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Abstract

EVs smart charging controls emerge as a possibility to overcome voltage quality issues caused by the increasing penetration of
EVs in LV networks. However, solving voltage issues implies that EV chargers must deal with reactive power provision, inducing
an extra AC ripple in the battery that influences the EV battery lifespan. Four decentralized smart charging controls have been
analyzed, modelled and implemented together with a commercial EV charger model and EV battery model that includes both
runtime and ageing behavior. Results show that solving voltage issues with EV smart charging controls can lead to a temperature
increment in the battery that influences the EV battery lifespan. Nevertheless, this situation can be effectively overcome by minor
modifications in the EV charger or in the EV battery cooling system.
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1. Introduction

The increasing penetration of EVs in low-voltage (LV) distribution networks is likely to become a challenge for
distribution system operators (DSOs) since it can lead to power quality issues. The coordinate effect of both EVs and
household loads highly contributes to the unbalanced operation of the network, which results in voltage quality
concerns such as under-voltage conditions and voltage unbalance.
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In this framework, EVs smart charging controls emerge as a possibility to overcome those voltage quality issues.
Among the specialized literature, smart charging controls can be divided into centralized and decentralized
architectures, whose advantages and disadvantages have been discussed in Farooq et al., 2019. Considering that cost
and robustness are similar in both architectures, the decentralized control tends to be a more practical solution, since
it is based on local measurements and does not need additional communication infrastructure. In addition to the
classification between centralized and decentralized architectures, EV smart charging controls can be divided into
those controls suitable for being implemented in a single-phase charger, and those applicable to three-phase chargers.

Commonly, the implementation of EV smart charging controls has been studied from the L'V network or EV charger
operation point of view, using them for reactive power compensation or STATCOM (Nikkhah Mojdehi & Ghosh,
2016 and Zaidi, Sunderland, & Conlon, 2019). Less attention has been paid to the battery given that, theoretically, this
reactive power flow does not influence the battery cycling current. However, this extra reactive power that flows
through the EV charger induces an extra AC ripple in the battery current, which in turn increases the battery ageing
associated to those smart charging controls. This paper analyses the EV battery ageing associated to the
implementation of the most relevant decentralized smart charging controls for improving voltage quality in LV
networks.

2. EV battery model

In order to analyze the ageing induced in a battery, an EV battery model is needed. The EV li-ion battery model
used in this work is the one developed by the authors in Najera Alvarez, 2020. A brief description of the main
components of the model is included in this section, and further information can be found in Najera Alvarez, 2020.
The complete model is an equivalent circuit model which includes three sub-models: voltage/runtime model, thermal
model, and ageing model.

2.1. Voltage / runtime model

The voltage/runtime model is based on the Shepherd model which describes the electrochemical behavior in terms
of voltage, current, internal resistance and SoC (Moreno-Torres Concha, 2016). The main modification is the
representation of the internal resistance, which is modelled as two different electrical resistances, ohmic and
polarization, the latter being dependent on the SoC. Since ohmic resistance is almost constant over 20% to 100% SoC,
its SoC dependency has not been considered. The model behaves as follows:
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where E is the battery open-circuit voltage [V], SoC is the battery state of charge [%], Eo is the open-circuit constant
voltage, K is the polarization resistance constant [Q], Omax is the battery maximum capacity [Ah], 4 is the
exponential voltage [V], B is the exponential capacity [Ah™'], and Rpor is the polarization resistance.

The voltage/runtime model considers the following assumptions: the parameters do not vary for charging and
discharging, the Peukert effect and memory effect are negligible, and the ohmic internal resistance is constant.
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2.2. Thermal model

Considering temperature-dependent parameters implies modelling the thermal dynamics of the battery. The thermal
model implemented is comprised of two parts: a heat generation model and a heat evacuation model. The first one
was developed based on the work presented in Saw, Somasundaram, Ye, & Tay, 2014, where three heat sources or
mechanisms are considered: irreversible heat (or reaction heat), reversible heat, and ohmic heat.

The second part of the thermal model corresponds to the heat evacuation, both within a single cell and for a whole
battery pack. As this part highly depends on the specific battery design under analysis (particularly on those aspects
regarding the battery pack and its cooling system), the model takes a simplified approach regarding the whole pack.
It assumes that both the heat generation and the internal temperature of the cell are constant and uniform.

T(s)= H-Ryyr + T, _ H-Ryyr + T,

l+m-c, Ry -s 1+, s
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where H is the generated heat [W], T is the cell temperature [K], 7o is the battery reference temperature [K], m is the
mass of the cell [kg], cp specific heat capacity of the cell [J kg! K], Rour is the resistance for convective heat
transfer [K/W], tx is the thermal time constant [s], and s is the Laplace variable.

2.3. Ageing model

The ageing model is a semi-empirical model divided into calendar and cycling ageing. It can be formulated as:
Qloss = (a . T2 +b 'T+C) . e(d'T"'e)'Cmt« . Ah +f . eg-SoC . eh/T . tz (3)

where Quoss 18 the total lost capacity [%], a to f'are parameters dependent on the battery chemistry [-], Crate is the
charge/discharge rate [-], 4% is the Ah flown through the battery [Ah], # is the time [day], and z is the power law
factor [-], which can take values between 0.5 and 1. Detailed explanation, parameterizations and validations can be
found in Néjera Alvarez, 2020.

3. Smart charging controls

The selected decentralized smart charging controls for improving voltage quality levels are the following:
3.1. Active power droop control (Droop P)

Droop P control has been mainly investigated for being implemented in single-phase EV chargers. Among the
different Droop P controls in the literature, the one proposed in Geth et al., 2012 has been selected for the analysis

since it is the most implemented for EVs (Garcia-Villalobos et al., 2014). The charging control takes the EV's phase
voltage measurement and calculates the charging power based on the droop P curve shown in Fig. 1.
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Fig. 1. Droop curve of active power control.
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3.2. Reactive power droop control (Droop Q)

The Droop Q control selected for comparison and analysis is the control described in Knezovi¢ & Marinelli, 2016.
Its main advantage with respect to the Droop P control is that it provides under-voltage and over-voltage regulation
without compromising the EV full charge. This control is similar to the Droop P control, but the reactive power is a
function of the active power consumed by the EV and the voltage at the EV connection point, Q = f(P,U), as shown
in Fig. 2. Unlike the Droop P control, the Droop Q can be bidirectional.
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Fig. 2. Droop curve of reactive power control.

3.3. Load balancing control (LB)

The control proposed in Weckx & Driesen, 2015 has been implemented in this paper as a LB control. This charging
control is designed for being implemented in a three-phase charger and consists of dividing the EV charging power
between the phases based on the phase-to-neutral voltage differences between them. The control behaves as follows:

PEV +k(Ua _Ub)+k(Ua _Uc)

3
£,=F+kU,-U,) @)
F=F+kU,-U,)

Pa:

where Pgy is the EV charging power, and £ is a parameter that controls the interphase power delivery. For the studies
carried out in this work, a constant value of 100 W/V has been selected for this parameter. Besides, the following
equations must be accomplished so the power consumed by the EV does not exceed the EV charger maximum power

(Pev max):
Py =F,+F +F,
-P <SP +F +P <P

EV max

®)

V max
3.4. Sequence compensation control (SC)
The SC control aims for compensating the negative and zero voltage components. The SC control selected is the

one proposed in Caldon, Coppo, & Turri, 2014, which is suitable for being implemented in three-phase inverters and
behaves as follows:
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where lu is the three set of compensating currents, and /g is the three set of balancing currents that compensate the
voltage unbalance originated by the measured currents 7.0 and Zn2.

The balancing currents introduce an undesirable active power that needs to be eliminated by injecting a further
balanced set of currents /rase. This set equals to the active power originated by /zwse divided by three times the mean
value of the phase voltage magnitudes.

4. Battery ageing dependency on the charging control

For the analysis carried out in this work, the four selected controls, whether single-phase or three-phase, charge the
EV battery with 3.68 kW. Only Droop P control, which diminishes the charging power according to the voltage level,
can vary the EV active power consumption. LB control performs an active power rearrangement between phases to
reduce the unbalance, but no reactive power provision is involved in the EV charging process. At last, Droop Q control
injects reactive power to the grid for increasing the phase voltage level and SC control balances the current consumed
by the EV.

The battery ageing associated to the active power flow through an EV charger has been extensively assessed, but
the battery ageing associated to the reactive power flow has barely been analyzed. The main reason for this is that
providing reactive power with an EV charger does not have a direct effect on the battery, as an active power flow
would. A reactive power provision implies a higher ripple in the battery current, being this ripple function of the
charging control, EV charger topology, and DC-link capacitor (Kisacikoglu, Kesler, & Tolbert, 2015 and Kisacikoglu,
Ozpineci, & Tolbert, 2011).

Given that this work aims for analyzing the battery ageing associated to charging controls, it is crucial to identify
the effects that the current ripple originated by an EV charger has on the battery behavior and ageing. In this sense,
authors in Amamra et al., 2020 concluded that high frequency AC ripple has no measurable effect in the internal
resistance, and a slight effect is observed in capacity, suggesting that this ripple could contribute to the SEI (solid
electrolyte interface) growth. Similar results were obtained in Ghassemi et al., 2021 and Brand et al., 2018, pointing
out that a slight capacity loss occur due to the temperature increment experienced by the battery when subjected to
high frequency AC ripple. Hence, the battery ageing associated to the four controls can be evaluated with the battery
thermal and ageing model described in Section 2.

5. Methodology

In order to study the battery ageing associated to the different controls, a complete EV charger model is needed.
The EV charger developed in this work has been modelled in MATLAB Simulink and replicates the bidirectional
charger topology located at the ETSII UPM laboratory, described in Néjera Alvarez, 2020. Typical values of
commercial EV chargers for the AC inductive filter (1 mH), DC filter (0.3 mH) and for the DC-link capacitor (2.2
mF) have been selected (Kisacikoglu, Ozpineci, & Tolbert, 2011). When performing the simulations, the power grid
is considered infinite and the converters as ideal, given that the work developed in this section is not focused on
efficiency. Moreover, the low-level control is a standard vector control in dq axis for the inverter that regulates the
power exchanged with the grid. The control is modelled based on Yazdani & Iravani, 2010 and Fan, 2017. Moreover,
a battery of 355 V and 39 kWh has been selected for the analysis of this section, close to the nominal parameters of
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commercial EVs (Nissan, 2010). For parameterizing the battery model, a Kokam NMC cell (Najera Alvarez, 2020)
has been selected, resulting in a configuration of 96s2p.

The model, parameterized as aforementioned, has been tested for different rates of reactive power exchanged with
the grid, obtaining the steady state temperature shown in Table 1. A difference of 1.01°C is observed between 100
VAr and 1000 VAr. The temperature has a linear evolution, which can be adjusted via a least squares method, as
shown in Fig. 3.

Table 1. Temperature increment in the battery as a function of the reactive power.

Q [VAr] 100 200 300 400 500 600 700 800 900 1000
T [°C] 23.58 25.48 25.55 25.66 25.77 25.89 26.02 26.14 26.26 26.39
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Fig. 3. Temperature increment in the battery as a function of the reactive power.

The controls are compared to a base case charging/discharging scenario. This base case includes one cycle per day,
starting with a 100% discharge cycle at 0.1C, and followed by a complete charge with 3.68 kW. The ambient
temperature is fixed at 25°C, and no forced refrigeration is included. The results are evaluated after 1000 complete
cycles. A relative comparison between charging controls is proposed, so general trends can be observed. Typical
profiles for Droop P, Droop Q and SC controls are selected. LB control is expected to give a result similar to the base
case, given that the battery is charging with the same power and no reactive power is involved. The selected profiles
are shown in Fig. 4 and Fig. 5, being the former the active power profile for Droop P, and the latter the reactive power
profile associated to three Droop Q scenarios: maximum reactive provision, medium reactive provision, and low
reactive provision. An SC control typical profile is also included in Fig. 5.
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Fig. 4. Typical active power charging profile for Droop P control.
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Fig. 5. Typical reactive power profile for Droop Q control (max, med, min), and for SC control.
6. Results

The battery ageing results associated to the different charging profiles are shown in Fig. 6. LB control is not
included since there is no appreciable difference with respect to the base case. As expected, little variation is observed
between the ageing associated to the maximum and minimum ageing scenarios. A maximum difference of 0.8035%
SoH is observed after 1000 cycles between Droop P and Droop Q max scenarios. The best charging control from the
battery point of view is Droop P control, since the C rate and temperature variations are diminished with respect to
the base case, even though the charging process last longer that in the rest of scenarios. Droop Q scenario experience
the highest battery ageing for Droop Q max and Droop Q med, while a slight ageing increment with respect to the
base case is observed for Droop Q min and SC control.

As derived from the previous results, dealing with reactive power when improving voltage quality implies an extra
AC ripple in the battery cycling current. The amplitude and frequency of this ripple depends on the EV charger
topology and control. This ripple can, as shown in Table 1, increase the battery temperature, which in consequence
induces a higher ageing in the battery.
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Fig. 6. Battery ageing associated to the different charging profiles.
7. Conclusion

The paper analyzes the battery ageing associated to different EV charging profiles. Providing services further than
charging the EV battery can lead to an accelerated ageing, in terms of capacity loss. If those extra services include
active power flown through the battery, it is clear that an extra cycling will be induced. However, this is not clear
when the EV charger is dealing with reactive power.

The approach taken in this work to evaluate the battery ageing associated to each charging control shows that there
are little variations when compared to a base case where the EV charger charges the battery with constant power.
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Those variations, which occur due to a higher temperature when dealing with high rates of reactive power, can be
effectively solved with a simple cooling system, which is equipped in the majority of EVs. Nevertheless, other simple
and straightforward solutions could be taken, such as increasing the size of the DC-link capacitor and, thus, reducing
the high frequency AC ripple. According to this, performing voltage issues mitigation with EVs is not limited by the
battery lifespan, and could contribute to a better power quality without incurring in a higher battery ageing or a
worsened battery behavior.
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