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Abstract: This paper deals with the complete design procedure, implementation and control software
realization for a multi-converter charging station with reduced grid impact due to local electrome-
chanical energy storage. In particular, energy storage is accomplished by a dedicated flywheel
designed and built for this purpose. The proposed charging station was designed for ultra-fast
charging procedures presenting a strongly reduced impact on the electrical grid. Modes of operations
are described with reference to pure electric buses in public transportation applications.
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1. Introduction
1.1. General Context and Motivation

Today, despite the progress made in the transport sector in the reduction of the
dependency on fossil fuels and air pollution, most vehicles use petroleum as the energy
source [1]. Although more and more countries have begun the integration of Electric
Vehicles (EVs) and charging stations into their power grids, these efforts are still not
enough [2]. It is clear that the charging infrastructures must keep up with the growing
number of EVs. In this scenario, the electricity grid plays a major role. In fact, the
stability of the power distribution grid becomes critical during rush hours of the day
due to the high energy demand, which could lead to serious grid management problems.
One solution to overcome this problem is to reinforce the existing grid infrastructures
and/or create new networks in such a way that they can fully handle the EVs integration.
Obviously, this solution is rather expensive and requires high-value investments in network
infrastructures. A very simple, cheap, and quick solution to solve the aforementioned
problem is the development and the implementation of charging stations using renewable
energy sources and/or energy storage systems that help the electric grid [3-5]. Another
aspect to consider is the time required to charge the EVs. For instance, charging twenty
EVs in twenty minutes would require the use of equipment capable of supplying a large
amount of electricity. Thus, as the number of EVs increases, the need to install efficient
fast-charging stations grows. Fast charging architectures equipped with powerful energy
storage systems are an attractive choice because they allow much faster charging than the
standard AC [6]. For this purpose, chemical accumulators similar to those in EV batteries
can be used in the fast-charging architecture, but their disadvantage is that frequent
charging and discharging shortens their lifetime [4,7]. Thus, the problem of recycling the
batteries in an environmentally friendly way remains to be addressed, which is a tricky
and energy-expensive process.

1.2. State of the Art

Although the development of Li-ion batteries is still ongoing, there are already energy
storage devices that have much longer lifetimes than those belonging to previous gener-
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ations [7,8]. Besides the chemical accumulators, another promising and emerging way
to accumulate energy is to exploit kinetic energy using flywheels [9,10]. In fact, flywheel
energy storage offers many advantages over the alternatives [11]. The use of energy storage
systems that help the electrical grid requires, of course, efficient power conversion systems.
Power electronics are a fundamental part of the fast-charging station. The right choice of
the power converters’ topologies and the selection of the power semiconductors are the
key factors in improving the efficiency and the power density of the charging units [12,13].
In [14] the electric bus was equipped with a pantograph in order to test the Flash Charge
(at the bus stop), as illustrated in Figure 1.
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Figure 1. Electric bus, part of the experimental test rig at ENEA Casaccia Research Center.

In this paper, to properly design a new onboard storage system, the information about
the route of the electric bus including its energy consumption is absolutely needed [15-17].
Thus, the results obtained from the previous work are used and illustrated in Figure 2.
Battery energy is the total amount required for the mission profile. Traction indicates
the amount of energy required by the electrical drive according to the specific driving
cycle. Finally, charging shows the amount of energy needed before a new driving cycle can
be performed.

In this paper, the electric bus used for the experimental campaign covers line 117 in
the city of Rome, as illustrated in Figure 3a.
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Figure 2. Energy consumption and charged during line 117 and recalculated for the “modified fast

charge line” with high specific energy storage and a fast charge at the terminal with a flywheel as
ground storage.
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Figure 3. Electric bus line 117 in Rome (Italy): (a) picture of the bus, (b) daily route of the bus.

The main information to properly design the onboard storage system are the minimum
energy required and the maximum discharge and charge power; the needed energy for line
117 is about 4 kWh, while the discharge power can be set to the maximum motor power
(about 24 kW) and the charge power is the value of the charging station (about 40 kW,
minimum). The limiting parameter for this application is the energy request for the LTO
battery; in fact, with 3C of maximum continuous current value, a capacity of about 15 kWh
must be used [18,19]. This type of high-power recharging process has the advantage of
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reducing the accumulation onboard the vehicles with great advantages in terms of its cost
and maintenance of the same. However, high charging powers can also cause problems:

e from the point of view of the electricity network operator, who has to manage very
high loads for short and intermittent times, as well as the impossibility of supplying
the high powers due to an inadequate electricity network. A storage unit on the
ground can reduce the demand for power to the network by contributing to the fast
recharge of the bus and subsequently being recharged at lower power;

e for the charging mode, high energy and low charging times need automated systems
that do not require the presence of an operator;

e for onboard storage units, due to the involved high energy, batteries with higher
specific energy than most of the batteries available on the market are required, with a
high number of life cycles at high currents and with a carefully sized cooling system.

1.3. Contribution

This paper focuses on the design, implementation and control of a particular fast-
charging station composed of different power converters. Particularly, the proposed power
architecture aims to increase efficiency and power density. Furthermore, the energy storage
system is realized using a specially designed flywheel. The benefits of the proposed
fast-charging station were evaluated, designed, and experimentally verified on a minibus
operating on a real mission profile. A daily route of a minibus was fixed and all the
kinematic parameters were recorded, while all the electric parameters were calculated using
the simulator in [20]. Figure 3b shows the daily route and the electric bus manufactured
by the Tecnobus model Gulliver and it operates in the center of the city [20]. Three routes
were measured with a GPS tracker to collect the driving cycle to be used for the offline
simulations in order to calculate several parameters such as the time to run the mission, the
available time for the charging process, the energy consumption, etc... The route is made
with four buses (four bus/hour) and each bus starts its mission one time per hour, but the
time needed to start and return to the terminal is about 45 min, so that 15 min is available
to charge the onboard battery with a newly conceived charging system, able to reduce the
grid impact for such a short charging time. According to the experimental measurements,
an average load of eight passengers was assumed.

The complete characteristics of the bus line are reported in Table 1. With a distance
covered of 8.34 km at an average speed of 12.4 km/h, the electric bus has an energy con-
sumption of about 3.98 kWh (0.481 kWh/km). A modified electric bus was designed to test
the fast-changing technology with ground storage based on a flywheel electromechanical
system [21,22]. The new electric bus has the following characteristics: (1) a pantograph
to allow automatic charge when the bus reaches the terminal; (2) a new onboard storage
system, consisting of low capacity, high specific power which can be charged at high
power. The technology chosen for this application is the LTO battery (Lithium-Titanate
Oxide) [23-25]; (3) a fast charger with a flywheel energy storage.

1.4. Paper Organization

This paper is organized as follows: the proposed power conversion system including
the designed energy storage system is discussed in Section 2. The control strategies for
the different power electronic converters belonging to the fast-charging architecture are
presented in Section 3. The experimental results for the subsystems charging station are
discussed in Section 4 and finally, the conclusions of the paper are given in Section 5.
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Table 1. Characteristics of the electric bus line 117 in Rome accomplished with a Tecnobus Gulliver.

Parameter Value
Time [s] 3600
Avg Speed [km/h] 12.4
Max Speed [km/h] 60
Distance [km] 8.34
Avg [kW] 2.78
Battery energy [kWh] 3.98
Battery [kWh/km] 0.481
Length [m] 5.3
Width [m] 2.07
Height [m] 2.58
Max passenger capacity 28
Gross Vehicle Weight (GVW) [kg] 5826

2. Charging Station

The proposed charging station block scheme is illustrated in Figure 4, where different
power conversion systems are connected to the DC-bus. Particularly, the 3-phase 5-Level
E-Type Rectifier, called 3®5L E-Type Rectifier (proposed, investigated and designed by
Roma Tre University, Rome, Italy and manufactured by “Sky Research doo” company,
Belgrade, Serbia), is used as a front and between the electrical grid and the DC-bus,
and the bidirectional Dual Active Bridge (DAB) DC-DC Converter is employed as a
charging architecture. Another the 3-phase 5-Level E-Type Inverter, called 3®5L E-Type
Inverter (proposed, investigated and designed by Roma Tre University, Rome, Italy and
manufactured by “Sky Research doo” company, Belgrade, Serbia) is used to control the
flywheel. Figure 5 shows the charging station cabinet which integrates both the power
conversion systems and the control architecture.

2.1. Multilevel Converters

Each phase of both 3®5L E-Type Rectifier and Inverter have two interleaving legs: leg
1 and leg 2, as shown in Figure 4. Additionally, each leg is composed of two I-Type cells
(cell 1 and cell 3) connected to the T-Type cell (cell 3) [26]. Furthermore, the power flows in
one direction in the 3®5L E-Type Rectifier due to the presence of the diode into the T-Type
cell. The two legs are connected in interleaving using the Intercell Transformer (ICT) [27].
The advantages of paralleling the legs using the ICT lies in the fact that the phase current is
equally shared between the legs, the amplitude of the total current ripple is reduced and
the harmonic contents of the voltage at high frequency are shifted at twice the switching
frequency. The main idea of using the five-level converter is to improve the equality of
the voltage and current waveforms without giving up the benefit of high efficiency and
high-power density [28-30]. In fact, keeping constant the switching frequency and the other
passive parameters, increasing the number of voltage levels means reducing the current
ripple, which leads to a low Total Harmonic Distortion (THD). Furthermore, by working
with only a fraction of the DC-bus, it is possible to select the power semiconductors with a
low voltage rating.



World Electr. Veh. ]. 2021, 12,28

6 of 19

HF Transformer

L o

N,

.
N:

L

oy i
Electrical Grid

ICTyy

Ling -

PHASE C

PHASEB
PHASE A

a

Leg2

e

AC/DC

DC/AC

3®5L E-Type

3®5L E-Type

Rectifier

|
LU

:

ag

|
1

Inverter

Flywheel

(
|
| PHASE W
i PHASE V
| PHASE U
| Leg2
|
: Leg1
o
| Cell’3
|
|
| =
|
|
| Celi’? 2 ICTyy
: = s -
| Lo
>—| Uy
I
| J}
| =
| cell
! £
|
A
| L
L

m, 1y

FRAARAL MW

Figure 5. Charging station with integrated power electronics converters and control platforms.
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The use of high-speed power semiconductors allows the reduction of the switching
losses or, alternatively, keeping the power losses constant, it is possible to play with the
switching frequency fs, to reduce the volume of the passive components. As can be
deducted, the voltage stress across the power semiconductors was reduced by using the
multilevel topology, whereas the current stress flowing through the power semiconductors
was reduced by using the interleaving topology. Obviously, no meal is free! As the number
of levels increases, the number of power devices in the converter also increases, which is
not at all advantageous from the reliability point of view. However, in the last few years,
power semiconductors have become more and more reliable [31,32] and their cost has
drastically reduced compared to the cost of copper and iron, which are the main elements
for making inductors or transformers. The other disadvantage of having a large number of
devices could lie in the control circuits to ensure the best input and output characteristics.
In fact, it is difficult to find an analytical model to predict their dynamic characteristics due
to the non-linear nature of the power semiconductors. Thus, the linearization of the power
converter behavior is on the basis of a more predictable tuning procedure of the related
control loops [33,34]. Nevertheless, apart from the analytical effort required to find the
control law, the continuous trend of increasing controller performance and memory size
along with the reduction of cost has now reached a point where the increase in the number
of power semiconductors is not such a disadvantageous problem. Figure 6 shows the
realized DC-AC converter used for both grid-tied converter and flywheel controller. The
AC filter board that was accurately designed to comply with the grid connection standard
is also shown.

Figure 6. Prototype of the DC-AC converter and its output power filter.

2.2. Dual Active Bridge Converter

The charging and/or discharging power transfer from the battery onboard the Electric
Buses (EB) to the DC-side is controlled by a bidirectional DC-DC DAB Converter [35-37].
The DAB converter is an isolated bidirectional converter that can transfer energy in two
directions. It consists of two active full bridges, which are symmetrical from both sides, con-
nected to a High-Frequency Transformer (HFT), as illustrated in Figure 4. The transformer
leakage inductances L; and L, work as a power link between the input side and output
side, in other words, they can be used as the main component for transferring energy.
In fact, the leakage inductance determines the maximum transferable power for a given
switching frequency. The operating principle of the DAB is based on phase shift control:
the outputs of two voltage bridges are phase-shifted from each other by the phase shift
angle ¢ [38,39]. Then, by changing the angle, the amount of power transferred between two
bridges can be controlled. In this configuration, the key factor of the fast charging is the
galvanic isolation obtained by using the HFT, which is very advantageous from the weight
and size point of view [35-39]. Consequently, the main advantages of this fast-charging
architecture are wide Zero Voltage Switching (ZVS) range for all the power switches over
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wide load variation, which means efficiency improvement, naturally bidirectional power
flow control and galvanic isolation at high frequency.

2.3. Flywheel Energy Storage System

According to the mission profile, a suitable flywheel energy storage system (FESS)
was designed including the electrical machine used as a motor/generator unit and the
dedicated power converter to be connected to a common DC-bus. FESS was made of
steel and fully encapsulated in a vacuum chamber, as shown in Figure 7. In the same
chamber, the permanent magnet’s electrical machine was placed, equipped with liquid
cooling. Magnetic bearings were used for mechanical support of the rotating assembly.
The characteristics of the flywheel total assembly are listed in Table 2. Minimum speed
can be reached thanks to the high efficiency low losses AC-DC converter that will be able
to boost the machine phase voltages considering a constant DC-bus shared among the
power converters being part of the charging station. Flywheel will be installed according
to underground installation standards. This will also reduce the land occupation on
the surface.

Figure 7. Totally encapsulated Flywheel and its Permanent Magnet -electrical machine.

Table 2. Characteristics of the flywheel total assembly.

Parameter Value
Range speed [rpm] 2000-4000
PMSM pole pairs 4
Density [g/cm?] 7.68
Total mass [kg] 2300
Moment of inertia [kg~m2] 171
Energy [K]] 9800

Power [kW] 25
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3. Control System and Implementation

The charging station control scheme was accomplished by three control boards, each
one devoted to a specific system as a flywheel, grid-tied AC-DC and charging regulator
DC-DC converter. Communication between each apparatus was developed by using
TCP/IP standard which allows also remotely monitoring the complete station. The control
board is based on the National Instruments sbRIO-9651 System on Module (SoM) which is
integrated into the PED-Board® controller (manufacturied by ED-Elettronica Dedicata SRL,
Rome, Italy) shown in Figure 8. For the SoM equipped with a dual-core uP and an FPGA,
code splitting between targets was accomplished as follows. Control loop for currents,
voltage, and speed (when needed) are closed on the FPGA using 32-bit floating-point
arithmetic, whereas system managements, state machine and communication infrastructure
are totally managed by the ARM pP.

Figure 8. uP-Field Programmable Gate Array (FPGA) combined control platform for the proposed
charging station.

The grid-connected boost rectifier control scheme is shown in Figure 9. This power
converter is responsible to keep the common DC-bus voltage regulated to a suitable value
that is equal to Vpys. This task is performed by an external voltage loop which provides
the current reference to the inner current controllers working on each phase separately. In
fact, the current control strategy was selected to be able to perform a wave shaping of the
current profile, reducing the total THD. Because the grid frequency cannot be considered
as constant, a frequency adaptive multi-resonant control (MRC) structure was selected to
fulfill this task. The flywheel energy storage system is composed mainly of an electrical
drive with a huge inertial load, and the most suitable control scheme is represented by the
Field-Oriented structure as shown in Figure 10.

. Peharge
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Figure 10. Block scheme of the 3®5L E-Type Inverter control algorithm for the flywheel energy
storage system.

This system is controlled by regulating the inner quantities such as machine flux
and torque, by an external speed loop. However, that is not enough to keep the system
working properly. Because the FESS must follow the charging power on the battery side, an
additional power controller is mandatory for this application. The power controller acts in
order to modify the torque (i.e., g-axis current) demanded by the speed loop. Expressions
used to cut the torque requests are reported as in Equation (1), where P is the machine
pole-pairs, and Ay is the machine flux. Statements in Equation (1) were integrated into the
speed loop anti-windup algorithm changing its maximum and minimum limits. P, and
Pjischarge are received by the FESS control board from the DAB controller which regulates
the charging process. In this manner, the grid-connected AC-DC is able to keep the DC-bus
voltage constant acting as balance and providing extra power when needed.

A Dual-Active-Bridge (DAB) converter topology was selected and designed to man-
age the batteries charging process. As previously illustrated in Figure 1, when the bus
approaches the charging point, its pantograph is activated, and the secondary side of the
DARB is energized. After that, the power transfer begins.
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As illustrated in Figure 11, two cascaded control loop s can be identified, an inner
current loop and an outer voltage loop. This is because the charging process requires
separated action, starting with constant current charging, and moving to constant voltage
in order to avoid any damage to the battery pack. During the charging phase, power
is provided mainly by the flywheel system, taking to the grid only a small part of the
whole charging power; hence, reducing the grid impact. The presence of a high-frequency
transformer can also be observed, which provides galvanic isolation between the battery
on-board the vehicle and the charging station DC and AC sides. It was designed and
built to operate at 20 kHz to reduce its weight and size. It is important to add some
specific info about the designed charging station. Each component is design id it is
inherently bidirectional with respect to the power flow. Flywheel and grid-tied inverters
are bidirectional due to their structure. The DAB power converter, which represents a
power link and charging regulator between the common DC-bus and the battery onboard
vehicle, was designed with active rectification which will allow to reverse the power flow,
introducing the so-called vehicle-to-grid [40,41].

HF Transformer

o L,

[ H MODULATOR
Ve I, }
Virg Voltage | & Current | ¢ [ Carrier
—> —>
controller controller generator

Figure 11. Block scheme of the Dual Active Bridge (DAB) control algorithm devote to regulate the
charging of onboard batteries.

3.1. Control Tuning of the 3®5L E-Type Rectifier System

The single-phase Phase-Locked loop (PLL) block shown in Figure 9 and used to
obtain the grid phase 6 was implemented according to the method presented in [42]. The
amplitude of the reference current is given by the external voltage PI controller. The PI
controller was discretized using the forward Euler technique and the parameters are tuned
according to [43]. The resulting expression in the z-domain is given in Equation (2), where
Kp and K are the proportional and the integral gains and T is the sampling period.

_ Kp+ KT, —Kpz!
N 1—2z"1

Gpi(z) @

The amplitude of the obtained current is compared with the measured current and
the error signal goes into the MRC block. The transfer function of the MRC Gprcq)(s)
is written in Equation (3), where h is the number of harmonics, k;,(;), 1 is the maximum
harmonic order that is included in the MRC and 60, wer(n), and woy are the gain, phase,
width and resonance frequency of the controller, respectively.

(SCOSQ(h) + Wer(h) — wo(h)SiWG(h))
52 + chr(h)s + (wgr(h) + w%(h))

n
Gumren) () = Y 2Kir(n) Wer(n) ®3)
=1

As it can be seen, in each resonant controller it is possible to regulate the gain k;),
the width w,,) and the phase 63,. In order to implement the MRC on the FPGA, Tustin’s
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discretization method with the prewarping term K was used. The MRC transfer function
GMmRrc(n)(8) in the z-domain is given in Equation (4), where the coefficients are listed in (5).

ag + a1z~ 4 az72

Gumrem) (z) = bo £ b1z T by 2 4)
ap = Zer(h)a)fr( h) + Zkir(h)KT(UC,(h)COSG — Zkir(h)wowcr(h) sin
a1 = 4k, (pw f,( 0y — HKir () W0 () Wer (1) 5110
ap = 2k1r(h) cr(h) + 2k1r( )KTwcr(h)COSQ — 2ki,(h)wowcr(h) sin 6 5)
by = ZKTwC,( n + wz(h) + w?r(h)
by = 2aJ o) ZKT + chr(h)

by, = K2 + ZKTwcr(h) + wo(h) + w?r(h)

The control tuning is based on the procedure presented in [44]. Figure 12 shows the
open loop of the control structure up to the 17th harmonic when the power is close to
10 kW. It can be seen that the phase at the resonant frequency is equal to zero, due to the
phase compensation of the MRC.
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Figure 12. Open-loop Bode plots of the control structure.

3.2. Control Tuning of the 3®5L E-Type Inverter System

The schematic of the 3®5L E-Type Inverter control loop is shown in Figure 13, where
KE is the machine torque constant, | is the total inertia, B is the friction, T} the load torque
applied to the shaft, L; is the synchronous inductance and R; is the synchronous resistor.

\h(‘blm‘ Mechanical Model

Power |7 Current 305L E-Type |Vs _’gm
i C 11 Inverter sL,+R, sj+B
Machine Electrical Model
Low-, pass
filter
Low-pass
filter

Figure 13. Schematic of the control loop used to achieve the control tuning of the 3®5L E-Type Inverter.

The control tuning of the field-oriented structure is based on the procedure presented
in [45]. Particularly, the current loop was tuned according to the transfer function (TF) in
Equation (5), where it is possible to recognize four terms. The first term is the TF of the PI
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(Proportional-Integrator) controller R;(s) where k,; and k;; are respectively the proportional
gain and the integral gain. The second term G;,,;,(s) is the TF of the inverter, which describes
the converter behavior, where K, is the converter gain that depends on the modulation
strategy, T, is the delay time of the converter equal to the switching period T, and Ty; is
the delay time related to the dead-time of the converter. The third term Gg(s) is the machine
electrical model TF and the last term G p;(s) is the TF of the low-pass filter, where wy; is the
filter cut-off frequency of the filter.

Ri(s) Gino(s) Gr(s) Guri(s)

—N— —N ’
Gori(s) = (k . k”) ( Kiny ) < 1 ) “ri (6)
' & S (1 + TdS) (1 + Tdts) sLs + Rs s2 + \@wﬁs + wj%i

The speed loop was tuned considering that the bandwidth of the current loop is far
enough from the desired speed loop crossover. In this way, the current control loop can be
approximated with a unitary gain with no delay. The open-loop TF of the speed loop is
written in Equation (6), where it is possible to recognize four terms: Ry(s) is the TF of the
speed PI controller, G;(s) is the current control TE, where w; is the current loop bandwidth,
Gpm(s) is the machine mechanical model TF and G ps(s) is the low-pass filter TF, where wy
is the cut-off frequency of the speed filter.

Rs(s) Gi(s) G (s) Grps(s)
— —
2
ki w 1 Wi
ot (ko ) (2 ) (1) :
oLs(s) <ps s (s—!—wfs s]+B 52+\/§wﬂs+wj%i @

According to Equations (5) and (6), the current loop and the speed loop were tuned.

3.3. Control Tuning of DAB System

Figure 14 shows the block scheme of the control loop used to tune the DAB converter
control structure. The tuning of the controller is based on the procedure presented in [46].

DAB Converter
R,
L3

V,rer Voltage N Ip,ref Current
controller Controller

—> Sat —>| G,(S):%

Low-pass
filter

Low-pass
filter

Figure 14. Block scheme of the control loop used to achieve the control tuning of the DAB converter.

The open-loop TF of the current-loop Gor;(s) has three terms, as shown in Equation
(7). Gpyi(s) is the TF of the current controller and Gy p; is the TF of the low-pass filter. G;(s) is
the TF from phase shift perturbation ¢ to the input current perturbation 7,, where V43 is
the input voltage between the phase legs of the first full-bridge at a steady state, ¢ is the
phase shift at a steady-state and Lk is the total leakage inductance of the transformer, L; g
=L' + (N1 /N»)L,.

Gi(s)

Gpri(s) — — Crri(s)
—N
o) (1 —2%)VAB w2,
Gori(s) = (kPi + h) 5 ik ®)
5 LrxCi27fsws® + LLk27 fsw s2 + ﬁwf,-s + cuj%l.
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Assuming that the crossover frequency of the current loop is greater than the crossover
frequency of the voltage loop, the open-loop TF of the voltage loop is given in Equation (8).

Gpro(8) Go(s) GLpo(s)
k r(L 27ts/C1 — V. 4))54;‘ w]%‘
G s) = [ kp, + I”) < LK 1— VAB ) i .
OLU( ) < Po S LLKC127Tfsw52 + LLKznfsw s2 + \ﬁOJﬁS 4 wzi ( )

Based on Equations (7) and (8) the current and voltage control loops of the DAB
converter were tuned.

4. Experimental Results

Each sub-system, parts of the charging station, is accurately tested before any integra-
tion takes place. The switching frequency fs,, of the 3®5L E-Type Inverter and Rectifier is set
at 20 kHz, while the switching frequency fs;, of the DAB is set at 40 kHz. The dead-time DT
of the converters is set at 2 us. Figures 15 and 16 show the grid-tied converter waveforms
when fully connected to the grid. The very low distortion related to the drawn current can
be observed, which is due to an accurate control structure and properly designed power
filter supported by the 5-level converter topology. The DC-bus voltage is set at 800 V in
Figure 15 and the modulation depth M of the converter is equal to 0.8. As it can be seen
from Figure 15, the fundamental component (yellow waveform) of the phase-to-neutral
switching voltage 1, (green waveform) is a pure sinusoidal waveform. The quality of
the AC voltage waveforms is improving thanks to the nine voltage levels. Furthermore,
given that the phase current ripple strongly depends on the number of voltage levels [47],
having nine voltage levels helps to reduce the current ripple and improve the quality of
the current. In fact, the grid current waveform (magenta track) is almost a pure sinusoidal
waveform. The DC-bus voltage is kept constant at 600 V in Figure 16 and the modulation
depth My of the converter is close to 1.

<Main>

Sms/div

[

200V/div
10A4/div

Figure 15. Grid side converter waveforms: fundamental component (yellow track), phase-to-neutral
switching voltage 1,5, (green track), grid current i, (magenta track), estimated grid angle (red track).
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Figure 16. Grid side converter waveforms: leg-to-neutral switching voltage 1,35, before the out-
put power filter (yellow track), fundamental component (green track), injected phase current (ma-
genta track).

The leg-to-neutral switching voltage u,1(s,) (see the label of Figure 4) shows five
voltage levels as highlighted in yellow in Figure 16. Thus, the voltage waveform across the
single-leg shows five voltage levels u,;(s;,), while the voltage across the single-phase 1,5y,
shows nine voltage levels thanks to the use of the interleaving technique [27,48]. Figure 17
illustrates the normalized harmonic spectrum of the AC phase current i,. The amplitude is
normalized with respect to the fundamental. As can be seen, the harmonics 5, 7, 9, and
11 are relatively high due to dead-time DT equal to 2 ps. The THD; estimated up to the 50th
order is close to 4.7%. Those tests were carried out by charging the battery on-board the
vehicle directly from the electrical grid without the power boost provided by the flywheel.
During the same test, waveforms related to the DC-DC DAB converter were collected and
this is shown in Figure 18.

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Harmonic order

Phase currents i, [%]
O T T T o R T TR T T e e S e e
O INWENNAN 0D I Wk NN 00D W
SocooooSoSSSooSSSSoScSessssS

Figure 17. Harmonic spectrum of the electrical machine phase currents i,.
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20,u§s/a’iv

Figure 18. DAB transformer current and applied voltage.

Flywheel energy storage system was tested and results are shown in Figure 19 for
steady-state operation. In this condition, the DC-bus voltage is kept constant at 600 V
and the modulation depth Mj of the converter is close to 1. Here too, the leg-to-neutral
switching voltage 1,15, (magenta track) shows five voltage levels which helps to improve
the quality voltage and current waveforms. Electrical machine phase currents and electrical
flux position are clearly illustrating the correctness of the control system.

10ms/div

100V/div

Figure 19. Flywheel side converter waveforms during charging: leg-to-neutral switching voltage
Uy1(sw) (Magenta track) before the ICT, fundamental component (extracted), electrical machine phase
currents (green track) and angular flux position (red track).
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5. Conclusions

This paper describes the main components of a multi-input charging station, which
has a reduced impact on the public electrical grid due to local flywheel energy storage
systems. High-efficiency power converter topologies were selected for both the grid-
tied AC-DC converter and the flywheel inverter. As illustrated, the proposed multilevel
converter configurations allowed us to strongly reduce the size and cost of the required
AC filters to fulfill the grid connection standards. The results illustrate the effectiveness
of the solution which could help the penetration of zero-emission vehicles especially for
public transportation applications, where the mission profile is in general well known.
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