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Abstract—The recent development of EVs with high-capacity
batteries and high charging power capabilities leads to an
increased demand for fast-charging stations (FCS). However, FCS
can cause power quality issues such as voltage drops in distribu-
tion grids with limited power capacity. Grid reinforcements are a
standard solution for solving power quality issues. However, these
can be costly. An alternative approach is to install bi-directional
chargers at FCS and use this flexibility source to provide voltage
support in peak-load periods by injecting reactive power to the
grid. This paper proposes a model predictive controller (MPC)
to control and coordinate such high-power chargers. The MPC
maximizes the charging rate for the EVs while ensuring that the
voltage level stays within the allowable limits. The control system
has been evaluated through simulations on a realistic grid model,
and the results show that both the FCS and the grid can benefit
from utilizing the reactive power.

Index Terms—Model predictive control (MPC), Fast charging
station (FCS), Electric vehicle (EV), Reactive power, Voltage
control.

I. INTRODUCTION

The concern of a limited range and long charging time
prohibits consumers to fully embrace electric vehicles (EVs),
where the term EV in this paper denotes electric cars. There-
fore, the availability of fast-charging stations (FCS) is likely to
be essential to increase the adoption of EVs in the future [1} 2].
However, the additional peak load from high-power charging
at FCS can pose challenges for the existing distribution grid.

The grid impact from chargers with a slower charging
rate, located at parking lots or in residential areas, have been
investigated in [3] and [4]]. In [3], a coordinating charging
approach was proposed to improve the power quality and
voltage deviations. Similarly, optimal scheduling algorithms
based on model predictive control (MPC) have been developed
in [5, 6]. These control systems are expecting the EVs to
charge at long time intervals, and thus, they mainly focus on
optimal scheduling and load-shifting.

For FCS, the problem is different since the aim is to provide
high power for the short duration an EV is connected to
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the charger. Today’s chargers can charge up to 350 kW [7],
and therefore, increased penetration of EVs with very high
power requirements will impose significant demands on the
grid. The aggregated load from FCS can also have a high
peak-to-average power ratio, which implies a low utilization
of the available grid capacity [8]. In addition, fast charging
can often occur during peak hours when the load demands are
high, making load-shifting very challenging. One solution is
to include some additional energy storage systems (ESS) as a
supply source during the peak-hours as in [1} |9].

Modern chargers can be equipped with bi-directional con-
verters so that charging can take place in any of the four P—@Q
quadrants, thus, allowing active and reactive power flow in
both directions. The concept of supplying active power to the
grid from the batteries of connected EVs, is referred to as
Vehicle-to-Grid (V2G). This allows EVs to provide ancillary
services to the grid by temporarily discharging an EV’s battery.
A review of current V2G technologies and their impact on the
distribution grid are available in [10] and [11].

The economic benefit from V2G services is still an open
question, especially when accounting for battery degradation
[12} [13]]. Nevertheless, for FCS, the objective is to maximize
the state of charge (SoC) for the short time the EV is charging.
Therefore, services that involve discharging an EV’s battery to
compensate for slow voltage and frequency variations may be
of little benefit, even though it could be useful for handling
fast and short-term events [[14]. However, when bi-directional
converters are used, it is possible to inject reactive power into
the grid while simultaneously consuming active power [15].
Voltage drops are one of the main issues caused by charging
EVs [16], and thus, the charging capacity available for FCS
can be restricted by the grid operators. However, for medium-
voltage (MV) grids with a low R/X ratio, reactive power can
contribute to voltage control [17]]. Therefore, having the FCS
inject reactive power while simultaneously consuming active
power can benefit both the grid and FCS operators by reducing
charging restrictions without needing to reinforce the grid [18].

In this work, an MPC is designed to control and coordinate
the chargers at an FCS. The MPC tries to supply the charging
EVs with the maximum amount of energy while keeping the
voltages within allowable limits. When the voltage drops be-
low the threshold, the MPC will initially inject reactive power
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to the grid. If reactive power alone is not sufficient to satisfy
the voltage constraints, the MPC will also restrict the active
power delivered to the EVs. Previous research on MPC and
EV charging has primarily been focusing on controlling active
power for optimal scheduling and load shifting. However, little
work has been done to utilize the reactive power available at
an FCS. Therefore, the aim is to showcase the advantages of
controlling both active and reactive power at an FCS.

II. METHOD

An MPC is proposed to control and coordinate the chargers
at an FCS. Implementing an MPC requires formulating an ob-
jective function, defining constraints, and developing dynamic
models, which will be presented in this section.

A. Model predictive control

Model predictive control (MPC) has received much attention
in the control community [19] due to its ability to control
multi-input and multi-output systems while handling con-
straints. An MPC is a real-time optimization method, where an
optimization problem is solved online using a dynamic system
model. A sequence of control actions is chosen over a spec-
ified horizon window to give the optimal control trajectory.
However, from the computed control action sequence, only
the first sample is implemented on the system. The model is
then updated using the newly available information, and the
control problem is solved again. This procedure is repeated
continuously, and thus, it can update its control trajectory
whenever new information becomes available.

A generalized formulation of the MPC optimization prob-
lem for a prediction horizon of N samples can be given by
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The control objective is defined by J(:), and f(-) is the
dynamic model of the system. The states, control inputs, and
disturbances are represented with z, u, and d, respectively. The
maximum and minimum constraints for the states and control
inputs are given by {z,Z}, and {u,u}.

Traditionally, linear system models and linear constraints
with a quadratic objective function are used, but implementa-
tion with nonlinear models, i.e., nonlinear MPC, is becoming
more popular [19, 20]. However, in this work, only a lin-
ear MPC will be considered to simplify the computational
complexity. In either case, the MPC algorithm’s success will
heavily depend on the accuracy of its model.

INIA

B. Battery model and charging constraints

The state of charge (SoC) dynamics for an EV battery can
be modeled using the discrete-time state equation [21]:

mPgv,(k)At

SoCy(k+1) e

= SoCi(k) + ®)

Here, 7, is the charging efficiency coefficient, and E; is
the energy capacity for the charging EV’s battery. The power
absorbed by the battery is given by Pgy,, and At is the
sampling time. The subscripts [ indicate the [:th charger in
the FCS. The value of 7; will vary, depending on whether
the battery is being charged or discharged. However, for this
application, the EVs will not be allowed to provide V2G
services that inject active power to the grid. Thus, it will be
assumed that only charging the EVs is possible at the FCS.
The maximum charging rate for an EV will depend on the
EV model and its battery. Some examples of EVs, their battery
size, and their maximum charging rate are listed in Table [I|
However, the EVs will not always be allowed to charge at

TABLE 1
EV MODELS WITH BATTERY SIZE AND MAX. CHARGING POWER

EV Model Battery Size  Max. charging rate
Audi e-tron 95 kWh 155 kW
Mercedes EQC 80 kWh 115 kW
Tesla S/X LR 90 kWh 140 kW
Nissan Leaf 30 kWh 45 kW

their maximum power since it would be harmful to the battery.
Instead, the allowed power input to the battery is determined
by the battery management system (BMS) and depends on
different factors such as SoC and temperature. Here, it will be
assumed that the allowed charging rate is only dependent on
the SoC to reduce the complexity. The Dutch company Fastned
[22], has tested different EVs on their chargers and collected
the data to develop power curves as a function of SoC. These
are nonlinear curves but have here been simplified to consist
of piecewise linear functions, as illustrated in Fig.
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Fig. 1. Maximum charging rate curves for the EV batteries.

Based on the power curves in Fig. [I] the maximum power
constraint for the EVs can be given by the linear function:

FEV,Z(]{?) =aq- SOC;(]{?) + by, (6)

where a; and b; are constants that are determined based on
the EV model at the [:th charger and its current SoC. In case
no EV is connected to a charger, then the maximum power
constraint will be set to zero. The minimum active power
constraint for the charging EVs will always be zero to ensure
that they can only be charged at the FCS.
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C. Grid voltage model and constraints

The power flow equations for the active and reactive power
flows in a power network are given by [23|]:

Nbus

Pi = Uz Z Y—ijUj coséij (7)
j=i
Nyus

Q:=U; Z Y;;Uj sin &5, ®)
Jj=i

where Uj; is the voltage amplitude in node ¢ with Yj;, and d;;
being the admittance and power angle between node ¢ and j,
respectively. The power flow equations are nonlinear and can
be challenging to solve. To reduce the computational burden
and assuming that the deviations from the nominal values are
small, the power flow equations in (7) and (8] can be linearized
around the current operating point. The resulting Jacobian
matrix J 1is then inverted to give an expression, describing
the influence of AP and AQ on AU and Ad¢:
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Here, AP, AQ, AU, and Aé are the changes in active
power, reactive power, voltage amplitudes and power angles,
respectively. A discrete-time state-space model for the network
bus voltages and power angles is then be given by

G- [e) o[22

In which U(k) and &(k) are vectors containing the voltage
magnitudes and voltage angles for the different buses in the
distribution network at time k.

The Jacobian matrix in (9) can be updated at every iteration
after new measurements become available. This will improve
the model accuracy and result in more suitable values for
AP(k) and AQ(k) to ensure that the voltage stays within
the allowed limits:

(10)

U<Uk)<T. (1)

D. Grid feeding converter

A grid-feeding converter is primarily designed to draw or
deliver a specified amount of power from or to the grid. The
converter should be able to stay synchronized to the voltage
and frequency at the connection point [24]. It operates by
trying to produce or absorb a set amount of active P and
reactive power () through some set-points. Using AP and AQ
as the manipulated variables for the MPC, the resulting set-
point trajectories given to the converter are:

P(k+1) = P(k) + AP(k)
Q(k +1) = Q(k) + AQ(k).

The maximum amount of active and reactive power that can
be generated will be determined by the specifications of the

12)
13)

converter. In this paper, the upper limit is assumed to only be
given by the maximum apparent power such that:
PP+ Q2<S (14)
However, in addition to (I4), the limit on the active power
supplied to an EV is also restricted by the constraint in (6).

E. MPC objective function

The profitability of an FCS will be determined by the
amount of energy (kWh) it can sell. Thus, for the time EVs
are connected to the chargers, the goal should be to maximize
the supplied active power. An objective function with a time
horizon of N and n number of chargers can be defined as:

N n
D= Z Zw1 (P'ref,l - PEv,l(k:))2 + wQQQEV7l(k)~ (15)

k=11=1

Here, Pgv,;, and Qgv, are the set-points for the active
power and reactive power to the [:th charger, respectively. The
reference Py, is a value that is given by

Pmaa:
P —
refit {O otherwise,

if an EV is connected to charger [, (16)

where, P"%" is the maximum power capacity of the converter,
which differs from the maximum power constraint for the EVs
in @ The weights w; and wsy are scalar values and should
be chosen such that w;,wy > 0. Typically, these should be
selected such that w; >> ws, since the last term in (T3)) is
only there to ensure that reactive power is not injected to the
grid unless it is necessary.

F. MPC formulation for the FCS

Using the objective function in (I5); the models for the
batteries, the bus voltages, the power trajectories in @, ,
(I2), and (T3), respectively; together with the constraints in
(1) and (6), the MPC formulation can be given by:

min P + ws € a7
APgv,,APgv,,
AQEv,,AQEv,
S APgyy
s.t. U(k+1) ( )+‘7{UEV} |:Z? AQEV,[ ) (18)
Ulk) —e< ( ) <U(k) +e, (19)
SoCi(k+1) = SoCy(k) + anEv’l(k)At / Elcap, Vi, (20)
PEVl(k—Fl) PEVl(k) +APEV’I(I€), Vi, (21)
Qevi(k+1) = Qrv(k) + AQEv,(k), Vi, (22)
0<PEVl(k) Sal-SOCl(k)-i-bl, Vi, (23)
5 > Piy(k) + Qv (k), vi. (24)

In (I8), the power angles have been excluded from (I0)
since only the voltage magnitudes are considered. In addition,
only APgy,; and AQgy, for the different chargers can be
controlled by the MPC. Therefore, J ! has been replaced
with j{UEV}, where the subscript ”{U, EV'}” represents
the rows and columns in J~! that maps Zz APgy,; and
Zl AQE\/J to AU.
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The term € has been added to the objective function and the
voltage constraints to avoid the solution becoming infeasible.
By selecting the weights such that ws >> wy >> wy > 0, the
optimal solution for the above MPC problem will distribute the
active power equally between the charging EVs while ensuring
that the voltage at every bus stays within the allowed limits.
When the voltage goes outside of the allowed threshold, the
MPC will prioritize injecting the grid with reactive power to
avoid having to reduce the active power that is being absorbed
by the charging EVs. Even though the MPC objective tries to
charge each EV at the converter’s maximum power capacity,
the upper limit between the EVs varies depending on the
type and the current SoC. Therefore, the amount of reactive
power available at each charger varies over time due to the
constraint in (24). The MPC will try to take advantage of this
by coordinating the reactive power between the converters to
avoid needing to reduce the charging rates for the EVs.

III. RESULTS AND DISCUSSION

The proposed MPC scheme was simulated using a model
of an MV distribution grid. The MPC was implemented in
Matlab using YALMIP [25], with a sampling time of 1 minute
and a time horizon of 10 minutes. To solve the convex
but quadratically constrained optimization problem, the solver
SDPT3 was used [26].

A. The distribution grid model

The grid model used is based on a real MV radial distri-
bution grid that is located in the municipality of Stange in
Norway. The topology of the distribution system is shown

B —§ po I
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g

Fig. 2. Topology of the Stange distribution grid, adapted from [27].

in Fig. 2] where the grid is connected to a 66 kV / 22 kV
substation at bus 1. There are 11 different buses, where 7 of
them are connected to some time-varying load. The different
loads consist primarily of different households and farms, but
bus 11 is also connected to some schools and a grocery shop.
The load profiles for a given day are shown in Fig. 3] but for
more information about the Stange distribution grid, the cross-
section for its lines, and admittances, the reader is referred to
[27]. The voltage at bus 1 will remain constant at a value of
1 p.u, which is sufficient to keep the voltages at every bus
within £5 % under normal operation for the loads in Fig.

Load profiles for the Stange grid
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Fig. 3. Load profiles for the Stange distribution grid.

B. FCS and arriving EVs

The FCS is placed at bus 10 and consists of 10 separate
chargers, each capable of delivering a maximum output of 150
kW. The number of EVs that are assumed to be visiting the
FCS at every given hour for a given day is shown in Figf] In

No. of EVs arriving at every hour

No. of EVs

0
1234567 89101112131415161718192021222324
Time (hours)

Fig. 4. The total number of EVs that arrive to the FCS at every hour.

[8], a Poisson process was used to estimate the arrival time for
each EV based on the number of EVs expected to arrive per
minute, for a given hour. However, in this paper, the arrival
times for the EVs are simply distributed evenly for the given
number of EVs at every hour.

According to its arrival time, each EV will arrive at the
FCS and occupy the first available charger to start charging.
When multiple EVs want to charge simultaneously, a queue
will start to form since there will not always be chargers that
are immediately available. Consequently, the queuing EVs will
be forced to wait until a charging spot becomes available. For
these simulations, the maximum waiting time for the EVs has
been set to 15 minutes, i.e., an EV will leave the queue after
15 minutes, and the FCS will lose a customer.

The EV fleet is represented by the different EV models,
listed in Table m which influence the battery size, and the
charging rate based on the power curve in Fig. [I] The EV
models and the initial SoC are randomly assigned to the EV
fleet, with the initial SoC being within 15 and 35 %. However,
the same data set of the EV types and their initial SoC will
be used for all simulations. Once an EV is being charged, it
will leave the FCS when it reaches an SoC of 90%, or the
duration it has been occupying the charger exceeds 1 hour.
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C. FCS Controller

The FCS controller’s objective is to coordinate and control
the different chargers such that the maximum energy can be
supplied to the charging EVs without the voltages dropping
below the allowed limit. By maximizing the active power
output, the EVs can be charged faster, and thus, more charging
slots can become available. As a result, more EVs can charge,
which increases the profitability of the FCS.

To demonstrate the benefits of using an MPC and optimally
utilizing the available reactive power, the FCS is controlled
using four different methods. First, the FCS is controlled at its
maximum capacity, while ignoring its impact on the voltage.
In the second case, a constant upper limit on the total active
power is placed on the FCS to ensure the voltage does not
drop under its threshold. In the third and fourth methods, an
MPC is used to keep the voltage within the allowed limits by
continuously adjusting the power output. Therefore, the lower
and upper limits in (T9) has been set to 0.95 and 1.05 p.u,
respectively. However, in case 3, only the active power P is
adjusted, keeping the reactive power () at zero, whereas in
case 4, both active and reactive power are controlled.

1) Case 1: FCS operating at maximum capacity: In this
case, the EVs are always charged at their maximum charging
rates, without considering the grid voltages. For the FCS
operator, this is the most profitable method of controlling the
chargers, but it has a very negative impact on the grid voltage,
as can be seen in Fig. 5] The voltage at bus 11 is the most
critical and will, thus, only be displayed here. When operating
the FCS at its maximum capacity, it will deliver the most
energy and hence charge the highest number of EVs, but the
voltage will also fall below its limit for most of the day.

Voltage at bus 11

chargers. The simulation results from placing this constraint on
the FCS are available in Fig. [5] which shows that the voltage
remains above the limit for most of the simulation. However,
in this case, the FCS only manages to charge 240 EVs out of
371 and deliver a total of 3.54 MWh, as shown in Table [[I,
which constitutes only 31 % of the FCS’s capacity.

TABLE 1T
ENERGY DELIVERED TO EVS AND NO. OF EVS CHARGED

Control method Delivered energy  No. of EVs charged

Maximum capacity 11.29 MWh 356 / 371
Upper limit on P 3.54 MWh 240 / 371
MPC controlling P 7.24 MWh 280 / 371
MPC controlling P & Q 11.23 MWh 351 / 371

3) Case 3: MPC for active power control: Placing an upper
limit on the total active power can ensure that grid voltages
stay within allowable limits. However, according to Fig. [3
it can be seen that for case 2, the voltage drop is primarily
an issue around the 9:th, 11:th, and 22:th hour. Therefore,
instead of having a constant upper restriction on P, an MPC
can continuously adjust the active power to avoid the voltage
dropping below the threshold. The results are shown in Fig. 3]
and Table [lIL and shows a significant improvement compared
to the second case. A total of 7.24 MWh can be delivered to
the EVs, which is 64 % of what is possible without the voltage
at bus 11 going below 0.95 p.u.

Voltage at bus 11
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Fig. 5. Voltage at bus 11 and delivered power to EVs for case 1, 2, and 3.

2) Case 2: Constant limit on the active power: Typically,
an upper limit on the power demand is placed by the grid
operator on the FCS to ensure that, e.g., the voltage never
drops below its lower limit. A 150 kW upper limit was used
in this example, which must be shared between all the ten

Total reactive power injected to the grid
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Fig. 6. Voltage at bus 11, the delivered power to EVs and the reactive power
injected to the grid for case 1, and 4.
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4) Case 4: MPC for active and reactive power control:
In the previous cases, only active power was used, and thus,
the reactive power remained an unused resource. The reactive
power is limited by the constraint in (24), which is set to
150 kVA for each charger. Therefore, the availability of Q)
will be dependent on P. However, the maximum charging
rate varies depending on the SoC and EV type, and thus, there
will almost always be some reactive power available without
needing to reduce P. Using the proposed MPC formulation,
the optimal references for P and @) will continuously be sent
to the individual chargers. The simulation results are shown in
Fig.[6] and are compared to case 1. The total amount of energy
delivered to the EVs when using the proposed MPC is almost
identical (99 %) to charging every EVs at their maximum
charging rate. However, by taking advantage of the chargers’
reactive power, the voltage can be kept above 0.95 p.u.

IV. CONCLUSION AND FURTHER WORK

High-power charging of EVs can cause power quality issues
such as voltage drops, and therefore, it is common to restrict
FCS in terms of their maximum active power drawn from the
grid. An MPC was used to control and coordinate chargers in
an FCS to maximize the delivered active power to the EVs
while simultaneously supporting the grid by injecting reactive
power. It was demonstrated through simulations that the active
power used for charging could significantly be increased while
ensuring that the grid voltages stayed within acceptable limits
when the reactive power was utilized in a near-optimal way.
Therefore, even though reactive power, as for today, has no
direct economic value, it can provide an indirect economic
benefit by controlling the voltage. Instead of limiting the
maximum active power drawn from the grid, the grid operators
could, e.g., set restrictions on the voltages, which would
provide more flexibility and opportunities for FCS operators to
take advantage of already existing resources. Future research
will investigate the use of chargers for other ancillary services
and the feasibility of bi-directional converters. Additional work
will also involve developing simpler control structures that are
easier to implement but can still give comparable results.
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