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Abstract—This article proposes a new hierarchal control scheme
for dc-coupled fast electric vehicle (EV) charging stations. This
control scheme coordinates the charging activities of the linked
EVs with renewable energy sources and external storage solutions.
The proposed solution allows bidirectional power flow and pro-
vides various ancillary services to the grid. These services include
low-voltage ride through (LVRT), high-voltage ride through, low-
frequency ride through, high-frequency ride through, and voltage
support (VS). To prove this concept, the article will focus on LVRT
and VS services. In addition to the aforementioned objectives, the
proposed scheme aims to minimize the power consumed from the ac
grid and take the advantage of the available renewable energy, and
harvest the maximum possible power from the available renewable
resources. Experimental investigations are conducted to validate
the proposed concept and prove its unique advantages.

Index Terms—Ancillary services, dc coupled charging stations,
fast electric vehicle (EV) charger, hierarchical control, renewable
energies.

I. INTRODUCTION

E LECTRIC vehicles (EVs) are game-changers for the auto-
motive industry, ushering in a new era of environmentally

friendly and sustainable transportation [1]. EVs are cleaner
and more energy-efficient alternatives to conventional internal
combustion engine vehicles. Although EVs hold great promise
for a sustainable future, they also face several challenges that
need to be addressed for widespread adoption. One of the key
challenges is related to the charging process, including chargers’
availability, charging time, and the impact on the grid.
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Fig. 1. DC link-coupled FEVC infrastructure.

These issues have drawn a lot of research attention in an effort
to advance electrified transport to its next stage. A portion of
these studies concentrated on the charging stations localization
problem to address the issue of availability and minimize the
impact of charging process on the grid [2], [3]. Other studies
focused on reducing the cost and impact of increasing the
number of charging stations [4], scalability aspects [5], and the
reliability of power electronic systems [6].

Fast EV chargers (FEVCs) represent a ground-breaking ad-
vancement in the field of EVs. They offer a discernible increase
in charging speed, can supply a substantial quantity of power
to the EV’s battery in a comparatively short period of time, in
addition to possible grid support. Due to the advancement of
bidirectional power converters, FEVCs are increasingly trans-
forming from grid-stressors into relievers. They can be used
as distributed storage systems, increase the inertia of the grid,
enhance voltage and frequency stability of the grid, lowering
peak demand, and improve the power factor and the quality of
grid’s power.

One of the best available infrastructures to achieve all of these
objectives is the dc link-coupled FEVCs [5] shown in Fig. 1.
In this infrastructure, multiple bidirectional ac–dc converters
are connected in parallel to provide a common dc link. This
simplifies the process of integrating photovoltaics (PVs) and
storage systems. Moreover, such infrastructure reduces the num-
ber of the required converters, reduces the losses resulted from
multi-stage power conversion, and enhances the scalability and
flexibility of the charging system. To charge/discharge the EV,
only single stage dc–dc converter is required to integrate the EV
with the dc link.
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This infrastructure attracted a global attention of research
due to its unique benefits [7], [8]. Some of the researches
proposed methods to integrate renewable energies such as PVs
with bidirectional EV chargers [9], fuel-cells [10], and additional
battery storage systems [11]. Another direction of research on dc
link-coupled chargers is related to providing possible ancillary
services such as supporting the voltage in dc microgrids [12] and
enhancing the stability of ac grids [13]. Moreover, all ancillary
services that can be implemented using the conventional FEVCs
are applicable for the dc-link coupled chargers. However, these
services are not well-addressed yet for this infrastructure, which
performs one of the key motivations of this article.

Different than the conventional FEVC, which consists of only
two cascaded converters, the main challenge of dc link-coupled
FEVC infrastructure is the increased number of the effective
components as this structure contains multiple EVs, multiple
renewable energy resources, storage systems, and ac–dc convert-
ers. Therefore, these components must operate synchronously in
a collaborated and coordinated manner to harvest the maximum
possible benefits, services, and power quality. This triggers the
necessity of a rigid hierarchal control technique that takes in
considerations all available EVs, storage systems, renewable
energies, ancillary services, and grid integration.

Hierarchal control techniques are widely spread in many ap-
plications especially in ac and dc microgrids. The main purpose
of such control is to enable the intelligent and adaptable integra-
tion of distributed generation based on power electronics [14]. In
general, the hierarchal control approach consists of three levels,
namely tertiary control, secondary control, and primary control
[1]. This approach shows multiple advantages for microgrids in
terms of flexibility and holism. However, concerning EVs, there
are numerous functionalities that are not combined in any other
application. These functionalities include dc link formulation
and regulation, vehicle to dc link, dc link to vehicle, charging
profiles control, renewable energy to dc link flow control, dc link
to grid, and grid to dc link.

Moreover, in EV charging application, the dc-link voltage reg-
ulation is the most challenging problem due to the intermittent
nature of renewable energy sources, charging load variation,
and the integration with the utility grid. Most of the papers
share the regulation task among the available converters [15].
However, this method has many limitations as the SoC of the
storage system is not guaranteed. Moreover, distributing the
regulation among the available converters is very challenging in
EV charging infrastructure as the number of EVs is not constant,
they can suddenly connect or disconnect, and the users may
accept or reject to participate in V2G services. These constraints
were not studied in other papers.

In [16], a hierarchical control of power distribution in ultrafast
charging station was presented. However, this method focuses
solely on the primary and secondary control levels and does
not discuss the tertiary level and how ancillary services can be
integrated. Moreover, the integration with renewable energy and
the effect of the intermittent nature of the renewable energies
were not discussed.

To this end, this article proposes a new hierarchal control
scheme for dc link coupled FEVCs as shown in Fig. 2. The

Fig. 2. The proposed hierarchical control approach for dc link coupled FEVCs.

proposed approach takes into consideration the existence of mul-
tiple EVs, renewable energies, and an external storage system.
Moreover, the proposed solution can guarantee smooth power
flow control between different EVs, renewable energies, and util-
ity grid. In addition, the proposed strategy supports multiple grid
services and provides enhanced EV charging functionalities.

The contributions of this article are summarized as follows,
1) A novel hierarchical control scheme for dc-coupled fast

EV chargers.
2) A new control strategy is proposed for dc link regulation.
3) Optimal utilization of available dc power to enhance effi-

cacy and reliability of the charging infrastructure.
4) Seamless integration of charging operations with grid

ancillary services for enhanced grid support.
5) Smooth transition between grid-connected and islanded

operation to improve system resilience and reliability.

II. SYSTEM DESCRIPTION

A. AC–DC Converters

Fig. 3 illustrates the circuit diagram of the parallel AC–DC
converters under consideration. The circuit consists of three
active front-end rectifiers. All of them are bidirectional and have
a common ac input (from utility grid) and a common dc output
connected to dc link.

The dynamic model of these converters can be represented as
follows [17]:

Vabc =

3∑
i=1

[
Lg

dIabci
dt

+RgiIabci +Uabci

]
(1)

CV̇dc = 3
VdId + VqIq

Vdc
− Idc (2)

where Uabci = [Uai Ubi Uci]
T represent the poles’ voltages,

Iabci = [Iai Ibi Ici]
T represent the grid currents, Idc is the

dc output/input current, Vd,Vq , Id, and Iq refer to the grid
voltages and currents in the synchronous dq frame, and Vabc =
[Va Vb Vc]

T is the grid voltage.

B. DC—DC Converters

Five bi-directional buck-boost converters are used to interface
three EVs, PV, and a storage system to the dc link. The circuit
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Fig. 3. Circuit diagram of the ac–dc converters.

Fig. 4. Circuit diagram of the dc–dc converters.

diagram of the dc–dc converter is shown in Fig. 4. This converter
operates in two modes, namely buck and boost. As a boost
converter, it steps up the input voltage and supports the dc link.
During this mode, the dynamic model of the converter is given
by

dIBx

dt
=

1

Lx
VBx − (1− Ux)

1

Ly
Vdc

dVdc

dt
= (1− Ux)

1

C
IBx − 1

RLC
Vdc (3)

where x ∈ [1 . . . 5
]

represents the converter number, and Ux

is the pole’s voltage of the converter x, and VBx, IBx, and Idcx

Fig. 5. Current, voltage, and power flow analysis. (a) EV analysis. (b) Storage
system analysis. (d) PV system analysis.

are shown in Fig. 5. For the buck operation, the dynamic model
is given by

dIBx

dt
=

1

Lx
(UxVb − Vdc −RIBx)

dVb

dt
=

1

C

(
IBx − Vdc

RL

)
. (4)

III. PRIMARY CONTROL LEVEL

Primary control level represents the main control technique
for each standalone converter in the system. In this level, each
converter tries to achieve its primary objectives including regu-
lating the output voltage and current.

A. Primary Control for Battery-Connected DC Converters

Charging process consists of two main intervals, constant
current (CC) charging and constant voltage (CV) charging. CC
charging starts at the beginning of the charging process when
the EV sends its nominal power/current to the charger. The
charger then keeps supplying a CC to EV battery until the
state of charge (SoC) reaches 80%. At this instant, the charging
mode is switched from CC to CV. The FEVC keeps monitoring
the voltage of the EV battery and compares it to the nominal
voltage, and based on the error of the voltage, a specific amount
of current is delivered to the battery until it is fully charged.

It can be noticed that the dc converter is always acting as
a controlled current source during the charging process. It is
always receiving a reference current signal either from the EV
during the CC charging mode or from the FEVC’s voltage
controller during the CV charging mode of operation. To this
end, two controllers are required for the converter that works
as FEVC, current controller and voltage controller. Although
voltage controllers were extensively studied in the literature, the
case is different for EVs. This is due to the high capacity of EVs’
batteries, the time required to reach steady state is very long com-
pared to other applications. Therefore, the proportional-integral
controllers cannot be used as the integral term will integrate the
error of the voltage for a very-long period which generates a huge
accumulated integration error. Therefore, only the proportional
controller is required as voltage regulator to generate the charg-
ing reference current signal during CV operation. As the current
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controller is regulating the current during the entire charging
process, modern and advanced controllers can be adopted to
ensure that current converges to its reference value rapidly and
smoothly. The selection of the control technique is based mainly
on the type of the dc–dc converter. In this article, the sliding mode
controller (SMC) is adopted due to its simplicity and robustness.
The error between the reference and measured currents can be
selected as a sliding surface

Sx = I∗x − Ix (5)

where x refers to xth converter.
In fact, such selection of the sliding surface is useful in this

case, because as Sx approaches zero, the current error approaches
zero too, which is the goal of the control algorithm. Moreover,
the control signal appears explicitly in the derivative of the
sliding surface. To this end, the sliding surface can be used as a
control law for the current regulation

Uix = I∗x − Ix. (6)

During supplying CC to the EV’s battery, its voltage increases
gradually until the SoC reaches 80%. The voltage at this instant
must be captured and stored to compute the optimal gain of the
voltage controller. Otherwise, the charging current becomes un-
predictable, it may have sudden increase or decrease. Moreover,
to avoid any sudden current or voltage drop, seamless transition
from CC to CV charging is an important aspect during the
charging process. To achieve seamless transition, the following
equality must be satisfied:

I∗Bx |
CC

= I∗Bx |
SoC=80%

(7)

where I∗Bx |
CC

is the reference current during CC charging, and

I∗Bx |
SoC=80%

is the current reference after the instant of switching

to CV. (7) can be satisfied by selecting the proportional control
gain (Kp) as follows:

Kp =

I∗Bx |
CC

vex |
SoC=80%

(8)

where vex is error between the reference (nominal) voltage and
the measured voltage and can be represented as

vex = V ∗
Bx − VBx. (9)

Finally, CV charging reference current can be described as
shown in

I∗Bx (ve) |
CV

= Kp (V
∗
Bx − VBx) . (10)

B. Primary Control for PV Connected DC Converter

Due to the intermittent nature of PV systems, the primary
control of PV converter must ensure stable and reliable integra-
tion with the dc link. Therefore, SMC-based current-controlled
maximum power point tracking (MPPT) technique is employed
for PV-connected dc converter.

At maximum power point, the system can be assumed to
be at steady state, therefore the power delivered by the dc–dc

converter to the load has the following properties:

dPPV

dt
= 0,

PPV = IPVVPV (11)

which gives the following result:

dIPV

dt
= 0. (12)

Therefore, to design a current controller using SMC, the
sliding surface can be chosen as shown

SPV = I∗PV − IPV. (13)

The PV current reference can be generated by using the
incremental conductance MPPT technique [18]. It can be noticed
from (13) that the sliding surface converges to zero as the error
converges to zero, which represents the main objective of the
controller. To this end, the current control law can be selected
as the error of the current tracking as follows:

UPV = I∗PV − IPV. (14)

C. Primary Control of AC–DC Converters

In fact, many advanced, robust, and adaptive control tech-
niques were proposed in the literature to control ac–dc converters
[19]. Using SMC, the grid currents can be regulated depending
on their power sharing ratios (Ri) as shown in

uai = Iai − I∗ai

ubi = Ibi − I∗bi

uci = Ici − I∗ci (15)

where

I∗ai = RiI
∗
d cos (wt)

I∗bi = RiI
∗
d cos (wt+ 2π/3)

I∗ci = RiI
∗
d cos (wt− 2π/3) . (16)

IV. SECONDARY CONTROL LEVEL

The main objective of secondary control level for dc coupled
charging station is to create and regulate the dc-link voltage
that connects and manages all elements. The major challenge
to achieve this objective is the variety of the connected com-
ponents, the wide range of scenarios and operating conditions,
and the bidirectional power flow. As this infrastructure contains
EVs, PVs, and an external storage system, a robust centralized
controller must be designed that takes into account the role of
each connected unit. In terms of possible scenarios and operating
conditions, some of the EVs may need charging and other EVs
are charged and can contribute to regulate the dc-link voltage.
Another possible scenario when all the EVs require charging, or
when all of them are charged and can inject power to the dc link.
The PVs may or may not have the ability inject power to the dc
bus, and the storage system may work as a load during charging
or as a source during discharging. Finally, the challenge of power
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flow direction is considered as the most challenging problem in
this level.

AC-DC converters are usually responsible to form and reg-
ulate the dc-link bus, where they operate as rectifiers. In this
case, the regulation process is easy as the main objective of any
controlled rectifier is regulating the dc-link voltage. However,
if the dc-link voltage contains surplus energy beyond what is
required for charging the EVs, the excess power is converted
into ac and is utilized to bolster the ac grid. In this scenario, the
ac–dc converters function as inverters. In such case, the dc-link
voltage serves as an input (uncontrolled state), hence regulating
the dc voltage is not a primary objective. To this end, another
converter should take the responsibility to regulate the dc-link
voltage. However, the EVs are not qualified to achieve this goal
as they can be connected or disconnected at any instance. The
PV converter follows the maximum power point regardless the
dc-link voltage level. Although the external storage converter is
the most qualified device to achieve the dc-link voltage regula-
tion, if the SoC goes beyond a specific level, the converter will
not be able to achieve this functionality.

To deal with those challenges, this article proposes a novel
control approach that utilizes the ac–dc converters to regulate
the dc-link voltage regardless the direction of power flow. The
basic principle of this control approach is to provide a feed-
forward current reference signal to the primary controller. This
signal contains the total amount of power that should be con-
sumed/injected from/to the dc-link to force the dc-link voltage to
converge to its reference value. Therefore, it is worth analyzing
the power, currents, and voltages of each device attached to the
system.

Assuming that the efficiency of the dc converters approaches
100%, which makes the input power equals the output power

PEVx = pevx

PSx = psx

PPVx = ppvx. (17)

Substituting the currents and voltages of all components into
(17) shows the detailed relation between the currents and volt-
ages of the connected devices with the dc-link voltage as shown
in Fig. 5

VdcIEVx = vevxievx

VdcISx = vsxisx

VdcIPV x = vpvxipvx. (18)

The current through the dc-link voltage can be described as
follows:

Idc =
E∑

x=1

IEVx +
S∑

x=1

ISx +
P∑

x=1

IPVx (19)

where E is the number of EVs, S is the number of storage
systems, and P is the number of PVs.

Substituting (18) into (19), leads to compute the total current
flowing through the dc link

Idc =

E∑
x=1

vevxievx
Vdc

+

S∑
x=1

vsxisx
Vdc

+

P∑
x=1

vpvxipvx
Vdc

. (20)

Similar analysis can be done for the ac side, the apparent
power (Sg) can be written as follows:

Sg =
√
3Vg_rmsIg_rms (21)

where Vg_rms and Ig_rms are the rms grid voltage and grid
current, respectively. Assuming a lossless ac-dc conversion, the
relation between ac side and dc side is described as follows:

√
3Vg_rmsIg_rms = VdcIdc. (22)

To this end, the Ig_rms that is required to be consumed/injected
from/into the grid to maintain a CV is described as follows:

I∗g_rms =
V ∗

dc√
3Vg_rms

[
E∑

x=1

IEVx +

S∑
x=1

ISx +

P∑
x=1

IPVx

]
. (23)

Equation (23) is formulated based on the assumption of 100%
efficiency for all converters. However, this is not true, as each
converter has losses which increase the dc-link voltage tracking
error. Hence, an integral voltage feedback term is added to (23)
to overcome this problem

I∗g_rms =
V ∗

dc√
3Vg_rms

[
E∑

x=1

IEVx +

S∑
x=1

ISx +

P∑
x=1

IPVx

]

+Ki

∫
(V ∗

dc − Vdc)dt. (24)

The use of (24) to generate a reference current signal for the
ac–dc converters ensures the following.

1) Accurate regulation of the dc-link voltage regardless of
the amount of losses.

2) Taking into consideration the direction of the power flow
for each element. For example, if one of the EVs is
charging, its current will be negative. This will reduce
the dc available power, which automatically decreases the
amount of power injected to the grid.

3) Allows the ac–dc converters to regulate the dc-link voltage
regardless the direction of power flow. If the dc power is
positive, this means that I∗g_rms is positive too. This leads
to inject positive current into the grid. Otherwise, if the dc
available power is less than the required (i.e., all EVs are
charging), the available dc power will be negative, then
I∗g_rms will be negative too. This means that I∗g_rms is being
consumed from the grid.

4) Optimal power consumption/injection from the grid. As-
suming that the available dc power is equal to the required
dc power, then I∗g_rms equals to 0. In such case, all the
available dc power will be utilized without the need of the
ac grid. If the available power becomes slightly larger than
the required, then the remaining power will be injected to
the grid. Finally, if the available power is less than the
required, then all available power will be utilized and the
remaining will be consumed from the grid.
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Moreover, this method enables the exact knowledge of the
available power which simplifies the control process of ancillary
services as I∗g_rms can be easily converted into active and reactive
current references based on the type of ancillary service.

V. TERTIARY CONTROL LEVEL

The main objectives of the tertiary control level are power flow
control, energy management, and economic dispatch. Energy
management systems were extensively studied in the literature,
while economic dispatch is out of scope of this article. Therefore,
this section will focus on the power flow control between the ac
grid and the dc-link voltage. Although the amount of power flow
is shown in (24), more details are required about how the power
will be injected to the grid or to the dc link, and how to distribute
the available power on the active and reactive components of
the injected currents. All of these aspects depend on the type of
the service that is utilized to support the grid. There are numerous
methods to support the grid including low-voltage ride through
(LVRT), high-voltage ride through, low-frequency ride through,
high-frequency ride through, and voltage support. While the
proposed system has the ability to provide all of the mentioned
grid ancillary services, only LVRT and VS is being discussed
for the sake of length.

LVRT refers to system’s capacity to withstand voltage sags
over a specified time frame, as depicted in Fig. 6(a) for various
country codes [20]. Voltage sags in utility grids commonly
arises from the changes in connected inductive loads. The capa-
bility FEVC infrastructure to inject reactive power into the grid
becomes essential for grids’ stability in such scenarios. This
capability allows the linked EVs to contribute to grid stability
through the use of the FEVC infrastructure, next to their roles
in charging functionalities.

Although there is no LVRT standards for the proposed FEVC
infrastructure, the adoption of the German grid code for LVRT
operations establishes a standardized guideline. The German
grid code requirement states that for every 1% of voltage drop at
the point of common coupling, 2% of the rated current must be
injected as reactive into the grid as shown in Fig. 6(b). Beyond
a 50% voltage drop, only reactive current injection is required
for a maximum of 1 s [21]. This relation can be described as
following:

I∗q =

⎧⎪⎨
⎪⎩

0 0.9 < vp.u. ≤ 1.0

2 (1− vp.u.) In 0.5 < vp.u. ≤ 0.9

In 0 < vp.u. ≤ 0.5

(25)

where I∗q is the reactive current reference, vp.u is the grid voltage
per unit, and In is the nominal current of the system.

Equation (25) shows that no reactive power injection is needed
for LVRT if the voltage drop is less than 10%. However, for
voltage stability issues, it is recommended to enable a static-
voltage support technique in this scenario. Static voltage support
depends on injecting reactive power proportional to the voltage
drop. Therefore, when the voltage drop is less than 10%, reactive
current reference is generated based on the type of ancillary
service such as voltage support.

Fig. 6. LVRT standards.(a) Timing standards. (b) Reactive current support.

After computing I∗q , I∗d can be derived as follows:

(√
3I∗g_rmsVg_rms

)
︸ ︷︷ ︸

S

=

√√√√√√
(
3VdI

∗
d

2

)
︸ ︷︷ ︸

P

2

+

(
3VdI

∗
q

2

)
︸ ︷︷ ︸

Q

2

(26)

where Vg_rms and Vd are the rms and direct component of the
grid voltage. Therefore, the I∗d can be calculated as follows:

I∗d =

√√√√(2
√
3I∗g_rmsVg_rms

3Vd

)2

− (I∗q)2. (27)

After the computation of I∗q and I∗d components, tertiary
control passes the I∗dq variable to the secondary control level,
as illustrated in Fig. 7.

Although the standards mentioned in this article do not specif-
ically address the FEVC infrastructure, it is currently more com-
mon to encounter distributed energy resources on distribution
networks. Therefore, this code is applicable to EVs that are
considered distributed energy resources or storage systems.

VI. EXPIREMENTAL RESULTS

To validate the proposed hierarchal control approach, a lab-
scale testbed was built as shown in Fig. 8. The testbed includes
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Fig. 7. Proposed hierarchal control block diagram.

Fig. 8. Experimental testbed for dc coupled EV charging station.

three EVs, which are emulated by Cinergia bidirectional ac/dc
grid emulator, which consists of three-independent batteries
emulator. The external storage system is implemented using
Chroma 62000D, the PV is emulated using RE-005 PV-Emulator
power supply, and the utility grid is emulated using California
Instruments MX-30 regenerative grid emulator. All parameters
used in this setup are given in Table I. It is worth noting that
the capacity of the batteries is selected very low (1Ah) to make
the charging time short to present the full charging profile in a
single figure.

A. Injecting Power to the Grid

When the first EV is ready to inject power, the power starts
flowing from the dc link to the utility grid.

As more EVs contribute, the power injected into the ac grid
increases, as demonstrated in Fig. 9. It can be noticed from
this experiment that the ac–dc converters have succeeded to
regulate the dc-link voltage even if they are working as inverters,
regardless the amount of the injected power, the number of EVs,
and the availability of renewable energies. Moreover, the dc-link
voltage is well-regulated with ripples at transient not exceeding
2%, and the grid currents are sinusoidal and in-phase with the
grid voltages, which means the power factor is unity. It is worth

TABLE I
EXPERIMENTAL PARAMETERS

Fig. 9. Response during injecting real power from the dc link to the ac grid.

noting that there is 180o phase shift between the voltage and
current, which means the current is negative and being consumed
from the dc link and injected to the ac grid.

B. Charging the EVs From the Utility Grid

In this mode, all ac–dc converters function as rectifiers, trans-
ferring power from the utility grid to the dc link. This power
injection is directly proportional to the number of connected
EVs and their rated power, while inversely proportional to the
available power from renewable resources. The grid’s response
and the dc-link voltage in this case are illustrated in Fig. 10 for
one, two, and three EVs during the charging mode. Similar to the
previous case, the dc-link voltage is well-regulated regardless the
direction of power flow, and the grid current is well regulated.

C. Integration With PV and Storage System

The experiments in this section start with no EVs connected
to the dc bus, the PV is connected, and the SoC of the storage
system is 75%. Therefore, the power generated from the PV
is used to charge the battery storage as shown in Fig. 11. As
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Fig. 10. Response during EVs charging.

Fig. 11. Experimental response of the charging system while connecting the
EVs while integrating PV and storage system.

the first EV is connected, the PV power is sufficient to charge
the EV alone, so the power of the storage system converges
to zero. Once the second EV is connected, the storage system
starts to contribute to the charging process making the net power
equals zero. Once the third EV is connected, the power from
the PV and the storage becomes insufficient, so the remaining
power is consumed from the grid. This experiment shows the
smooth regulation of the dc-link voltage, the power of each
terminal device, and the grid current. Moreover, it shows how the
power consumed from the grid is always minimized, while the
available renewable energy is fully utilized. In addition, it shows
the robustness of the proposed control approach to regulate the
dc-link voltage during steady state and transient operations.

After all EVs are connected, an intentional shading is applied
to the PV as shown in Fig. 12. In Fig. 12(a), the maximum power
point of the PV is dropped by 50% to emulate the partial shading
of the PV, while in Fig. 12(b) the drop is 100% to emulate the full
shading scenario. In both cases, the required power is consumed
from the grid, which maintains a constant dc-link voltage and a

Fig. 12. Experimental response of the charging system during sudden shading.
(a) 50%. (b) 100%. (c) No shading.

constant charging power on the EVs side. Similarly, when the
shading is finished, the power of the PV is fully utilized and the
power from the grid is minimized as shown in Fig. 12(c). It can
be noticed that the power is compensated smoothly from the grid
side with no ripples or overshoot which ensures the robustness
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Fig. 13. Complete charging profiles. (a) All EVs are charging. (b) Two EVs
are charging, and one is discharging. (c) All EVs are discharging.

of the proposed approach against the intermittent nature of the
RES’s.

D. Charging Profiles

In this section, the charging profile of each EV is shown
for all possible scenarios. The data for these charging pro-
files are exported from the battery emulator during the exper-
iments and then plotted using Python language. The charging
profiles are depicted in Fig. 13 as follows. In Fig. 13(a), all EVs
are in charging mode. Here, all available renewable energies are
utilized to charge the EVs, with any additional power required
being drawn from the utility grid. In Fig. 13(b), some EVs
are charging while others are discharging. The power of the
discharging EVs and the available renewable energy are utilized
for the charging EVs. In this case, the ac–dc converters may

Fig. 14. LVRT response. (a) Voltage is restored within LVRT interval.
(b) Voltage is not restored and islanded operation is enabled.

work as inverters or rectifiers based on the difference between
the available and required dc power. Finally, in Fig. 12(c), all
EVs are in discharging mode. If the storage system can store
extra power, the power injected from EVs will be used to charge
the storage system, otherwise, it will be injected to the grid.

E. Low Voltage Ride Through and Voltage Support

To show the ability of the proposed control approach to
achieve ancillary services, LVRT and voltage support function-
alities are validated as shown in Fig. 14. The voltage of the grid
intentionally sags around 20% from its nominal voltage, and the
EV transition from charging to discharging mode smoothly to
support the grid. In Fig. 14(a), the voltage is restored before the
end of LVRT period, so the EVs transition to normal operation.
However, in Fig. 14(b), the voltage is not restored withing
the LVRT interval, so the EVs start the seamless transition
to islanded operation. In this mode, the EVs will utilize the
available power from PV and storage without using any power
from the grid.

Therefore, the power from the PV and the storage (8 KW
total) are distributed equally among the three EVs (2.67 KW



SHARIDA et al.: HIERARCHICAL CONTROL OF DC COUPLED FAST EV CHARGING STATION 11699

each). This test shows the ability of the proposed approach
to seamlessly transition between rectification operation, grid
support operation, and islanded operation. In all cases, the power,
current, and the dc-link voltage are regulated smoothly and
effectively to eliminate the effects of power flow changes.

VII. CONCLUSION

A new hierarchal control approach was proposed in this article
for dc-coupled fast EV chargers. All control levels (primary,
secondary, and tertiary) were discussed, analyzed, and validated
experimentally. The proposed approach was designed with the
objective of integrating ac grid, renewable energies, and external
storage systems with the charging infrastructure. The proposed
approach was able to perform all charging requirements and
provide multiple ancillary services to the grid. One of the key
advantages of the proposed hierarchal control strategy is scala-
bility and flexibility. The methodology provides high scalability
and flexibility to add or integrate any additional component
(including renewable energies, storage systems, dc loads, etc.)
to the infrastructure. Similarly, energy management systems and
load management strategies can be easily integrated.
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