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Abstract— Predicting the time needed to charge an electric
vehicle from X% to Y% is a difficult task due to the non-
linearity of the charging process and other external factors
such as temperature and battery degradation. Using 28,000
real-life level 3 fast charging sessions from 15 different types
of electric vehicles, we train models for this task. We compare
learning models such as random forest, linear and second-
degree regressions, support vector regressions, and neural
networks. The models take into consideration the external
temperature, battery capacity, nominal capacity of the elec-
tric vehicle, number of charges made during the same day,
maximum charging time allowed by the electric vehicle, target
voltage, maximum voltage and maximum current asked by the
electric vehicle. The models also take into consideration the
vehicle type and the charging station type. We use a data
augmentation technique (SMOTE) and hyperparameters opti-
mization to enhance our model performances. The structure of
the neural networks is optimized using Bayesian Optimization.
All models are trained and statistically compared in order to
find the overall best model for all vehicle types. The overall
best model is a neural network with a sub neural network
pre-trained to predict the electric vehicle type.

I. INTRODUCTION

With the rise of electric vehicles comes the rise of
anxieties around them. The principal sources of anxiety
are the purchase price, the autonomy and the battery
charging time [1]. In this paper, we focus on charging
time. We use machine learning and real data in order
to train models to predict the time needed to charge an
electric vehicle from X% to Y%. A precise model will
help to significantly reduce the charging time anxiety
(do T have time for a coffee or a complete meal?) and
facilitates the adoption of electric vehicles. Moreover, it is
crucial for algorithm that uses charging time to compute
solutions (such as vehicle routing problems [2]) to have
a precise algorithm to predict charging time. Errors in
charging time prediction can indeed lead to non-optimal
solutions and unnecessary costs.

We compare learning models (including neural net-
works) to predict the charging time using real-life fast
charging sessions that takes into consideration external
temperature, number of charges made during the same
day, battery capacity, etc. The remaining of this paper
is organized as follows. Section [[I] presents a literature
review. In Section we present the dataset used for
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our experiments. Section presents the learning model
variants tested. Section [V]presents the methodology used
to train and test the different variants. Finally, Section
[V]] presents the results of our experiments.

II. LITERATURE REVIEW

Initial work related to electric vehicle supposed linear
charging time [3] [4]. Montoya et al. [5] and Froger et
al. [6] show that it is important to consider the non-
linearity of the charging time. They use typical charging
functions in order to predict the charging time. More
recently we used a predetermined charging function to
find the optimal charging decisions for a fixed route in
electric vehicle (FRVCP-NLEM) [7]. It was found using
a very limited number of historical data. Moreover, the
charging function varies with respect to multiple external
unknown factors such as the internal temperature of
the battery. Nait et al. [8] used a predictive function to
predict the charging rate of an electric vehicle. They then
used this charging rate to predict the time needed to
charge. Their approach needs to know the time needed
to charge the electric vehicle to the maximum authorized
value and the minimum authorized value.

Frendo et al. [9] used simulation (with sampled his-
torical data) to train regression models predicting the
departure time of an electric vehicle given an arrival and
departure state of charge. They limited their analysis
to an arrival state of charge of 20 % with a departure
charge of at least 50 %. They used a single type of
electric vehicle with always the same battery capacity. All
charging stations (CS) are identical. They showed that
irregularities in duration even for the same driver makes
it difficult to predict. They showed that accurate charg-
ing duration predictions allow for a fair distribution when
multiple electric vehicles need to simultaneously charge.
The mean absolute error (MAE) of their best model is
82 minutes. Chung et al. [10] used an ensemble technique
to predict charging duration. Their best model has a
symmetric mean absolute percentage error (SMAPE) of
10.4 % using an ensemble predictive algorithm that uses
support vector regression, random forests, and diffusion-
based kernel density estimator.

In the context of a fleet of electric vehicles, Dong
et al. [11] developed an algorithm to control the wait-
ing time of an electric taxi at charging stations. They
limited the charging time of an electric vehicle to a
given maximum that allows them to dispatch vehicles



in a way that avoids long waiting time and unbalanced
utilization of charging stations. The maximum charging
time is obtained from historical data. Tian et al. [12]
employed a similar strategy to predict waiting time.
Shahriar et al. [13] propose a complete literature review
about predicting charging duration.

III. DATASET

Our raw dataset consists of 30 263 real fast charging
sessions. We have access to data from 3 different types
of level 3 charging stations for a period of one year. In
Table [ we present the features used by our learning
models. It also shows the source for each feature. In
order to take into consideration the fact that temperature
affects the charging process (as an approximation of the
temperature of the battery), we use Environment Canada
historical database [14] to get the external temperature
for each charging session. The external temperature has
a range of values from -40°C to 36°C. It roughly follows a
normal distribution centered at 0°C. This allows models
to have a good indication of the impact of temperature
on the time needed to charge an electric vehicle. We also
included a feature that represents the number of charges
made the same day by the same user. It allows to have
an indicator of the temperature of the battery.

A. Filters applied

Since the data is obtained from real charging sessions,
it contains anomalies that need to be filtered. We first
applied some basic filtering on the features from which we
know the expected range. The Start SOC and End SOC
must be between 0% and 100% and the Start SOC must
be smaller than the End SOC. Charging sessions with a
duration of less than 200 seconds are also excluded since
they do not represent a normal fast charging behavior.
We also exclude vehicle types from which we do not have
more than an arbitrary value of 100 charging sessions
because it is not enough to show the charging behavior
of the vehicle.

We also applied some more advanced filters. First, we
observe an abnormal behavior for the Mitsubishi Out-
lander when charging to 80% or 81%. We thus removed
all charging sessions from the Mitsubishi Outlander that
charged to these values. Second, we developed two indi-
cators that allow to filter two types of abnormal charging
session: charging a long time to gain very little state
of charge and charging a short time to gain a very
high state of charge. Equation has a high value when
the battery gained during the charging session has been
obtained quickly. Equation has a high value when the
duration is high for a small gain in battery. We remove
all data that is above the 97.5 percentile of each of these
equations from our dataset. After applying the proposed
filters, the dataset now has 28 034 charging sessions. In
total, the dataset has 15 different vehicle types.
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Duration (min)?
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AVAILABLE FEATURES FOR MODELS

TABLE 1

Feature

Description

Source

Start SoC (%)

Start state of charge of
the electric vehicle

Operator Logs

End SoC (%)

End state of charge of
the electric vehicle

Operator Logs

Temperature (°C)

External temperature
during the charging
session

Environment
Canada
Database

EVSE max power
(kW)

Maximum power that
the charging station
can provide

Protocol Infor-
mation

Max charging time
(min)

Maximum charging du-
ration authorized by
the electric vehicle

Protocol Infor-
mation

Battery capacity
(kWh)

Battery capacity of the
electric vehicle

Protocol Infor-
mation

Nominal battery
capacity (kWh)

Nominal battery ca-
pacity of the electric
vehicle

Operator Logs

Target voltage (V)

The voltage that the
electric vehicle would
like to receive during
the charging session

Protocol Infor-
mation

Max voltage (V)

The maximum voltage
that the electric vehicle
can receive at any mo-
ment during the charg-
ing session

Protocol Infor-
mation

Max current (A)

The maximum current
that the electric vehicle
can receive at any mo-
ment during the charg-
ing session

Protocol Infor-
mation

CS type

The type of the charg-
ing station

Operator Logs

Vehicle type

The type of the electric
vehicle

Operator Logs

Number of charges
the same day

umber of charges
made on the same day
by the same client with
the same vehicle

Operator Logs

Duration (min)?

(End SoC — Start SoC)?

IV. MODELS

(2)

We tested multiple learning models: linear and second-
degree regressions (LR and PR), Random Forests (RF)
of degree one and two, Support Vector Regression (SVR)
and Neural Networks (NN).

A. Neural Networks

The structure of the neural networks is inspired by

resnet [15]. Since our features do not contain spatial
relationship, we use feedfoward neural networks. For all
neural networks it consists of multiple repeated Basic
Blocks. Each Basic Block consists of a configurable num-
ber of fully connected layers each with a configurable
number of neurons. Each block has a batch normalization
at its output and a skip connection going from the input
to the output to help stabilize learning [16] [17]. The
activation function used is always the rectified linear unit
since it performs well in practice [18].



For all neural networks, we use a Stochastic Gradient
Descent with a learning rate of 1-10~°. We use Nesterov
with a momentum of 0.9 and a weight decay of 0.0001.
We used a validation set of 10% of the size of the training
set. We reduce the learning rate by a factor of 0.5 if
the validation loss has not reduced for 10 iterations.
We use early stopping to stop the learning process if
the validation loss has not reduced for 20 iterations and
restore the model to the iteration that had the best
validation loss when stopping the learning process.

B. Model variants

The vehicle type is provided by the EVSE network
operator. Its value is uncertain since it is determined
by the operator based on unverified criteria. Therefore,
it likely contains errors such as vehicle types that are
wrongly separated in two different vehicle types or too
general segmentation. For example, the Nissan LEAF
technology has evolved since the first generation and
not all Nissan LEAF have the same charging behavior.
For this reason, we propose to train variants for random
forests and neural networks that do not include the
vehicle type (since in theory the vehicle types can be
identified using the features of our dataset).

Another option (only possible for neural networks) is
to first train a sub neural network predicting the vehicle
type (the value provided by the operator) using the
Maximum Voltage, Maximum Current and the Battery
Capacity. These three features allow to identify most of
the vehicle types perfectly. This sub neural network can
then be injected into the bigger network used to predict
the time needed to charge the electric vehicle. Since none
of the weights of the neural networks are frozen, the
bigger network can correct errors made by the sub neural
networks if needed.

Thus, the training of the sub neural network is a
prior that we inject into the bigger neural network. As
a result, this method could offer multiple advantages:
it provides the neural network knowledge on the input
data, it allows the neural network to correct errors made
by the operator vehicle type and since the output of the
sub neural network is a probability distribution it allows
to encode more granular segmentation of electric vehicle
types as a combination of existing vehicle type if needed.

Table [[T] presents the different variants for each of the
learning models. It also presents an alias that we use
to refer to a specific variant. Each variant can use or
not the vehicle type given by the operator. It can use
second-degree interactions and for the neural networks
they can use a sub neural network and for the sub neural
network there is the possibility to copy the entries of the
sub neural network to the bigger neural network or not.

V. EXPERIMENTS
A. Methodology

Figure[l| presents an overview of the methodology used
to train and test each of the variants from Table [l We

TABLE II
PARTICULARITIES OF EACH VARIANTS AND THE ALIAS USED TO
IDENTIFY A GIVEN VARIANT.

Learning . Use‘ Use Sub Copy
Model Variant vehicle second Net- sub
type? degree? | work? entries?
RF v - -
Random RF-NV - -
Forest RE2 v v - -
RF2-NV v - -
Regression LR v _ _
PR2 v v - -
SVR SVR v - -
NNS v
Neural NNS-A v v
Network NN v -
NN-NV -

do an 80-20 split of our dataset that ensures that there
is the same percentage of each vehicle type and CS type.
We then use the 20% to optimize the hyperparameters of
the models and the remaining 80% is used to train and
test our models. Each variant is then trained using four
learning methods: using all data, per vehicle type, per CS
type or per vehicle type per CS type. We then perform 10
repetitions of stratified K-Fold cross validation [19] with
K=5. For each iteration of K-Fold, if data augmentation
is used (see section , we apply data augmentation
to the training set and then train the variant on the
augmented training set. We then compute the Mean
Absolute Percentage Error (MAPE) of the variant on
the test set. Once all variants are trained and tested,
we perform a statistical comparison in order to deter-
mine which model has on average the best MAPE. All
variants are tested on the same data for each repetition.
This allows to compute a difference test to compare the
different variants [20]. For most variants, we have no prior
on the best way to train the variant and thus we need to
train them in all the possible learning methods. However,
for neural networks we do not train one variant for each
vehicle type for each CS type since it generally performs
better with more data [21] and for computational time
limitations.

B. Hyperparameters optimization

Linear and second-degree regression do not require
hyperparameters optimization. Therefore, we only opti-
mized the hyperparameters of the random forests, SVR
and the neural networks. We optimized their hyperpa-
rameters using Bayesian Optimization on 20% of the data
of our dataset which usually allows to efficiently find good
hyperparameters values for neural networks [22] [23].
Bayesian optimization of the random forests give the
same results as the default one used by Scikit-learn [24].
It returns C=10, epsilon=2.97 with a linear kernel for
the SVR.

1) Neural networks: We optimize the structure of
the neural networks using Bayesian Optimization. For
computational time limitations, we only optimize the
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Methodology used to optimize, train and test the different

structure of the NNS-A (see Table when trained
on all the data without data augmentation. We choose
the NNS-A because preliminary experimentations show
that it performs the best between the different neural
networks variants. All other neural networks will share
the same structure. Training-specific hyperparameters
are manually chosen because of computational time lim-
itations.

The optimization process consists of deciding the num-
ber of Basic Blocks (from 1 to 10), the number of layers

in each Basic Block (from 1 to 10) and the number of
neurons in each fully connected layer (from 8 to 512).
The number of configurations is 50 500 that ranges from
a simple 1-layer neural network to a deep 100-layer neural
network. After 128 iterations of Bayesian Optimization,
the best configuration found is 3 Basic Blocks with 7
fully connected layers of 340 neurons each.

C. Data augmentation

Our dataset is highly unbalanced from one vehicle type
to another. In reality, we want the variants to be equally
accurate for each vehicle types.

In order to balance our dataset, we train every
model with Synthetic Minority Over-sampling TEch-
nique (SMOTE) [25]. Since SMOTE can also worsen
the model results, all models are also trained without
SMOTE and a comparative analysis is performed. With-
out SMOTE the size of our training set is approximately
20 000 data. With SMOTE, the training set is now ap-
proximately 115 000 data, which is a significant increase.

VI. RESULTS

Table [ITI] presents the average Mean Absolute Per-
centage Error (MAPE) over all vehicle types for each
variant for each of the learning models. Since our dataset,
is unbalanced the confidence interval is computed using
post-stratification [26]. It also presents the number of
vehicle types for which it dominates the other variants
(a variant dominates when its MAPE is on average
statistically lower to other variants when performing the
difference test [20] with a confidence of 95 %). If for two
variants for the same vehicle type we cannot conclude
on average a statistical difference, we also consider that
both models dominate.

The best variant is the neural network trained on all
data using SMOTE that uses a sub neural network and
copies the entries of the sub neural network to the bigger
neural network (NNS-A). It dominates for 14 of the 15
vehicles types. For the Kia Soul (2018), the dominant
variant is the NN trained per vehicle. The MAPE of the
NNS-A is 7.13 £ 0.0575 while the NN has a MAPE of
6.47 4+ 0.095.

The best sixth variants are neural networks. Figure
presents the difference per vehicle type between the
best variant (NNS-A) and the second-best variant (NN-
NV). On average the difference of the MAPE between
the best variant and the second-best variant is 0.24 with
a maximum of 1.17 and a minimum of -0.2. The NNS-
A dominates for all electric vehicle types. The two best
variants do not use the operator vehicle type. Injecting
a prior using a sub neural network allows for a slight
improvement. The prior allows for a smaller confidence
interval. For the neural network variants, it is better to
train the neural networks on all data using SMOTE.

Figure [3| presents the difference of MAPE between
the best variant (NNS-A) and the second-best variant
that is not a neural network (RF2 trained on all data



TABLE III
AVERAGE MEAN ABSOLUTE PERCENTAGE ERROR (MAPE) OVER

ALL VEHICLE TYPES AND NUMBER OF VEHICLE TYPES FOR WHICH IT

DOMINATES OF EACH VARIANT FOR EACH OF THE LEARNING

METHODS. THE TOTAL NUMBER OF VEHICLE TYPES IS 15.

1.5
1.0-

0.5

..;iaii+;++% £;+

using SMOTE). On average the difference is 2.02 with a
maximum of 3.72 and a minimum of 0.18. It dominates
for all vehicle types and this difference is statistically
significant for 14 of the 15 vehicle types. This difference
increases for the other learning model such as SVR where
they perform poorly on our dataset.

Figure [4| presents the MAPE of the best variant (NNS-
A) for all vehicle types. Its MAPE over all vehicles is
12.19% with a maximum of 18.44 % and a minimum of
6.31 %. The mean absolute error (MAE) over all vehicles
of the NNS-A is 3.10 minutes with a maximum of 5.60
minutes and a minimum of 1.51 minutes.

Number of ve-

. . hicle types for -0.5

Variant Learning method MAPE (%) which it domi-
55 8 5 f 8o §,88 EY 3 35 £5 E_ Su Sum S

NNS-A | AI-SMOTE D19 L 0.0106 | o 14 38 % 5 tEigtiess ¢ ogsifizisisiis
NN-NV | AILSMOTE 12.43 £ 0.0151 9 S o EEEy 7 v oxt gzl TES
NN All-SMOTE 12.55 + 0.013 6 >
NN CS-SMOTE 13.02 £0.014 2
NN CS 13.48 £ 0.025 1 Fig. 2. Difference of the value of the Mean Absolute Percentage
NN Vehicle 13.92 + 0.1805 6 Error (MAPE) between the most dominant variant (NNS-A) and
RIF2 AI-SMOTE 14.21 + 0.0189 0 the second-best variant (NN-NV) for each vehicle type. Negative
RF Al-SMOTE 14.41 + 0.0196 0 value means that the NN-NV has a smaller MAPE than the NNS-
NN-NV [ All 14.46 + 0.0323 1 A for the vehicle type.
RF2 CS-SMOTE 14.48 +£0.0141 0
RF-NV All-SMOTE 14.58 £ 0.0207 0
RF2-NV | All-SMOTE 14.59 £+ 0.0196 0
RF CS-SMOTE 14.6 £ 0.0192 0 ¢
NNS All 14.66 £+ 0.0235 0
NN Al 14.67 £ 0.0225 1 3
NNS-A All 14.68 £+ 0.0229 0
RF2 All 15.64 £ 0.0138 0 2
RF All 15.69 £ 0.0086 0
RF2 CS 15.75 £ 0.0108 T !
RF-NV All 15.8 £0.011 0
RF CS 15.86 £ 0.0107 0 g S———— ‘ +_ﬁ e
RF Vehicle 15.89 £ 0.0184 0 58 3 % % Bo 5558, 5% 3 33 53 5. GuGud
RF2 Vehicle 16.21 £ 0.0163 0 L oz 4 5838 tafes s =8 35 3% 29298%8
RF Vehicle per CS | 16.25 £ 0.0188 0 g g T =« £ £ 2é
RF2-NV | All 16.54 £ 0.013 0 >
RF2 Vehicle per CS 16.58 £ 0.0165 0
PR2 Velhide 5029 £ 0.1977 0 Fig. 3. Difference of the Mean Absolute Percentage Error (MAPE)
PR2 Vehicle per CS 51.01 £0.1977 0 between the best variant (NNS-A) and the second-best variant that
IR Vehicle 23.65 £ 0.017 0 is not a neural network (RF2) fo.r each vehicle type
LR Vehicle per CS 24.01 £ 0.0171 0
SVR Vehicle 28.45 4+ 0.0152 0
SVR Vehicle per CS 29.25 +0.0153 0 20
SVR CS-SMOTE 29.73 & 0.0053 0 18
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Fig. 4. Mean Absolute Percentage Error (MAPE (%)) of the NNS-
A for each vehicle type

A. SMOTE analysis

The four best variants use SMOTE: NNS-A, NN-NV,
NN trained on all data and NN trained per CS. For
the NNS-A, the difference between using SMOTE or not
is 2.34. All improvements are on average statistically
significant except for the Kia Soul. The best MAPE
improvement is 16.62. We also note that for all vehicle
types, the use of SMOTE always improve the MAPE.
For the NN-NV| the average difference is 2.03. For the




NN trained on all data the average difference is 2.12
and finally for the NN trained per CS it is 0.46. For
all of these variants, using SMOTE allow to obtain a
smaller confidence interval. We also observe that all the
best variants for the random forests use SMOTE with
an average difference of 1.43 for the RF2 trained on all
data. Finally, the use of SMOTE for the regressions and
support vector regressions generally worsen the results
with the worst learning models being linear and second-
degree regressions.

VII. CONCLUSION

We presented a comparison of multiple learning model
variants predicting the time needed to charge an electric
vehicle from X% to Y% on a fast-charging station. We
used 30,000 real fast charging sessions over 15 vehicle
types. The best variant is a neural network with a sub
neural network (NNS-A). Its MAPE over all vehicle types
is on average 12.19% =+ 0.0106 with a MAE of 3.10
minutes. In comparison with the second-best variant that
is not a neural network, the NNS-A has on average a
smaller MAPE (2.02). We showed that using SMOTE
to balance our dataset allows the NNS-A to obtain on
average a MAPE that is 2.34 smaller with a maximum
improvement of 16.62 for the Jaguar I-PACE. As for
future work, this paper did not present integration meth-
ods to a real-world application. We want to personalize
the neural networks to adjust to user vehicle specific
behaviors to consider the vehicle state of health.
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