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Abstract: This paper presents a two-level hierarchical control method for the power distribution
between the hybrid energy storage system (HESS) and the main dc bus of a microgrid for ultrafast
charging of electric vehicles (EVs). The HESS is composed of a supercapacitor and a battery and is an
essential part to fulfill the charging demand of EVs in a microgrid made up of a 220 Vrys ac bus,
two dc buses of 600 V and 1500 V, respectively, and four charging points. A state machine defines the
four operating modes of the HESS and establishes the conditions for the corresponding transitions
among them, namely, charging the battery and the supercapacitor from the bus, injecting the current
from the HESS into the 1500 V dc bus to ensure the power balance in the microgrid, regulating
the bus voltage, and establishing the disconnection mode. The primary level of the control system
regulates the current and voltage of the battery, supercapacitor, and dc bus, while the secondary level
establishes the operating mode of the HESS and provides the appropriate references to the primary
level. In the primary level, sliding mode control (SMC) is used in both the battery and supercapacitor
in the inner loop of a cascade control that implements the standard constant current-constant voltage
(CC-CV) charging protocol. In the same level, linear control is applied in the CV phase of the protocol
and for bus voltage regulation or the current injection into the bus. PSIM simulations of the operating
modes and their corresponding transitions verify the theoretical predictions.

Keywords: ultrafast charging station; hybrid energy storage system; power sharing; sliding
mode control

1. Introduction

The notion of the microgrid emerged almost twenty years ago with the aim of obtain-
ing a more efficient use of electric energy when combining generation, conversion, and
consumption together with the idea of decentralized production. Consequently, a great
number of applications were reported, ranging from microgrids for large photovoltaic
installations to microgrids adapted to factories in urban environments or designed for
renewable energy-based power generation in rural areas without electricity [1].

Almost simultaneously, electric vehicles (EVs) began to penetrate the market in a rapid
evolution in which the first models were immediately replaced by new alternatives, which
in turn became obsolete in comparison with the later products offered by practically all car
manufacturers that had decided to create their own EV. This spiral implied a continuous
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variation in the electrical architecture of the EV and in the levels of current and voltage
handled inside, and therefore it precluded the adoption of many production standards.
In a clear-cut contrast, the charging of EVs has remained in the same categorization
envisaged in the first years, i.e., domestic charging, fast charging, and ultrafast charging.
Domestic charging uses an on-board battery charger that is connected to the ac mains and
requires several hours to complete the charging process. Fast charging is based on a dc
voltage supply handling power between 50 kW and 150 kW, and it results in charging
times between 10 and 30 min. Ultrafast charging is performed from a dc bus providing a
minimum value of power of 350 kW, reducing the charging time to less than 10 min [2].

State of the Art and Objectives

In this context, specific microgrids for EV battery charging have been the subject of
different studies in the last few years; they have in common the use of a medium voltage
network (MV) as a primary energy source to satisfy the huge power demand in both fast
and ultrafast charging [3,4]. Moreover, it is generally accepted to include an energy storage
system in the electrical architecture of the charging station to support the EVs charging in
the moments of peak power demand [5-7] and use a hybrid ac/dc microgrid to implement
the architecture [8].

A detailed study of the charging infrastructure market is reported in [9], where dedi-
cated on-board chargers are reviewed, charging standards are updated, and the technology
of stations for high-power off-board charging is commented on. Nonetheless, other than a
succinct description regarding off-board converter topologies, there is no information on
the use of specific microgrids for battery charging.

There are several steps in the design of a microgrid for battery charging. The first one
is to determine the power to be handled by the station and the number of charging points
that will ensure a good quality of service [10]. A second issue is in regards to the design of
the electrical architecture that can satisfy the power requirements. A subsequent aspect
is modeling the microgrid as a state machine and establishing all its operating modes.
From the latter point onwards, there are many degrees of freedom in the design, which
depend on the approach used in the hierarchical control required in the implementation
of the state machine. If power sharing is required, solutions reported in other types
of microgrids can be employed, such as sliding mode control [11], distributed periodic
event-triggered algorithms [12], and distributed hybrid control [13].

Based on a statistical analysis of real traffic data on a highway in the northeast of
Spain, a hybrid microgrid was proposed for the electrical architecture of an ultrafast charging
station (UFCS) whose steady-state operation was simulated in [14]. A block diagram of
the microgrid is illustrated in Figure 1, where the MV grid supplies the station through a
solid-state transformer (SST) [15] and the internal power distribution is carried out by means
of an ac bus of 220 V and two dc buses of 600 V and 1500 V, respectively. The purpose of the
600 V dc bus is to insert renewable energy sources into the station, as depicted in Figure 1 by
a wind turbine and a photovoltaic array. The 1500 V dc bus is the main dc bus and performs
the charging in four points with a unidirectional converter in each one. The latter converter
interfaces EV batteries with a nominal voltage in the range between 400 and 800 V.

Charging four EVs simultaneously requires a maximum power of 1.5 MW, assuming
both 95% efficiency in the power converters and the support of the energy storage system
(ESS). The ESS provides the extra current required in that situation and consists of a
battery package and a supercapacitor module, which gives a hybrid characteristic to the
system with the aim of relaxing the power demand in the batteries and increasing its
lifetime [16-18]. Nonetheless, the insertion of the hybrid energy storage system (HESS) into
the microgrid is not a simple task because it requires a detailed analysis of the operating
modes and transitions among them [19], together with the design of the appropriate control
regulating the dynamic behavior of the transitions and the voltage of the main bus. Finding
a balance between an automatic transition in two operating modes and a precise control
regulating the transition requires the use of a hierarchical control.
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Figure 1. Electrical architecture of the ultrafast charging station studied in [14].

The main goal of this paper is to present the analysis, design, and simulation of a
two-level hierarchical control to supervise and regulate the interaction of the HESS and the
main dc bus in the microgrid for ultrafast charging, as depicted in Figure 1. The low level
or primary control is devoted to the regulation of the converters involved in the interaction
between the HESS and the main dc bus, while the high level or secondary control supervises
the operating modes and establishes the references for the primary control.

The rest of this article is organized as follows. Section 2 presents an overview of the
power distribution control, describing the interconnection of the HESS and main dc bus
and explaining the corresponding operating modes and the role of the two layers of the
hierarchical control. Section 3 shows the design of the primary control based on a cascade
regulation strategy. Section 4 contains simulation results illustrating the regulated transition
between the different modes that can emerge in the steady-state regime of one-day UFCS
operation. Conclusions and research in progress are summarized in Section 5.

2. Overview of the Power Distribution Control
2.1. Hybrid Enerqy Storage System

Figure 2 shows a circuit diagram of the hybrid energy storage system (HESS) and its
connection to a 1500 V dc bus. The HESS is composed of a battery pack and a supercapacitor
module as energy storage devices (ESDs). Each ESD has its own bidirectional switching
converter with the output port connected in parallel with the other converter. The current
demanded by the charging points is supplied by the addition of the SST current and
HESS current.
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Figure 2. Circuit diagram of HESS and 1500 V dc bus.

A half-bridge converter is used to implement the power bidirectional converter for
both ESDs. It operates as a voltage step-up converter when the power is transferred from
the ESDs to the main bus and as a voltage step-down converter when the power flows
in the opposite way. Thus, the direction of the currents is and ij, in Figure 2 defines the
operation of the converter.

The current-voltage characteristics of the ESDs have been modeled using simple
equivalent-circuit models. The supercapacitor is represented by a capacitance C., account-
ing for the total capacitance, and the series resistance R represents the equivalent series
resistance, which models the losses between the electrodes and the electrolyte. The battery
pack model considers a dependent voltage source vpcy, which is a function of the state of
charge (SOC) of the pack, and the internal resistance Ry,

In our system, each ESD and its corresponding converter constitute an integrated
module, namely, a battery energy storage system (BESS) and supercapacitor energy storage
system (SESS). Thus, the total current of the HESS iprss results from the contributions of
both modules.

IHESS = isEss + iBESs 1)

As depicted in Figure 2, the current demanded by the charging points (ChPs) igy is
supplied by the ifjrss and the SST current iggr.

iHESS +issT = ipv 2)

2.2. Operation Modes of HESS

The HESS control structure uses a two-level hierarchical approach. The lower level is
composed of the primary controllers for the bidirectional power flow of each ESD.

The upper level is the secondary control and defines the operation modes when there
is no power balance between the SST, the ChPs, and the HESS. The secondary control also
establishes the references for the different primary controllers of the lower level in each
operating mode.

Figure 3 summarizes the operation modes of the HESS and their respective transition
conditions. This state machine is a reflection of the operating modes defined in the cen-
tralized control in [14], which were classified as grid-tied and islanded operating modes.
For the centralized control, the transition among UFCS operating modes is carried out
through power balancing in the 1500 V dc bus, establishing the same Equation (2) in terms
of power. For grid-tied operation, there are four operating modes, namely, direct, comple-
mentary, limited loading, and standby. If there are no EVs to charge, the UFCS is in the
standby mode and intends to keep the ESDs at optimal levels by charging them constantly.
The direct loading mode appears when the power supplied by the SST is sufficient to
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feed the demand of all ChPs. The remaining power from the SST is used to charge the
HESS when necessary. If the power of the ChPs exceeds the maximum power of the SST,
additional power will be injected from the HESS to supply the power balance. This will
set the complementary loading mode in the UFCS if the combined power from the SST
and HESS maintains the power balance; otherwise, it will establish the limited loading
mode, in which the demanded power in ChPs is limited to the maximum power of the SST
and HESS.

In absence of power from the SST, the UFCS will work in islanded operation, in which
the HESS will be the main supplier to the ChPs. This operation of the UFCS has three modes
depending on the SOC of the battery pack: the autonomous, burnout, and disconnection
modes. The first one is the default mode in islanded operation and supplies the ChPs up to
the maximum power of the HESS. If the SOC of the battery pack falls under 40% during the
autonomous mode, the UFCS will enter into the burnout mode. In this condition, the UFCS
will supply only the EVs that are already charging and will stop providing service to the
future EVs. After fulfilling the charging of the EVs, no service is provided until the SST is
active again.
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" N N
| |
| @ |
I — B I
| |
I Power Voltage I
I injection regulation I
| |
| |

!

Burnout
mode

. Charging <
l Begin l_) mode
k[ Grid-tied Operation J_/ \—( Islanded Operation ]_/

-

J

D Pssr < Pey @) Pssr=0
@ Pssr > Pgy @ Pssr >0

(® SOCppss < 0.4
o J

Figure 3. State machine with operating modes of HESS.

Thus, the charging mode in Figure 3 corresponds to the direct loading and standby
modes. The power injection mode corresponds to complementary and limited loading,
and the voltage regulation mode in turn corresponds to the autonomous one. Finally,
the burnout mode of the HESS represents the burnout and disconnection modes.
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3. Primary Controller Design

The primary controller has a cascade control, where the inner loop is a sliding mode
control (SMC) with a switching surface based on the converter inductor current. Each ESS
module has its own switching surface S;(i;), which is valid for both the voltage step-up
and step-down modes and is given by Equation (3).

Silij) = iej — i (3)

The sub-index j corresponds to sub-indexes b and s for the battery pack inductor
current and supercapacitor module inductor current, respectively. The variable i,; is the
current reference given by the outer control loop, as illustrated in Figure 4.

o
SR

€igpss —|Cac;j(s)

Outer controllers Inner current controller Bidirectional converter

Figure 4. Cascade control loop structure.

The choice of the current inner loop allows for the use of a modular design structure
that is implementable in each ESS module with the possibility of connecting similar modules
to expand the capacity of the HESS. In addition, the converter current is related to all the
other state variables present in the module, ensuring a complete control over the voltages
and currents at the converter ports.

3.1. Inner Current Controller

The set of equations that describe the behavior of the system illustrated in Figure 2
is summarized in Equations (4)—(6) for the SESS module, BESS module, and main dc
bus. The control variables uj, and u; are binary signals taking the values 1 or 0 for power
transistor activation and deactivation, respectively.

Lg d;i:s = Vs — Upys (1 — us) (4a)

Cs% — U“T_SUS — i, (4b)

C“% = % (4¢)

Lb% = vp — Upus (1 — up) (5a)

Cbus% =ir (1 —us) +ip, (1 — up) +isst — iy (6)

The surface in (3) induces sliding motions in the system using the control law in
(7) [20-22]. The value A corresponds to a hysteresis band that will provide the required
finite switching frequency in a laboratory implementation and lead to a peak-to—peak
current ripple of 2A in the inductors.
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o, ifSi(x) < —A
flx) = {1, if S;(x) > +A @

with j = [b,s].

The existence of a sliding motion implies the accomplishment of the invariance con-
dition [23] for each ESS module, resulting in the equivalent control u;, expressed in (8)
and the corresponding ideal sliding dynamics of the HESS given by (9).

i = fgs (9a)
v = i (9b)
=) (9d)

douy, . v Ls di ) vp L, diy, ‘ '
C us — 1 _ S S ﬁ 1 _ digp 3 9f
e dt <ZES [ Obus * Obus dt e Opus + Obus dt TissT —IEV ( )

Linearizing the ideal sliding dynamics around the equilibrium points Is, Vs, I, V;,, and
Vius yields the linearized Equation (10) for the entire system.

{s' _ igs (103)
dose 1 T — Use
— = Us 7 Use 10
dt Csc RS ( C)
dvs 1 (U—05 —~
_— - 1
o CS ( RS lLs ( Od)
do, L(op =~
_ = = — | — 1
pn Cb <Rb +1Lb> ( Oe)
Cous T2 B + A, — [AcByJ0us — AsLuioe + Buigy + Ay
us~— gy us e a (10f)
— [ApBy)Ops — ApLpioy + issT — i£v
where
7édi;s 7&@ A:TS BSZVS Ab:Tb B:Vb

les 4. 7 leb - 7 S 7 7 7 b
dt dt Vbus Vbus Vbus Vbus

To facilitate the control design, Table 1 provides a summary of seven transfer functions
Gpyj(s) derived from (9) in which the inductor currents are related to another state variable.
The nomenclature of the transfer functions uses three sub-indexes: the first one “p” differ-
entiates the direction of the power flow, i.e., “c” is employed when the inductor current
flows from the bus to the ESD, while “d” is used for the opposite direction. The second one,
“q” for the current and “v” for

"
[

q”, indicates the type of state variable being controlled, i.e.,
the voltage. The ESS modules in turn are referenced with “s” for the SESS module and “b”
for the BESS module.
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Table 1. Transfer functions of the linearized sliding dynamics.

Transfer Function Nomenclature Description
L(s)
Ts (5 Gees(8) 1
Vi(s) &
Ls(s) Geos (S) 75+Cch%
I
§roN Gis(5) B,

Vius (5) Gups (5) —AsLss>+(Bs— AEL;)s*+ (B E— A FL— 22 )s+ (B F— 482)
Ls(s) dvs (CousS+AsB,) (2 +Es+F) )
Iy
Ijb((ss)) Geew (S) 1
Vo (s) o
T (5) Geop(s) — S+CCI”%

b
Is‘
e Gico(5) B

3.2. Charging Mode

The charging mode of the HESS is managed by a unified scheme control for both
modules with the CC-CV standard method. Each ESD is charged using the control diagram
shown in Figure 5. In the CC state, the controller C.;(s) produces a smooth start-up in
order to reduce the disturbance of the charging process in the dc bus by means of an
integrator, which results in a first-order dynamic behavior in the inductor current.

CV loop - Ty ~
Ujres (5)— lg;cvj (8)

1 Gey Ji (5) v;(s)

T

mem;(n — 1)

) Geei(8) i5(s)

i.jref (S ) -
CC loop - Sliding motion/

" mem;(n)

Figure 5. Charging control loop implementing the CC-CV protocol.

In the CV stage, the controller Cy;(s) is also an integrator due to both the slight
constraints imposed by Gc,j(s) and the smooth transition between CC and CV stages.
The binary variable r; and its opposite 7; are used in the charging process. Thus, r; = 0
enables the charging process for the CC stage, while r; = 1 allows it for the CV stage.
In addition, both variables are used to reset the controllers C,;(s) and Cc;(s) during the
CC to CV transition. The reset occurs when a zero appears in the reset input. The auxiliary
memory variable mem; stores the output value (mem;(n — 1)) of the active control at the
instant before a transition and keeps the value in the next mode (memj(n)) in order to
achieve a smooth transition between controllers.

3.3. Power Sharing Strategy

Figure 6 illustrates the control diagram for the power sharing strategy involving power
injection in a grid-tied operation and voltage regulation in case of an islanded operation.
In both modes, the power sharing control operates in the same way. Namely, the SESS is
in charge of regulating the voltage in the dc bus (yellow region with controller Cy,(s)) or
delivering a power reference to the bus in case of a power injection (orange region with
controller Cy.s(s) and reference generated by the secondary control). In the meantime,
the BESS is responsible for cancelling the SESS current in a steady state through controller
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Cicp(s). Thus, in terms of energy, it is the BESS that supplies the desired power to the bus,
while the peaks and disturbances are absorbed by the SESS. Therefore, for the design of the
controllers of current injection and voltage regulation modes, it must be taken into account
that the SESS dynamics has to be faster than that of the BESS. The resulting dynamics from
the interaction between the SESS and the BESS modules decouples the power demand of
the ChPs into low-frequency (BESS current) and high-frequency (SESS current) components
without resorting to filtering or estimating [11].

The binary variable m,. and its opposite 11, are used to change between the two
operating modes of the SESS. With that in mind, ms. = 0 corresponds to power injection
and ms. = 1 to voltage regulation. Moreover, both variables also reset the controller to
preclude saturation in their outputs. The auxiliary memory variables mem; and mem, store
the output value of the voltage regulation and power injection controllers, respectively,
and operate in the same way as mem; does in the charging control case. The controller
Cicep(s) does not require a secondary memory because it works continuously. A low-pass
filter with a 10 kHz cutoff frequency has been applied to the igss and is currents to obtain
their respective dc components and a continuous-time error signal for the controllers.

- T
o
Vbus,; () dvsS

mem,(n)

Mse

memg(n—1) —'!\

Gaps(8) Vbus(S)

mSC
mem,(n — 1)
ispss(s) .

Mse 1 @—v—> inpss(s)
0 + (™l
tgESsS.. (s Cles(s X
HE&SNf( )"_@_’ RL‘\':' Lé( ) mﬂlr{,(n) LTJ

L2 1 S Y

filter Sliding motion

Figure 6. Power sharing control loop implemented for power injection and voltage regulation modes.

3.4. Outer Controller Design and Constrains

Most of the controllers shown in Figures 5 and 6 have been based on a pure integrator
controller [11]. This type of controller is of special interest since some of the transfer
functions presented in Table 1 are mainly of a constant type or first order leading to the
first-order dynamic behavior of the regulated system. The gain of the integrator controller
can be obtained looking at the closed-loop pole of a desired first-order transfer function

as follows: 1

G(O)Td

where G(0) is the static gain of the transfer function and 7 is the desired constant time.

For both C,j(s) and Ccj(s) controllers of the charging mode and for the Cy(s)
controller cancelling the SESS current, a settling time of 5 s has been considered. In contrast,
a settling time of 100 ms has been designed for the power injection controller Cj.(s).
With respect to the dc bus voltage regulation, a value of Cy,s(s) of 2.2 F is assumed in
order to reduce the impact of the power demand of the ChPs when an EV arrives to the
station. Thus, the controller for regulating the voltage bus Cy,s(s) has been designed in the
frequency domain with a phase margin of 74.2° obtaining a settling time of 10 ms and an
overshoot of 10%. Table 2 summarizes the outer converter transfer functions with the same
nomenclature used in Table 1.

K; = (11)
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Table 2. Outer controllers’ values in Figures 5 and 6.

Nomenclature Description
Cees(s) %
Ceos(s) 123
Ceep(8) 1
Ceop(8) 18
Cyes(s) 115.74
Civs (S) 937.5(ss+12.5)
Cac(s) 1

4. Simulation Results

In order to validate the theoretical analysis in Section 3 by means of simulation, it
is necessary to study the transitions among operation modes superposed to the steady-
state behavior of the UFCS. For that reason, we will use the data of one-day steady-state
simulation given by the software developed in [14] as a starting point. This implies the
selection of time intervals to visualize different operating points and transitions of the
HESS and to obtain information about the transferred power between elements in the main
bus, the SOC of the battery bank, and the occupancy of the ChPs. This information will be
used in a PSIM simulation of the dynamic transitions among the operating modes, also
taking into account the different time scales between static and dynamic simulations, which
require time steps of 1 s and 0.1 ps, respectively.

Figure 7 shows a steady-state simulation of the UFCS for one day of operation, pro-
viding service to 180 EVs. Figure 7a shows the power balance in the main bus. The blue
profile shows the consumption of the ChPs, while the red one depicts the power delivered
by the grid, and the green one illustrates the power processed by the HESS. Consequently,
Figure 7b shows the sequence of operating modes of the UFCS and allows for the selection
of the transition points. Finally, Figure 7c shows the SOC evolution of the battery pack.
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= S
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Figure 7. Steady-state simulation of the UFCS for one-day operation providing service to 180 EVs

with two highlighted time-interval A and B: (a) power flow in the main bus among HESS, SST, and the
ChPs; (b) sequence of operation modes of the UFCS; (c) state of charge of the battery bank.

To illustrate the islanded operation of the station, two disconnections of the SST have
been produced at different intervals: the first one lasting 1 h at 8:00 a.m. and the second
one lasting 45 min at 4:00 p.m. Points A and B in Figure 7 have been selected for validation,
and they correspond to the operation and transition of the HESS during grid-connected
and islanded operations, respectively.

For both simulations, maximum power levels have been established, namely, 600 kW
for the SST, 1.5 MW for the discharging process in the BESS, and 350 kW for each ChP.
Furthermore, in steady-state simulation, the HESS is modeled as a battery, while the
supercapacitor contribution is neglected.

4.1. Transitions in Grid-Connected Operation Mode

Figure 8 illustrates the time interval A corresponding to the grid-connected operation
of the UFCS when supplying three EVs. Figure 8a displays the occupied charging points
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that are delivering energy. The sequence is as follows: while ChP2 is occupied, a new vehicle
arrives at ChP1, and, shortly after, another one occupies ChP3. The power demand of these
points is shown in Figure 8b. Initially, when only ChP2 is absorbing power, the remaining
available power from the SST is used to recharge the HESS. It can be observed that the
power demanded by the ChPs does not exceed the grid limit of 600 kW until the arrival
of the second EV, which results in a direct charging operation. Hence, the HESS does not
inject power until the arrival of a third EV increases the demand. At that moment, the HESS
contributes to the charging process and the system transitions to the complementary
charging mode [14]. Once the EV at ChP2 is charged, the demand falls below the SST’s
maximum power and the system returns to direct charging mode, as depicted in Figure 8c.
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Figure 8. Cont.
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Burnout Stage | i
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time [s]

(o)

Figure 8. Detail of interval A in Figure 7: (a) ChPs occupancy, (b) power flow, (c) sequence of UFCS
operating modes.

Figures 9-11 depict the results of the dynamic simulation using the parameter values
in Table 3 for the circuit components of the HESS.

Table 3. Parameters for the circuit model in Figure 2.

Parameter Value
Cse 29F
Cs 20 uF
Rs 46 mQ)
Vs nominal 600 V
Ls 800 uH
Cp 20 uF
Ry 15 mQ)
V};, nominal 750V
Ls 1200 uH
Chus 22F

Figure 9a shows the inductor currents i, and is in the BESS and SESS modules, re-
spectively, while Figure 9b depicts the current flow in the main bus. The HESS is not
delivering power to the bus at the beginning, and current I, demanded by the EV of ChP2
(see Figure 11) is supplied by the SST, as the system is in the charging mode. The power
flows to the BESS as in Figure 7b with the smooth start-up dynamics predicted in Section 3.

Figure 10 illustrates the bus voltage, which is regulated to 1500 V with the contributions
of both the SST and battery voltage v}, which is slowly increasing during the charging
mode and slowly decreasing during the power injection. The power distribution strategy
can be observed at the arrival of the last vehicle in second 112 when the demand exceeds
the limit imposed on the SST. The interaction of the HESS modules decoupling the demand
of the ChPs towards each ESD can be appreciated.
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Finally, Figure 11 depicts the current injected into each ChP. This graph can be com-
pared with Figure 7a, which shows which ChP is actually active supplying an EV.
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Figure 9. PSIM simulation during interval A showing the current flow: (a) in the main bus; (b) in
the HESS.
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Figure 10. Bus voltage and ESD voltages during interval A.
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Figure 11. Operating modes of the HESS in interval A: (a) operation modes of the HESS; (b) cur-
rent supply of ChPs.

4.2. Transitions in Islanded Operation

Figure 12 shows the steady-state simulation of interval B, and Figure 13 shows the
results of the dynamic simulation corresponding to the transition from the charging mode
to the power injection mode in the presence of the SST and then the passage to the voltage
regulation mode after a shutoff of the grid.

When initially only ChP1 is occupied, the SST supplies all the required current, and
the energy surplus allows the battery to charge. The arrival of a second electric vehicle at
ChP2 requires more power than that available in the SST, which provokes the transition to
the power injection mode.
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Figure 12. Details of interval A in Figure 7: (a) ChPs occupancy, (b) power flow, (c) sequence of UFCS
operating modes.
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A grid shutoff can be observed in second 130 of the simulation in Figure 13a, which
implies that current igst is zero. The voltage regulation mode activates the SESS module,
causing an initial power peak. Subsequently, the battery injects the required current,
nullifying the contribution of the supercapacitor, as shown in Figure 13b. In order to
maintain the nominal voltage of the supercapacitor, the battery injects an extra current after
the transition to compensate for the capacitance loss of the former. In addition, Figure 14
illustrates the bus voltage, which is regulated to 1500 V with the contribution of both the
battery and supercapacitor. Finally, the corresponding supply of the charging points and
the operating modes of the HESS are depicted in Figure 15.
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Figure 13. PSIM simulation during interval B showing the current flow: (a) in the main bus; (b) in
the HESS.
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Figure 14. Bus voltage and ESD voltages during interval B.
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Figure 15. Operating modes of the HESS in interval B: (a) current supply of ChPs. (b) operation
modes of the HESS.

5. Conclusions

This paper has presented the regulated transitions among the different operating
modes of a hybrid microgrid devoted to the ultrafast charging of electric vehicles. The op-
erating modes represent the interaction between the primary energy input source (ac grid),
the hybrid energy storage system (HESS), and the main dc bus of the microgrid.

The theoretical predictions of the transitions have been validated by means of PSIM
simulations that use parametric information and appropriate time scales derived from the
simulation of the steady-state operation of the charging station.

The transitions are regulated by a two-level hierarchical control method whose supe-
rior level supervises the operating mode that is underway and establishes the passage to
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the next mode according to a state machine design. The control of the ongoing mode and
the regulation of the transitions are performed by the low layer of the hierarchical control
using a two-loop control approach.

The inner loop of the low-level two-loop control uses an SMC with a switching surface
based on the inductor current of a bidirectional converter equally for the battery and the
supercapacitor, which facilitates the power decoupling and the robustness of the regulated
system in the face of disturbances.

This paper is a natural continuation of the work reported in reference [14], in which
the charging station was simulated in steady-state operation. It can be concluded now that
all possible transitions among the different operating modes disclosed in that paper can
take place automatically and can be easily regulated.

Further research will contemplate the discretization of the control system with the
aim of developing a digital implementation in a reduced scale demonstrator of the hy-
brid microgrid. This will require the discretization of the continuous-time description of
the two-loop control scheme, which will probably bring about new interesting subjects
for discussion.
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Abbreviations
The following abbreviations are used in this manuscript:

UFCS Ultrafast charging station
HESS Hybrid energy storage system

EVs Electric vehicles

CC-CV  Constant current-constant voltage
ac Alternating current

dc Direct current

SMC Sliding mode control

MV Medium voltage

SST Solid-state transformer

ESS Energy storage system

ESD Energy storage device

BESS Battery energy storage system

SESS Supercapacitor energy storage system
ChPs Charging points

SOC State of charge
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