting set of
droop-curves for different SOCs is shown in Fig. 9. For this
example, as SOC increases from 0%, the discharging current
Isto into the grid increases from 0 A to its maximum current
Imax at 47% SOC. The deviation from 50% comes from the
nonlinear translation of V¢ to SOC as shown in Fig. 7. It
is important to note, that this cutoff is freely configurable
and can be used to optimize the energy management system
further. Similarly, a negative ls;, — which would be charging
the battery — is limited for a SOC of 100% to 0 A, with
the charging current increasing as SOC decreases until it is
eventually limited to Iyin at 47% SOC.

The free parameters for setting up the energy management
in this case, given a fixed battery or converter limited Inax and
Imin is the selection of Ry, Which itself, for proper function,
needs to fulfill the inequality:

Rsto < \:max - \I/nTin
max — 'min

(12)

Further optimization possibilities can be realized, by using
a Ve dependent Rgo or even Cgp. Rsto depending on Ve can
for example be used to limit charging or discharging at low
or high SOCs, while making Cst, Voltage dependent can lead
to Vrig reacting to changes in SOC more or less dynamically
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FIGURE 10. Example for a DC grid supplying two EV chargers from a
distribution grid connection limited to 100 kW and a storage system at
14% SOC. The vertical red dashed line gives the operating Vg,iq, with the

horizontal dashed lines giving the resulting currents of the infeed
converter, the battery and the two connected EV chargers.

depending on the current SOC. If a nonlinear Cg is used, the
equivalent energy needs to be calculated as:

Vmax
/ Csto (VC) Ve dVC

Viin

Epat = (13)

One possible solution could be to increase Cgo at higher
V¢, while decreasing it at lower Vc. As a result, Vgrig will on
average also stay at higher voltages for longer, which would
prioritize high discharging over high recharging.

E. RESULTING SYSTEM

If the infeed converter, the storage system and multiple charg-
ers are connected to a DC grid, they will interact according
to their droop or constant power behavior. An example for
two EVs requesting 30 kW and 150 kW from the distribution
grid, a connected infeed converter — limited to 100 kW — as
well as a storage system at 14% SOC, is shown in Fig. 10.
The operating point of the system is given at the Vgyiq, Where
the sum of all currents is equal to 0. This operating point is
shown as the vertical red dashed line. The resulting operating
currents are given as horizontal dashed lines in equal color to
the droop-curves.

For this example, the EV requesting 30 kW will be charged
at full power, while the EV requesting 150 kW will be limited
to 75 kW due to the low storage SOC and the distribution grid
being limited to 100 kW. As can be seen, the EMS therefore
benefits EVs charging at lower power, only capping the charge
rate of high-power vehicles. If this is as intended by the charge
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FIGURE 11. Exemplary power over SOC curves for six different vehicles.

point operator is debatable, but it allows for a maximally equal
distribution of available power to the EVs.

I1l. CHARGING PARK DATA

To evaluate the effectiveness of the decentralized EMS to
stabilize the grid in undersupply, charging data of six stalls
of a charging park in Germany for three consecutive working
days (Tuesday through Thursday) in November 2022 is used.
The data includes charging power as well as vehicle SOC in
15 second averaged intervals. Over the three days, 81 vehicles
were charged with a total of 861 kWh supplied through the
charging park. The charging park does not need a battery
backup as the supply from the distribution grid is sufficient
for maximum power at all chargers simultaneously.

The chargers are equipped with AC as well as DC charging
outlets with the data not distinguishing between AC and DC
charging. As the distribution grid connection needs to supply
the AC chargers, these can be seen as being supplied from
the microgrid as well. The power demands of the vehicles are
therefore very diverse as shown by the power over SOC curves
of six different EVs in Fig. 11.

For the investigated three days, the maximum power de-
mand for the highest power EVs (e.g., EV72) is ten times
higher than for the lowest power EVs (e.g., EV2). Addition-
ally, some EVs show high SOC dependence (EV72), while
others maintain a relatively constant power level over a wide
range of SOC (EV45 and EV44). Even the dependence be-
tween power and SOC is not equal for all vehicles, as some
decrease (EV72), some increase (EV77) and some peak at a
certain SOC (EV45). Of the 81 charging sessions, 25 peaked
at over 100 kW, 22 peaked between 50 kW and 100 kW, and
34 stayed below 50 kW.

This variance in charging powers translates to a noticeable
randomness in total power demand over time, as shown in
Fig. 12 and summarized in Table I. While day 1 sees the most
charging sessions with 31 vehicles connected, the supplied
energy Ech and peak power Ppax are significantly lower than
on days 2 and 3. The absolute peak power of 249 kW was
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FIGURE 12. Power consumption of the charging park for the evaluated
three days.

TABLE I. Summary of Charging Park Data

Day P ax P, Ecn Vehicles
1 158 kW 4.6 kW 110 kWh 31
2 249 kW 13.4 kW 321 kWh 20
3 248 kW 17.9 kW 429 kWh 30
Total 249 kW 11.1 kW 861 kWh 81

reached at day 2, with 248 kW on day 3 and only 158 kW on
day 1. Still, the ratio of Ppax to average power Py,demand on
day 1 is higher than that on the other two days.

Regarding the inter-day distribution, most charging ses-
sions occur between 8 AM and 8 PM, with outliers starting
as early as 5:30 AM, or ending as late as 11:30 PM. On days 1
and 2, 50% of the overall energy sales occurred before 2 PM
and 3 PM respectively, while on day 3 this level was already
reached at 12:30 AM. For the EMS, the individual charging
events are not planned or predicted, but act like perturbations
of varying degree. By virtually limiting the available distri-
bution grid power, these perturbations lead to grid voltage
fluctuations of different severity.
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FIGURE 13. Simulation approach for the complete charging park using 15
s interval data.

IV. ENERGY SIMULATION

To investigate the performance of the proposed EMS for large
signal stability as well as performance regarding energy man-
agement, a simulation model is set up for an existing charging
park with six connected DC fast charging stations. The indi-
vidual converters were assumed to be stably controlled, with
the converters current control loops being simplified as a first
order low pass behavior. Detailed modeling of the switching
cell as well as the digital control was omitted to improve
simulation speed. This limits the applicability of the results to
large signal low frequency transients. The modeling approach
for the grid and its connected converters is described in [45],
[57], [58]. To analyze the effect of real power converters,
small signal stability is investigated in Section VII using the
stability criteria outlined in Section VI. The simulation pro-
cess is detailed in Fig. 13.

The simulation is fed with real-world data of an
oversupplied charging park, consisting of power information
for each charger as well as the EVs SOCs in 15 s intervals over
the course of three days. For each 15 s simulation interval,
the presence of an EV is checked. If there is no EV present,
the SOC of the storage battery needs to be evaluated, since
the battery can also be charged when no EV is present. Only
if there is no EV connected and the battery is at 100% SOC,
the 15 second interval can be skipped. If a new EV is entering
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TABLE Il. Simulated Cases for the EMS

— s E

S“‘é‘;‘;‘s‘““ P,::x ﬁ ACTE MCTE
A 100 % 25% 0% 0%
B 40% 25% 0% 0%
C 20 % 50 % 0.69 % 12.5 %
D 20% 12.5% 203 % 382 %
E 20 % 5% 56.7 % 511 %

the charging park an additional charger is included into the
simulation. Inactive chargers are not simulated, reducing
overall simulation time. It is assumed that each vehicle is
charged to a defined SOC instead of a given charging time
before it leaves the charging park, which is considered the
worst-case scenario for undersupplied charging parks. The
power demand of the real vehicles is only known as an
average over the 15 s intervals, but can be linked to the SOC.
The target power, which is the power requested by the EV in
the simulation is therefore linearly interpolated by the power
of the neighboring SOCs, where the power requirement is
known. Once an EV reaches its final SOC, at which it left the
charging station, the target power is set to 0 and the EV is
removed from the charging station in simulation after the data
extraction. These steps were repeated 17280 times until all
three days were simulated for one configuration of Pac and
Epat, With five different configurations simulated to evaluate
the EMS for various severities of undersupply.

V. ENERGY SIMULATION RESULTS

To evaluate the EMS, a number of base values are extracted
from the real-world charging park data. Aside from the raw
data, these include the individual T, and average T, charg-
ing times of the vehicles. Also, the maximum power Ppax,
the average power Py, for the whole charging park, and the
maximum required energy from the buffer storage system
Emax Were calculated. Enax is the maximum energy a battery
would need to be able to store, if the infeed power would be
reduced to P, while not limiting the charging speed of any
vehicle. With Pgpicles being the function of power drawn by all
vehicles during the evaluated three-day period between Tstart
and Tend, Emax is calculated as:

Emax = max <

Tend
J Pav — Pyenicles (t) dtD (14)
Tstart

The 5 different combinations of energy storage and infeed
power are selected to fall between these maximum values and
are given in Table Il.

After the simulation runs, the simulation data from the
individual combinations are compared to the actual charging
park performance. Here, especially the impact on the vehicle
charging speed is investigated. Two key performance indi-
cators, the average charging time extension (ACTE) and the
maximum percentual extension in charging time (MCTE) for
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FIGURE 14. Comparison of storage and charging power for different
storage sizes and limitations to infeed power for the evaluated EMS.

the worst performing vehicle charging session are evaluated
for each simulation case. Exemplary simulation results for a
reduction of infeed power to 40 % of Pyax With a storage of
25 % of Emax (Case B) and a reduction of infeed power to 20%
of Pmax With a storage of 12.5% of Epnax (Case D) are shown
in Fig. 14. While Case B shows no increase in ACTE nor in
MCTE, especially MCTE is greatly impacted for Case D with
382% while ACTE only being at 29 %. The findings generally
show that reductions in infeed power and storage much more
affect MCTE than ACTE. In terms of large signal stability, all
simulated cases produced stable non-oscillating grid voltages.
Due to active droop-control of the loads, even simulations of
extremely undersupplied scenarios showed no stability issues
for idealized power converters.

VI. IMPEDANCE BASED STABILITY ASSESSMENT

To evaluate the stability of different grid states in a practical
application, a metric of stability as well as a method for mea-
surement is required. As impedance is a directly measurable
quantity, impedance-based stability criteria allow a direct as-
sessment of stability, as well as enable to identify potential
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FIGURE 15. Connection of two independently stable converters into the
simplest form of a grid.

causes of instability. Various impedance based stability crite-
ria have become used and discussed in literature [48], [59],
[60], [61], [62], [63], [64], [65], [66], [67]. This section will
therefore discuss the used stability criteria, as well as a method
of impedance measurement later used to evaluate the stability
of the proposed EMS in a scaled down application.

The application of impedance-based criteria arises from the
fact, that stability issues of microgrids arise, even if two or
more for themselves stable power converters are connected to
form a grid as shown in Fig. 15. When power converters are
properly designed, they are tested for various load and supply
conditions in a lab environment. Here, source converters are
typically supplied with the intended input voltage source Vi,
(e.g., 3-phase AC, battery emulator, PV-emulator), while the
grid side current lgrig is varied to assure inherent stability
of the converters control loops in every intended operating
point. Similarly, connected load converters are supplied with
a clean voltage source Vgrig emulating the grid voltage, with
the intended application connected to the output voltage Voy.
If designed well, the source converters transfer function Gs

Verid (S)
Gs (s) = 15
s (s) Vir ) (15)
as well as the load converters transfer function G,
VOut (S)
GL (s) = 16
) Verid (S) 10

are stable for every point of load.

Impedance based stability criteria how assume a certain
relation between the output impedance Zo,: of the source
converter and the input impedance Z,, of the load converter.
The required relation depends on the type of criterion applied.
In this paper, the passivity criterion [68] and minor loop gain
criterion [69] (MGLC) are used to determine stability. Com-
prehensive reviews of stability criteria are given in [59] and
[70].

A. PASSIVITY CRITERION

The passivity criterion assures stability, if the impedance is
free of right half plane poles (RHPP) and its phase is limited

VOLUME 6, 2025

\Z| in dB

-40 L L I

10! 102 10 104 10°
Frequency in Hz

= 1

Q

Z

z -100 B

_200 1 1 1

10! 102 10 10* 10
Frequency in Hz
FIGURE 16. Typical impedances Zo,: and Z,, for a source and load

converter respectively. The red dashed lines in the phase show the
boundaries of passivity at +90° and -90°.

DC DC

DC DC

DC

—— Zyp =72,

DC o

FIGURE 17. Parallelization of passive converters into a single port
equivalent passive converter.

to the range of —90° and 490° [59]. Especially if only the
power converter itself is considered, which has a stable input
to output transfer function by design, there can be no hidden
RHPP. The phase criterion is therefore the only criterion that
needs to be observed in measurement.

Typical Zoy for a source converter and Z;, for a load con-
verter are depicted in Fig. 16. While the source converters
Zout I passive, Zjpviolates passivity at low frequencies. This
is typical behavior for constant power loads (CPL), since the
result of drawing input voltage independent constant power
is a negative differential resistance [71]. For low frequencies,
this negative resistance results in a phase of 180°, therefore
maximally violating the passivity criterion.

While the passivity criterion can be used for the whole
grid as well [59], [68] the exclusion of RHPs in the resulting
impedance measurement can be challenging. In this paper, the
passivity criterion is therefore used to merge multiple passive
converters into a simple 1 port converter as shown in Fig. 17.
This is possible, since the interconnection of two passive sys-
tems results in another passive system [68].

669



SCHWANNINGER ET AL.: INTRODUCTION OF A SELF-STABILIZING DECENTRALIZED EMS FOR UNDERSUPPLIED EV CHARGING PARKS

\Z| in dB

-40 L L |
10 10 10° 10* 10
Frequency in Hz
200 ——— 2, [—— = — = 7

Phase in °©

Frequency in Hz
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range of Zj, depending on Zo. If |Z,] is simultaneously below the black
dashed line and arg(Z),) outside of the black dashed lines, the system is
considered instable.

B. MINOR LOOP GAIN CRITERION

To include the passivity violating CPLs into the stability anal-
ysis of the grid, we use the MLGC as described in [48]. In this
paper, the MLGC is used in its variant as a gain margin (GM),
phase margin (PM) criterion. The criterion defines a loop gain
TmLa, Which is defined as:

ZOut (S)
Zin (S)

The transfer function Gg of the whole system in Fig. 15
can therefore be described as:

Vout (8) 1
GsL (s) = =Gs (5)-GL(s) ———— (18
st 0= ©)6LO) 7 —5 @®
Since Gs and G_ are stable transfer functions, it is sufficient
to apply the Nyquist criterion to TyLg. In the case of the
GMPM criterion, a GM is defined so that the ratio of Ty g
is:

Tvie (8) = 17)

1 ZIn (S)
GM > = 19
- ‘ Tuie © H Zow ) )
Additionally, a PM is defined where:
180° — PM = |arg (Zout (s)) —arg (Zin (s))I  (20)

A system is considered instable if GM and PM are violated
at the same frequency. GMPM can therefore be understood as
Zout being required to behave closely to ideal voltage source
behavior (low impedance) and Z,, behaving closely enough as
an ideal current load (high impedance) to again resemble the
lab environment from Fig. 15, where Gs and G| were tuned
to stabilize the converter.

The resulting boundaries due to GM and PM are shown in
Fig. 18. If |Zjp]is simultaneously lower than the dashed black
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FIGURE 19. Opened PRBS measurement system. The system has two ports
to connect a DUT as well as an operating point setting source or load
converter. The power resistor used for excitation is mounted on an
aluminum plate on top of the case not shown in this picture.
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FIGURE 20. First 100 bits of a digital PRBS pattern with L = 16 383, and
t, = 10 us (top) and measured currents with different amplitudes coupled
into the grid (bottom).

line given by |Zoyt| plus GM, and arg(Z;n) is outside the black
dashed line given by arg(Zoy:) and the PM, the system is
considered unstable. In this example, the GMPM criterion is
violated for the frequency range between 7 kHz and 10 kHz. It
is important to note, that GMPM is still a sufficient criterion,
if GM is set to 0 dB and PM to 0°. Higher values for either
of those margins, will lead to increased stability margin, but
can also lead to falsely identifying damped resonances as
instabilities.

C. GRID FACING IMPEDANCE MEASUREMENT

To investigate the impact of the proposed control methods on
system stability, the grid facing input or output impedance of
the converters is measured. The measurement system shown
in Fig. 19 is used, which is based on wide bandwidth excita-
tion through pseudo random binary sequences (PRBS).

PRBS have been used in multiple applications to measure
control loop transfer functions of single systems [72], [73],
[74], [75], [76], [77], systems embedded into larger grids [78],
[79], [80] as well as multiple systems simultaneously [81],
[82], [83]. The measurement principle used in this paper is
extensively discussed in [48], [49], [84].

A PRBS is a pattern of logic 0 and 1 shown in Fig. 20.
PRBS can be generated using linear feedback shift registers
(LSFR) arranged according to monic polynomials. The length
L of the resulting maximum length PRBS depends on the
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polynomials order O.

L=2° -1 (21)

If the PRBS is maximum length, the autocorrelation Ryx
consists of only of a single peak at zero. Repeating multiple
of these patterns will lead to Ryx resembling a §-comb shown
in Fig. 21.

The Fourier transform of Ryy is the power density spectrum
of the signal, shown in Fig. 22. For the lower frequency com-
ponents, the power density spectrum also resembles a §-comb.
Due to the limited bit length ty, the spectrum will exhibit a
roll-off with local minima at fprgs and multiples thereof:

1
frrBS = — (22)

tp

The lowest frequency fc min at which the PRBS excites the
system depends on L and fprps:

(23)

The measurements systems equivalent circuit is given in
Fig. 23. It consists of two ports, allowing to connect the device
under test (DUT) on one side and a source/load converter on
the other side. The source/load converter is used, to set the
operating point for the DUT. A power resistor R¢ is connected
in between the + and — terminals via a high voltage MOSFET
T. T is turned on and off according to the PRBS, leading to a
PRBS shaped current Iprps.

IprBs perturbs the system and allows for simultaneous mea-
surements of the DUT impedance ZpyT over a wide frequency
range. Internal voltage and current sensors measure the DUT
voltage Vpyt as well as the DUT current ipyt. To obtain

fc,min = fPRBS -L
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system.

high vertical resolution and avoid aliasing, both signals are
measured with two different measurement filters. For higher
frequencies, a band pass filter with a frequency band between
10 Hz and 50 kHz is used. This allows to block the DC-
offset in voltage and current. Lower frequencies are measured
with a 100 Hz low pass filter. To use the full analog-digital-
converter (ADC) resolution, the DC offsets are subtracted
from measurement before digitalization. To allow for a wide
measurement range, the to be subtracted offset is adjusted by
the microcontroller and fed to the measurement filters via a
digital to analog converter (DAC). Both measures allow for
highly accurate measurements of converter impedance.

VII. IMPEDANCE MEASUREMENT RESULTS

To investigate the impact of the proposed decentralized EMS
on grid-stability, the different control schemes are imple-
mented on the power converter shown in Fig. 24. The power
converter consists of 8 channels, each made up of 2 inter-
leaved phases of half bridge buck-boost converters. The low
voltage side of each channel can be controlled individually,
with the high voltage sides being directly connected to a
common bus and held at 420 V by an external voltage source.
Since the power converter is limited to 8 kW and 400 V per
channel, the droop-curves are scaled down. While this does
not fully represent the charge park investigated in previous
sections, it allows to investigate the effect different controls
have on the output impedance of the power converter.

In practice, EV chargers are often implemented with mod-
ular building blocks [85]. Since these power converters are
parallelly connected to the grid, their impedance Zsym will
result from the individual impedances Z, paralleled. If each
building block is identical, the output impedance will there-
fore only be scaled by the number n of paralleled phases.

Z

ZSum =

: (24)

The general effect on the output impedance therefore can
also be shown at lower power.
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FIGURE 24. Fraunhofer 1ISB DC-Grid Manager consisting of 8 channels
used to investigate the different control schemes.

A. MEASUREMENT SYSTEM VERIFICATION

To show the validity of the PRBS measurement, the decentral
energy storage system control scheme with a Rgtp 0f 1 2 and a
Csto 0f 23.7 mF was implemented on one channel of the power
converter as this measurement requires the highest dynamic
range of 50 dB. The power converter was measured with the
low (PRBS|¢) and band pass filter (PRBSyr) sequentially
with the results shown in Fig. 25. The overlap of PRBS_ ¢
and PRBSHg in the frequency range of 10 Hz to 100 Hz
serves as a first indication of the validity of the measurement.
For frequencies below 10 Hz the converters internal current
control should have little impact on the output impedance. It
can therefore be estimated with an RC-Model Zg¢ defined by
Rsto and Csto

Zre + Rsto (25)

SCsto

As shown in Fig. 25, Zgrc matches PRBS|  from 0.1 Hz to
10 Hz, thereby not only verifying the measurement but also
the controller implemented in the converter.

To verify the measurement in the range above 10 Hz an
additional measurement with a commercial vector network
analyzer (VNA) was carried out. The VNA has a dynamic
range of over 100 dB with frequency selectable attenuation
and a frequency range of 1 Hz to 50 Mhz. As the VNA can-
not directly be connected to the power converter, the output
signal was amplified via a 500 kHz bandwidth and 13dB gain
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FIGURE 25. Verification measurement of a battery storage converter. The
sinusoidal excitation is used to verify the PRBS measurement system from
10 Hz, while the RC-Model is used to verify the measurement at
frequencies below 10 Hz.

amplifier and injected through a coupling transformer (CT)
as shown in Fig. 26. The CT has a transformation ratio from
amplifier voltage Vavp to injection voltage Vin; of 8:1. The
DUT as well as an operating point setting source converter
are connected to the CT and the current Ipyt and voltage
Vput fed back to the VNA for impedance calculation. To
obtain maximum signal quality, the VNASs receiver bandwidth
was set to 1 Hz. The measurement results of the VNA are
given in Fig. 25. The VNA results agree with PRBSyr up to
10 kHz where both measurements start to slightly diverge.
This divergence can be explained by the increased size of
the CT over the PRBS measurement system. To connect the
DUT, longer leads are necessary which — due to the integrated
voltage measurement of the CT — increase the inductance of
the measured impedance. Gain and phase will therefore show
an increase at lower frequencies.

B. DROOP-CONTROLLED LOADS
To investigate the behavior of the droop-controlled loads, the
effective droop-curve depicted in Fig. 27 is implemented. To
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FIGURE 27. Relationship between Igjq and Vg,iq for the droop-controlled
load used to emulate an EV charger. Below 369 V, the power converter is
droop-controlled, above 369 V it behaves like a CPL.

only allow the maximum power of 8 kW at 400 V, Rprqop Of
the converter is set to 2 Q. The power limitation Fig. 27 comes
from the high side current limit of 4 A for the power converter.
This emulates a vehicle requesting a charging power of 1.68
kW. Depending on the grid voltage, the channels control — as
discussed in I1.A —now either acts as a CPL for voltages above
369 V and droop-controlled for lower voltages. To investigate
this behavior, a CVS was connected to the channel via the

VOLUME 6, 2025

\Z| in dB
=

Frequency in Hz
100 T T T

10 10°
Frequency in Hz

FIGURE 28. Impedance measurement results for a droop-controlled load
in droop region (365 V) and CPL region (380 V).

PRBS measurement system to set the grid voltage operating
point during measurement.

The impedance measurement results at 365 V (droop-
controlled) and 380 V (CPL) are shown in Fig. 28 for a
PRBS of O = 16 and fprgs = 100 kHz measured with the
high frequency bandpass. As a CPL, the EV charger violates
passivity at frequencies lower than 200 Hz, therefore destabi-
lizing the system. The impedance Z¢p_ at low frequencies for
a CPL depending on its power Pcp and the grid volage can
be calculated as:

VGzrid

ZepL (s— 0) = PepL

= RepL (26)

As described in [71], ZcpL at low frequencies therefore
resembles a negative resistance Rcpy .

In the droop-controlled region, the converter is passive with
phases close to 0° below 200 Hz. This will dampen the grid at
low frequencies, leading to higher grid stability. The increase
in impedance at higher than 4 kHz is due to the cable leads
from the power converter to the measurement system.

The stabilizing effect of droop-control can also be seen
in Fig. 29, if two channels are measured in parallel. Here,
the second channel is limited to a high side current of 15
A, leading to it still being droop-controlled at 380 V. The
resulting impedance of both converters is again passive. Still,
the inclusion of the CPL leads to a lower phase at 200 Hz
compared to the single droop-controlled channel.

C. CONSTANT POWER INFEED

For the constant power infeed converter, both output current
characteristics depicted in Fig. 30 were implemented. In the
droop-controlled case (blue curve) the droop-resistance was
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FIGURE 30. Relationship between Igq and Vg,iq for a power limited
droop-controlled converter.

set to 0.25 2. Much lower droop-resistances were not possi-
ble, since the converter showed signs of sustained oscillation
using the droop-control strategy described in [39] and [49].
If voltage control (CVS) with power limitation is used, the
resulting behavior of output current over grid voltage follows
the red curve. This inherently comes with an infinite slope
at 400 V, allowing the grid to operate at a fixed voltage in
oversupply. This operation is possible, if infeed control is
centralized, or if only a single infeed converter exists. Oth-
erwise, voltage control of multiple infeed converters leads to
asymmetric current sharing in the CVS region.

No matter if droop- or CVS-controlled, the power limita-
tion leads to constant power source (CPS) behavior at lower
voltages i.e., the undersupply region.

The results from impedance measurement in the undersup-
ply (CPS) region, as well as the oversupply (Droop/CVS)
are shown in Fig. 31. The most relevant difference between
over- and undersupply region, is the large increase in |Z| over
droop- or CVS control at lower frequencies. This is due to
the low slope of the Igig over Vgrig curve of to the power
limitation Pcps. The equivalent Zcps for low frequencies is

674

30 T T T
sof T |
2 .,.
= 107 1
N ol ]
10} s ]
10! 10 10° 10*
Frequency in Hz
100 . . .
S0F.
o 0_ Poongg /
£
Q
g 01 CPS
~ 100} CVs
_150 F Droop
10! 102 10° 10

Frequency in Hz

FIGURE 31. Impedance measurement of the constant power infeed in the
undersupply (CPS) and oversupply (CVS / Droop) region.

20 T T T T T T T
< 10f :
g
=2 0
g‘:’ — 100%
S0k |——47% _
0%
20 1 1 1 1 1 1 1
360 365 370 375 380 385 390 395 400
VGrid inV
FIGURE 32. Relationship between Igiq and Vg,iq for the investigated
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a resistance Rcps dependent of Vgrig and Peps:
V.
Zops (s — 0) = =210 = Repg (27)

For an 8 kW Pcps and a voltage range between 360 V and
400 V, this leads to a Zcp between 16.2 € and 20  for low
frequencies.

In oversupply region, no matter if droop-controlled or as a
CVS, the impedance is much lower at low frequencies, which
helps to stabilize the grid as is apparent when applying the
MLGC.

D. DECENTRAL STORAGE SYSTEM
For the converter emulating battery storage system, the output
current characteristics for different SOCs is plotted in Fig. 32.
The droop-resistance Rgo is 12, with the current limited to 20
A

The virtual capacitance Cg, depends on the stored energy.
Since the power converter is not physically connected to a
battery, Epat is set only virtually in the converters control. SOC
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FIGURE 33. Impedance measurement of the decentral energy storage
system for Ep,, of 1 kWh and 0.1 Wh. The effect of Cs, on the impedance
for the 1 kWh battery will only be distinguishable from ideal droop-control
at lower than 10 mHz, which is out of range of the measurement system.

or SOH corrections were therefore not implemented in this
paper.

To determine the effect of Cg on the output impedance
ZcpL, Fig. 33 shows the results of impedance measurements
for Epgt of 1 kWh and 0.1 Wh. Due to the effects of Cg at
low frequencies, the impedance measurement consists of two
measurements. The first with a PRBS of O = 16 and fprps
= 100 kHz measured with the high frequency bandpass and a
second with a PRBS of O = 16 and fprgs = 10 kHz measured
with the low frequency low pass. The measurement results
overlap in the region from 10 Hz to 100 Hz, with the low pass
filter results over 100 Hz not evaluated.

For 0.1 Wh, which results in a Cgo 0f 24 mF, the Zcp, be-
haves like a droop-controlled converter at frequencies higher
than 100 Hz. At lower frequencies the phase decreases by
90° and |Z| increases to infinity. If Epy is increased to 1
kwh, the same effect would be visible, but at frequencies
below 10 mHz. Since the measurement system can only mea-
sure down to 100 mHz, the converter appears like an ideal
droop-controlled converter. Still, |Z| will eventually increase
to infinity since the energy limitation will not allow any in-
finitely sustained (0 Hz) current flow.

When applying the stability criteria from Section VI, the
battery storage converter behaves passively. Still, since |Z] is
only low at higher frequencies, there is no stabilizing effect in
the low frequency region.

E. STABILITY ANALYSIS IN UNDERSUPPLY

If the grid is in oversupply, the stability of the grid depends on
the matchup of either droop-controlled or CVS sources and
CPL, which is a typical problem discussed in literature. This
analysis therefore focuses on undersupply, where infeed, load
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and storage converters behave different to the state of the art.
Here, two cases need to be considered. First, if the storage
system has enough energy, the loads can draw more power
than the infeed provides. Second, if the energy storage is too
low, the Vgrig will decrease until the first load becomes droop-
controlled.

For the first case, two loads with 4 kW and 6 kW, an 80%
charged battery with 0.1 Wh and a constant power infeed
converter limited to 8 kW are considered. Both loads are CPLs
and — due to their passivity violation — are seen as Zj, for the
MLGC. The storage system and the CPS therefore form Zgy.
For the measurement of Zoy; and Zy,, the converters forming
these impedances respectively were connected in parallel and
measured at a steady state Vgig set by an additional droop-
controlled converter. This procedure was necessary, since the
low Epa would lead to Vgyig reducing too fast during mea-
surement, leading to the loads starting to be droop-controlled
while being measured. The results of both measurements are
shown in Fig. 34.

As shown in Fig. 34, the system cannot be considered
stable, since it maximally violates GM and PM at the lowest
frequencies. Here, Z;, is lower than Zo,; with the difference in
phase approaching 180°. It is important to note, that any suf-
ficient stability criterion would consider this system instable,
since it violates the necessary criterion of not having a RHPP.

The RHPP can be found, when considering the simplified
model for the grid shown in Fig. 35. For low frequencies, the
CPL and CPS can be described by equivalent resistances Rcpp
and Reps as well as Cgto and Rgo.

RcpL and Reps are parallel and can be included into a single

Rarid:

Reps Rert Vg
Reps +Rep Peps — Pepi

— Vérid (28)

Rorid =
Grid AP
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FIGURE 35. Equivalent circuits for the grid in the battery buffered
undersupply region.

The effective Rgrigtherefore depends on Vgyig and the dif-
ference in power AP of infeed and loads. In undersupply, AP
and therefore Rgyo are negative. If Rgyo is small compared to
the absolute value of Rgrig, it can be neglected with the grid
impedance Zgig simplifying to:

Rarid
Zolid= ——— 29
Grid SCstoRarid + 1 (9)
Zgrig therefore has a low frequency pole p; at:
1 AP
p1 = = (30)
CstoRarid Véridcsto
This pole has a time constant t; defined as:
V2. C E
Grid>sto bat
S 11t I S 31
o AP~ AP 31

Since the battery is discharged during this operation,
the loads will eventually be droop-controlled, changing the
impedances of the grid. The maximum time tynstabie the system
can therefore be in the unstable state, depends on the power
AP drawn from the battery and its stored energy Epqt:

(32)

Ebat
tunstable < — < T

~ AP

The systems instable pole will therefore be at a frequency,
which is too low to ever observe within the system. Only if
both systems are held at a steady state — as done with this
measurement — the instability becomes observable.

Once the first load is droop-limited, it becomes passive and
can be considered as part of Zoy. The resulting impedance
measurement for this case is shown in Fig. 36. The low
droop-resistance of the 8 kW load converter greatly reduces
the impedance at low frequencies, which leads to a GM of
over 26 dB at low frequencies, where PM is violated.

This shows the self-stabilizing effect of the decentral EMS
in undersupply. While the grid can become unstable for a
certain amount of time, the instability will never be truly
observable, due to the loads shedding their CPL behavior
as the battery is discharged. If this droop-control were not
implemented for the loads, the grid would break down once
the battery is discharged, leading to EV charging becoming
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impossible, even if power were available. It is important to
note, that the unstable grid state can also be left by an in-
dependent reduction of load e.g., through an EV leaving the
charging park. This might lead to the grid being oversupplied,
again stabilizing the grid through the CVS or droop-controlled
infeed converter.

VIIl. CONCLUSION
In this paper, we introduced novel droop control schemes
enabling a self-stabilizing decentralized EMS for undersup-
plied charging parks. The EMS integrates functions typically
found in central secondary controllers into the primary con-
verter control. Each converter only interacts with its connected
application—such as vehicles, storage batteries, and the distri-
bution grid—without high-level information exchange. Infor-
mation is shared solely through the microgrid’s voltage, which
is stabilized by both source and load converters as needed.
We assessed the proposed EMS’s impact on grid stability
through large and small signal investigations. For large signal
stability, real-world charging park data revealed significant
load variations, with unpredictable 0-100% load steps. To
simulate undersupply conditions, we created an environment
that progressively limited distribution grid supply and battery
storage energy. In severe cases, the ACTE increased by over
50% and MCTE by over 500%, indicating severe undersupply
for a fast-charging park. Nevertheless, due to the inherent
grid-voltage-based load shedding of the chargers, large signal
stability was maintained even in critical undersupply sce-
narios. In less severe cases, the EMS achieved peak power
reductions to the distribution grid of 60% without extending
charge times, and up to 80% with reasonable ACTE (<1%)
and MCTE (12.5%).

VOLUME 6, 2025



IEEE Open Journal of

pels .
Power Electronics

A

For small signal stability, we employed impedance mea-
surements using a PRBS-based system. Control schemes were
implemented on a power converter, assessing grid stability
through a combined MLGC and passivity criterion. In over-
supply, the grid stabilized as infeed and storage converters
mitigated destabilizing loads. During undersupply, droop con-
trol reduced load on the grid, as well as leading to a stabilizing
input impedance. It was demonstrated that a grid supported
solely by finite energy storage becomes mathematically un-
stable, featuring a RHPP. However, as grid voltage decreases,
loads enter droop-control, eliminating the RHPP. Thus, the
grid exhibits self-stabilizing behavior without a centralized
secondary controller managing loads in undersupply. Notably,
no fine-tuning of droop curves or battery storage was neces-
sary; self-stabilization is inherent to the system’s design.

While we have shown that an EMS can function fully de-
centralized under adverse conditions, we do not recommend
entirely avoiding overarching communication. In our study,
only the secondary controller of the grid was decentralized,
with tertiary control unnecessary due to the straightforward
optimization goal of maximizing power delivery to EVs under
distribution grid limitations. For more complex objectives,
such as price optimization, information feeding from convert-
ers to a central tertiary controller would be essential. In this
scenario, the developed EMS can be regarded as a combined
secondary and primary controller responding to tertiary con-
troller set points.
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