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Abstract

Fast charging of electric vehicles (EVs) is limited by the cell voltage and temper-
ature limits enforced by the battery management system (BMS), while hybrid
charging stations must also keep grid power quality within standards. This paper
presents a BMS constrained multistage constant current (MSCC) charging algo-
rithm optimized by particle swarm optimization (PSO) for a PV grid hybrid DC
fast charging station. The station, modelled in MATLAB/Simulink, comprises
a unity power factor front end converter, an isolated DC to DC charger, a 14.4
kWp photovoltaic array with perturb and observe maximum power point track-
ing (MPPT) on an 800 V DC link, and a 54 Ah pack of temperature dependent
cells with cell to cell variation. The BMS combines four current stages, a 4.2 V
constant voltage loop on the highest cell and thermal derating between 40 and
45 °C; PSO tunes the stage currents and state of charge breakpoints. The opti-
mized profile charges the pack from 20 % to 80 % in 22.6 min, 38.1 % faster
than 1C constant current constant voltage (CCCV) charging and 6.1 % faster
than CCCV at equal peak current, with all cells below 4.201 V and 43.5 °C. At
45 °C ambient the reduction reaches 29.8 %. Rerating the front end converter
lowers the grid current total demand distortion from 9.71 % to 2.66 % (2.91 %
with PV), a power factor of 0.991. The MPPT extracts over 98.2 % of the avail-
able PV power, supplying up to 34.9 % of the station input without affecting the
charging current.

Keywords: Electric vehicle fast charging, Battery management system, Particle
swarm optimization, Multistage constant current charging, PV grid hybrid charging
station, Power quality



1 Introduction

1.1 Background

The rapid growth of electric vehicles (EVs) has made the charging station a critical
interface between the vehicle battery and the power grid. DC fast charging stations,
typically rated from tens to hundreds of kilowatts, must charge the battery quickly
while drawing a clean current from the grid [1]. Reviews of charging technology report
that a practical fast charger should bring the battery to about 80 % state of charge
(SOC) in roughly 30 minutes [2], and modular architectures have been proposed to
scale such stations to ultra fast levels [3]. The energy management schemes used in
charging stations [4], the bidirectional charger topologies needed for vehicle to grid
operation [5] and the DC to DC converters that form the core of every DC charger
[6, 7] have been surveyed recently, including in this journal.

Supplying charging stations from renewable sources reduces their grid demand and
carbon footprint. Solar powered EV charging has been reviewed from the technical [§]
and techno economic [9] points of view. A 4 kW solar power based hybrid charging
station was designed and simulated in [10], which serves as the grid power quality,
maximum power point tracking (MPPT) efficiency or charging time.

1.2 Literature review

PV and hybrid charging stations. The feasibility of grid connected solar wind
stations was analysed in [11], where a renewable fraction of 0.87 was reported. Sta-
tions combining PV, battery storage and diesel generation [12], grid connected PV
with battery energy storage [13], distributed energy resources with seamless grid con-
nection [14] and hybrid converter topologies for PV grid EV integration [15] have been
demonstrated. Transactive energy between PV farms and charging stations [16] and
disturbance observer based sliding mode control of the DC voltage in solar stations
[17] have also been proposed. At smaller power levels, an off grid PV station with
an interleaved three port converter achieved 95.5 % efficiency [18], and an integrated
Zeta Luo converter was used for solar EV charging [19]. Metaheuristic MPPT for grid
tied stations [20], techno economic optimization of PV powered stations for Indian cli-
mates [21], solar wind DC microgrids for desert regions [22] and combined hydrogen
and EV stations [23] extend this line of work.

Planning and scheduling. Another group of studies addresses where and when
EVs are charged consensus based power sharing between the grid and stations [24],
the location and sizing of solar assisted stations [25, 26], uncertainty in distribution
systems with correlated EV demand and renewable generation [27], infrastructure
planning around transit hubs [28] and deep learning prediction of charging demand
with 97.1 % accuracy [29].

DC fast charging and converter control Battery enabled DC fast charging
stations and their grid integration were studied in [30, 31]. A fast charging station on
a DC microgrid using multistage constant current (MSCC) charging reached about
30 min charging times [32]. Grid forming inverters for charging stations [33], model
predictive control of three level converters in bipolar DC microgrids [34], a PSO tuned



sliding mode controller for bidirectional DC to DC converters [35], an artificial neural
network controlled converter with THD below 2 % and power factor above 0.98 [36]
and a wireless charger with a multilevel power factor correction front end [37] show
the variety of converter level solutions.

Power quality Large EV loads distort the grid current a review in [38] reports
harmonic distortion rising from 3 % to 28 % over a charging cycle. A comparison of
DC fast charger topologies found a grid current THD of 7.89 % for the full bridge
charger [39], while a model predictive PV integrated charger reached 0.96 % THD and
a charging current ripple below 2.5 % at 10 kW [40]. Adaptive filter control [41] and
unified power quality conditioners [42] have been applied to renewable fed stations.
Compliance is normally judged [43].

Battery, BMS and charging protocols. The behaviour of lithium-ion cells
depends on chemistry, temperature and SOC, and accurate SOC estimation is central
to battery management [44, 45]. The charging protocol itself determines how fast and
how safely the battery is charged. A PSO optimized multi stepped CCCV controller
reduced the charging time by 31.2 % compared with CCCV [46], and a genetic algo-
rithm multistage strategy with temperature rise control reduced the charging time by
1.9 to 9.54 % at 10 to 40 °C [47]. PSO [48] is widely used for such problems because
it needs only the value of the objective function.

Table 1 summarises the most closely related studies.

Table 1: Comparison of related studies with this work (v* = addressed; — = not the
focus of the study)

Cell-
PV- Charging- level Grid Key
System grid profile BMS power reported
Ref. studied hybrid optimization limits quality  result
[10] 4 kW solar v - - - design
hybrid EV and sim-
station ulation;
no THD,
MPPT
efficiency
or
charging
time
[11]  Solar-wind v - - - renewable
grid- fraction
connected 0.87
station
[18]  Off-grid PV PVonly - - - 95.5 %
three-port efficiency
converter



Cell-

PV- Charging- level Grid Key
System grid profile BMS power reported

Ref. studied hybrid optimization limits quality  result

[32]  Fast- DC MSCC - - ~ 30 min
charging micro- fast
station on grid charge
DC
microgrid

[35]  PSO-tuned - controller - near- CC—CV
SMC tuning unity transition
DC-DC PF 0.37 s
converter

[36] ANN- - - - v THD < 2
controlled %, PF >
converter, 0.98
350 W

[39] DC - - - v full-
fast-charger bridge
topologies, THD
80 kW 7.89 %

[40] MPC PV- v - - v THD
integrated 0.96 %,
charger, 10 ripple <
kW 2.5 %

[46] PSO multi- - v (PSO) heat - -31.2 %
stepped time vs
CC-CV CC-CV

(to 100
%)

471 GA - v (GA) temperature — -1.9 to
multistage rise -9.54 %
charging time vs

CC-CV

This 60 kW v v (PSO, 7 v (4.2 v 22.6

work DC fast variables) V, 45 (TDD min,
charger + °C, per 2.66 %) -38.1 %
14.4 kWp cell) vs 1C
PV CC-CV

1.3 Research gap

Table 1 shows that the literature treats the problem in separate parts. Charging pro-
tocol studies [46, 47] optimize the current profile of a single cell or battery but do not
model the charger, the grid or a renewable source. Charger and power quality studies



[36, 39, 40] model the converter and its grid current but charge the battery with a
fixed current. Hybrid station studies [10, 11, 18] focus on sizing, efficiency and energy
sharing. None of the compared works optimizes the charging profile under cell level
BMS limits inside a PV grid hybrid fast charger while also verifying grid code power
quality. The base study [10] reports no power quality, MPPT or charging time results.

1.4 Contributions
The main contributions of this paper are

1. A switching level model of a PV grid hybrid DC fast charging station with a
realistic 99s2p, 54 Ah pack of temperature dependent cells with cell to cell variation,
built from validated MathWorks components [49-51] with a corrected pack scaling
method and cell level BMS signals.

2. A redesign of the front end converter for the actual charging power, which reduces
the grid current total demand distortion (TDD) from 9.71 % to 2.66 % and satisfies
the limit [43], with and without PV.

3. A BMS constrained MSCC charging algorithm with a constant voltage loop on
the highest cell and thermal derating, whose four stage currents and three SOC
breakpoints are optimized by PSO; the resulting profile charges from 20 % to 80 %
SOC in 22.6 min within the 4.2 V and 45 °C limits.

4. A combined evaluation of charging time, cell temperature and voltage, ageing stress,
ambient temperature (25 to 45 °C), MPPT efficiency, renewable share and grid
power quality, with a quantitative comparison against published work.

1.5 Organization of the paper

Section 2 describes the charging station. Section 3 presents the mathematical models,
and Section 4 the proposed BMS charging algorithm and its PSO optimization. Section
5 gives the simulation set up and the performance indices. Section 6 presents and
discusses the results and compares them with published work. Section 7 states the
limitations and future scope, and Section 8 concludes the paper.

2 System description

2.1 Station architecture

Fig. 1 shows the studied station. A three-phase voltage source front end converter
(FEC) rectifies the 415 V, 50 Hz grid through an L filter and regulates an 800 V DC
link at unity displacement power factor. A 14.41 kWp PV array feeds the same DC
link through a 10 kHz boost converter with perturb and observe (P&0O) MPPT. An
isolated DC-DC converter, consisting of a 10 kHz full bridge inverter, a high frequency
transformer (ratio 1 : 0.5), a diode rectifier and a 5 mH output inductor, charges the
battery pack. The BMS reads the voltage, temperature and SOC of every cell and
sets the charging current reference the stage currents of the BMS are tuned offline by
PSO. The FEC, the DC to DC converter and the battery module are based on the



MathWorks DC fast charger [49] and temperature dependent battery module [50], and
the PV sub system on the MathWorks PV, MPPT boost [51].

Irradiance —> PV array ~>» Boost and MPPT —

Grid > L filter i Front end »  Fullbridge % HF transformer Rectifier
FEC Control BMS EV battery

Fig. 1 Architecture of the PV grid hybrid DC fast charging station with BMS and offline PSO

2.2 Battery pack

The pack consists of 27 Ah pouch cells represented by an equivalent circuit model with
SOC and temperature dependent open circuit voltage (OCV) and series resistance Ry
(7 SOC x 3 temperature look up tables; Ry = 8.2-11.7 m€2). Two cells form a parallel
assembly, three assemblies form a 3s2p module, and 33 modules in series form a 99s2p,
54 Ah pack with an OCV range of about 346 to 415 V (Fig. 2). Capacity deviations
of [5, -1, -3, -2, 4, 1] % and SOC or temperature-dependent Ry deviations on cells 1
and 3 make the cells of a module unequal, as in a real pack. Each cell has a thermal
mass of 900 J/K (0.8 kg x 1100 J kg! K1), a 0.5 K/W path to the module and a
convective path (b = 100 W m2 K!, A = 0.04 m?) to the ambient.

Cell (27 Ah) ——> Parallel assembly »| Module (3s2p) ——>»  Pack (99s2p)

v

Cell heat —>» Cellmodule ——> Convection > Ambient

Fig. 2 Battery structure cell, parallel assembly, 3s2p module and 99s2p pack, with the thermal path
from cell heat to ambient



3 Mathematical modelling

3.1 Grid and front end converter

With the phase-locked loop aligning the d-axis to the grid voltage (v, = 0), the
converter and filter are described in the synchronous frame by

di di
L;td:’l)d—Rid"!‘wLiq_vcm L%:vq_Riq_WLid_ch 1)
3 . ] 3 . .
P= 5 (vaia + vgiq) Q= ) (Vglia — Vaiq) (2)
dVie . . .
CdcT: = lde, FEC T tde,PV ~ lde,DCDC )

where L and R are the filter inductance and resistance, v.q and v., the converter
voltages and Cy. = 20 mF the DC-link capacitance. An outer PI loop regulates Vy,

and produces ij; iy = 0 gives unity displacement power factor. Each PI controller

has the form v = K, (e + % f edt), with gains from the technical and symmetric

optimum rules of [49]:

L L Vie 1
Kpi=cr", Tii=—, G= T, = T, 4
P 9GK, T, MR 2 e T gn. Tl (@)
Cchs ‘7h
Kpo=c——, Tiy=4T4, K=, Tj=2T,+T;, 5
P 2KKS,UTdel ’ del Ve del SOJ'_ ’ ()

The admissible line inductance for a rated peak AC current IAaC is

Viae/2 = Virv/2/3 =~ V214e Vae
Liyax = 0.95 = y Ioe = (6)
w e V3 Vi
The original rated for I;. = 700 A (= 560 kW), which gives Lyax = 0.17 mH. For
the actual charging power the FEC was re-rated to 75 A (60 kW), giving Lyax = 1.57
mH; the selected inductance is 0.3 mH (Section 6.2), with K, ; = 0.00625 and T; ; =
15 ms (original 0.00208 and 5 ms), K, = 181.6 and T;, = 0.52 ms.

3.2 Isolated DC to DC converter

The full bridge applies a square wave voltage to the transformer of ratio n = 0.5. The
average output voltage and the charging current are

dibat
dt = Vo — Upack (7)

and the duty ratio is set by a PI current controller, D = Kpe + K; [ edt with
€= Iref — lpat, Kp = 2 and K; = 1.

V,~2nDVy, 0<D<05 L,



3.3 Battery cell, module and pack

For cell j (charging current positive),

Veell,j = OCV(SOCJ, Tj) + Z'jRo,j(SOCj,Tj),

SOC,(t) = SOCy + 1/t L dt (®)
I =P 36009, J, T
. 0Q; B OR;
QJ_Q(l—f— 100), Ro; = Ry <1+ s 9)
dT; . T — Tnode 1
mcpditj = Z?RO,]' - ]Ta Thode — Tamb = Qnode m (10)

The two cells of a parallel assembly share the assembly current so that their ter-
minal voltages are equal. The pack is formed from one simulated module by a voltage
controlled voltage source and a current controlled current source

Upack = Umod — Ksvmod, Ks=— (Ns - 1) = Upack = NgVimod, Ns =33 (11)

The gain Ky = — (N5 — 1) corrects the (Ng + 1) scaling of the original. Since
every module in the series string carries the same current, the pack current equals the
module current and the pack capacity is 54 Ah.

3.4 PV array, boost converter and MPPT

Each panel (60 cells) is described by the single-diode model with Ry = 0 and ideality
factor n = 1.5:

|4
I=1Iy—1I {eXp(NnV>_1]’
c t

G
[scm [1+Oé[(T_25)], (12)
I

exp (i) =1

The array has Ny = 16 panels in series and N, = 4 strings (225.1 W panels, 14.41
kWp, Viupp = 478.4 V at standard test conditions). The number of panels per string
follows from the minimum boost input voltage Vip min = Vic,avg [1 — 0.8 Diax] = 377.6
V with Dpax = 0.66 and the hot-panel voltage 24.47 V. The boost converter and the
P&O MPPT obey

Ipn =

Iy =

V
Vo= —— L
1-D’ b

o Vmpp Dmax

=———==10. H 1

Vref(k’ + 1) = Vref(k) + AV sign [(Pk — Pk,1> (Vk — kal)} , AV =0.01Vpp (14)



with an update period of 5 ms and V. limited to 0.8-1.1 Vj,,pp,. The maximum
power Pypp(G) = maxy (V I) of the same array model is 14.87, 8.58 and 2.61 kW at
1000, 600 and 200 W /m?.

3.5 Power balance of the hybrid station

Pgrid + va = Pyat + Ploss (15)

Because the FEC regulates V., any PV power reduces the grid import automat-
ically, and a loss of PV power is supplied by the grid without changing the charging
current.

4 Proposed BMS constrained charging algorithm

4.1 BMS rules

The BMS is implemented as a MATLAB Function block executed every Ts = 1 s (Fig.
3a). Its inputs, which pass through a unit delay, are the mean SOC, the highest cell
voltage and the highest cell temperature:

6
1
SOCmean = 6 E SOij Vmax = mjax Veell,j s Tmax = m]aX T] (16)
Jj=1

The stage current is selected from four stages separated by three SOC breakpoints
S1 < 89 < 83:

Istage = I for sp_1 < SOChean < Sk, k=1,...,4, s0=0,s4=1 (17)

A linear thermal derating reduces the current from 100 % at 40 °C to 20 % at 45
°C:

f _ ]-v Tmax S 40 OC
77 \max [0.2, 1 — 0.8 Tuax=10] ' 77, > 40 °C

A constant voltage (CV) loop acts on the highest cell voltage with anti windup

(18)

iew  min{ 3C, max[0, min(icu, frlstage)
(19)
+ Kcv (42 - Vmax)] }7 Kcv - 150 A/V

I’r‘ef = min (fT Istagea icv) (20)

Charging stops when SOC,,eqrn > 0.80, and the elapsed time is the charging time

ta0—sg0- The algorithm therefore behaves as MSCC while the cells are far from their

limits, as CV on the weakest cell near 4.2 V, and reduces the current when the hottest

cell exceeds 40 °C. CCCV baselines are obtained with the same block by setting
L= =1I3=14.



4.2 PSO formulation

The decision vector contains the four stage currents and three breakpoints,

x = [I1, 12, I3, Iy, 51,59, 83], 27 < I, <162 A,
s €[0.25,0.45], sy €[0.40,0.60],  s3 € [0.55,0.75].

where 27 to 162 A corresponds to 0.5C to 3C. Each candidate is evaluated by a
full 20 — 80 % simulation and the cost

(21)

J (X) = to9—go + 10 max (0, Tpeak — 45) + 100 max (0, V;ueak — 42) (22)

is minimised, with J = 1000 if 80 % SOC is not reached within 3 h. The standard
PSO update [48] is used:

Vi <= wV; + 171 (Prest,i — Xi) + €272 (8pest — Xi) x; < clip (x; + v;, 1b, ub)
(23)
with w = 0.7, ¢ = co = 1.5, 8 particles and 8 iterations (Fig. 3b). Two particles are
seeded with the CCCV (100 A) and a hand designed MSCC profile, and the random
generator is fixed for reproducibility. Simulink Fast Restart reduces each evaluation
to about 2.5 s.

5 Simulation set up

5.1 Parameters and cases

The main parameters are listed in Table 2 and the simulation cases in Table 3. The
switching level station models use the ode23t solver with a maximum step of 20 ps;
grid side quantities are evaluated over the last 10 grid cycles of 0.4 s runs (0.10 to
0.20 s for the 0.2 s baseline run). The full 20 — 80 % charge is simulated with an
averaged charging model in which the DC to DC converter is represented by an ideal
controlled current source this is justified because the switching model regulates the
charging current with about 2 % rms ripple (Section 6.3). This model uses the daessc
solver with a maximum step of 2 s.

Table 2: Main simulation parameters

Sub system Parameter Value
Grid Line voltage / frequency 415V / 50 Hz
Front end Rating / switching frequency 75 A DC (60 kW) / 10 kHz
converter
Line L / R (original) 0.3 mH / 20 mQ (0.1 mH /
20 mQ)
DC link voltage / capacitance ~ 800 V / 20 mF
Isolated DC to DC  Switching frequency / 10kHz / 1:0.5

transformer ratio

10



Sub-system

Parameter

Value

Battery cell

Pack

PV array

Boost and MPPT

Output inductance / PI gains
Capacity / Ry range
Thermal mass / cell module
resistance

Configuration / capacity /
OCV range

Initial SOC / cooling

Configuration / rating

Frequency / inductor / MPPT

5mH /K, =2, K; =1
27 Ah / 8.2-11.7 mQ
900 J/K / 0.5 K/W

99s2p / 54 Ah / 346-415 V

0.20 / h =100 Wm2 K* A
= 0.04 m?

4 strings x 16 panels x 225.1
W / 14.41 kWp

10 kHz / 10.5 mH / P&O, 5

ms, 1 % step

BMS Sample time / voltage limit / 1s/42V (K. =150 A/V)
derating / 40-45 °C, min 20 %
PSO Particles x iterations / w, ¢, 8 x8/0.7,1.5,1.5
C2
Table 3: Simulation cases
Case Model Condition Purpose
Original Station, two level L=01mH,02s power quality before
FE FEC improvement battery
indicators
Screening Station, two and designs D1 to D5 of  front end design
three level FEC L, gains, converter;
0.2s
HO Station, two level improved FE, grid power quality after
FEC only, 0.4 s improvement
H1 Hybrid, two level improved FE, PV at  hybrid power quality
FEC 1000 W /m? and power sharing
H2 to H4 Hybrid, averaged PV at 1000 / 600 / MPPT efficiency,
FEC 200 W/m? renewable share, DC
link
C1 to C3 Charging model CCCV at 54, 100, baselines
108 A (1C, 1.85C,
20)
C4 Charging model MSCC 135 / 108 / hand designed MSCC
81 / 54 A,
breakpoints 0.35 /
0.50 / 0.65
Ch5 Charging model MSCC optimized by  proposed algorithm

PSO
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Case Model Condition Purpose

Ambient Charging model 25 °C (all); 35 and 45  climate sensitivity
°C (C1, C2, C4, C5)

5.2 Performance indices

Harmonics are obtained by FFT of the grid currents over an integer number of cycles,
so that every harmonic falls on an FFT bin [43]. The current distortion is referred
both to the fundamental current /3 (THD) and to the rated demand current I, =
60 kW/ (V3 -415 V) = 83.5 A (TDD):

\/TIQ 50 72
THD; = # x100%, TDD=Y="=2"" L 100% (24)
1 L
P P

DPF = PF=—= —M— 2
cospr, S = 3VomiToms (25)

The TDD limit is 5 %, and the individual odd harmonic limits are 4 % (h < 11), 2
% (11-16), 1.5 % (17-22), 0.6 % (23-34) and 0.3 % (35-50) of I}, with even harmonics
limited to 25 % of these values. The hybrid operation and the charging performance
are evaluated by

’Upvipv Pp'u Pbat
= v 100%,  RE=—P'"  x100%, ot =
IMPPT PMPP (G) ’ va + Pgrid ° st Pgrid + va
(26)
trefr — 1
At=-"9 """ 5 100% (27)
tref
1 E 1 1
S=— .ce e dtv
3600 / liceu exp {Rg (wa Tﬂ (28)

E, =315kJ/mol, Trep = 298.15 K.
where S is an Arrhenius weighted ampere hour throughput used as an indicative
ageing stress index. The PV share of one charge is [ min (Pyas, Ppy) dt/ | Ppat dt.

6 Results and discussion

6.1 Battery pack and BMS indicators

At 100 A the pack charges at 1.85C with a pack voltage of 401.8 V, i.e. 4.06 V per cell.
This agrees with the cell model the OCV near 20-25 % SOC is about 3.62 V and the
ohmic rise is 51.1 A x 8.6 m{2 = 0.44 V. The capacity and resistance deviations make
the two cells of each parallel assembly share current unequally, the current spread is
1.19 A (2.3 % of the mean) and the voltage spread 9.0 mV. The simulated initial
heating rate (0.229 K/s and 100 J/K thermal mass) agrees with the hand calculation
i?Ro/ (mcp) = 0.225 K/s within 2 %, which validates the thermal model. These cell

12



Soc =0.20 Initialise swarm
\
! |
Sample every 1 s Simulate each particle
v v
N
Select stage K=1to 4 Evaluate cost J
S S
v |
s
Thermal derating Update Pbest, Gbest
N J \ J
v |
a s A
CV loop on highest cell Optimal profile
\
v v i
Current command Evaluate
v
Record

Fig. 3 (a) Flowchart of the BMS charging algorithm executed every 1 s (b) PSO procedure for
optimizing the stage currents and SOC breakpoints

level quantities are exactly what the BMS must supervise, because the weakest and
the hottest cell set the allowed charging current.

6.2 Front end design and grid power quality

Table 4 lists the front end designs that were screened with short 0.2 s runs at 100
A charging current. With the original 0.1 mH inductor (D1) the switching ripple is

13



too large (THD 12.35 %), and the three level converter with the same inductor (D4)
reduces the THD only to 8.67 % at the cost of more switches. The design with L = 0.3
mH, the gains of (4) and the PI zero placed on the plant pole (T;; = L/R) gives the
lowest distortion (D2) and was selected; it lies well below the admissible inductance
of 1.57 mH. Halving the gain and removing the pole zero cancellation together (D3)
raises the THD to 6.24 %. With 0.5 mH and 1.2 mH (D5) the current and DC link
voltage loops interacted and the DC link voltage oscillated, with a peak to peak ripple
of 0.85 to 1.0 % instead of 0.05 %, so no THD is reported for these runs. They were
not retuned, because D2 already met the IEEE 519 TDD limit with margin with a
smaller and cheaper inductor the retuning of the voltage loop for larger inductors is
left for future work. The screening THD of D2 (3.26 %) differs slightly from the final
value in Table 5 (3.67 %) because the final run is longer (20 cycles, window of the last
10 cycles).

Table 4: Front-end design alternatives (100 A charging current; 0.2 s screening runs;
final values of the selected design in Table 5)

Current- Pole—zero Grid-
L loop cancella- current
Design  (mH) gain tion Converter THD (%) Result
D1 (orig- 0.1 Eq. (4) yes two-level  12.35 ripple too
inal) high
D2 0.3 Eq. (4) yes two- 3.26 selected
level
D3 0.3 0.5 x Eq. no two-level  6.24 slower
(4) loop,
higher
THD
D4 0.1 Eq. (4) yes three- 8.67 ripple too
level high,
more
switches
D5 0.5/ Eq.(4) and yes two-level - DC-link
1.2 reduced oscilla-
tion; not
retuned

Figure 4 compares the grid currents with the original and the improved front end,
and Table 5 and Fig. 5 summarise the power quality. The improvement reduces the
grid current THD from 13.54 % to 3.67 % and the TDD from 9.71 % to 2.66 %, well
inside the 5 % IEEE 519 limit. With PV the grid supplies less current (38.6 A instead
of 59.9 A), so the THD referred to I; rises to 6.33 %, while the TDD the index limited
at 2.91 %. The true power factor rises from 0.956 to 0.991, the current unbalance falls
from 1.50 % to 0.04 %, and the 7th harmonic, which exceeded its limit before (5.82 %
of Ir), falls to 0.41 %. The true power factor (0.991) is slightly lower than the value
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implied by the THD alone (= 0.999) because the switching ripple around 10 kHz,
which lies above the 50th harmonic, is included in I,.,,s but not in the THD.

Original front end (THD 13.5%) Improved front end (THD 3.7%)

150 B 150

Grid current (A)

Time (ms) Time (ms)

Fig. 4 Grid phase currents over the last two cycles (a) original front end (b) improved front end

Table 5: Grid power quality of the switching runs (last 10 cycles; I.L = 83.5 A)

Original Improved Improved FE
Quantity FE FE (HO) + PV (H1) Limit
THD, % of I 13.54 3.67 6.33 -
Fundamental current 61.6 59.9 38.6 -
I; (A rms)
TDD, % of I, 9.71 2.66 2.91 5
Voltage THD at PCC 0.003 0.011 0.003 8
(%)
Displacement PF 1.000 1.000 1.000 -
True PF 0.956 0.991 0.983 -
Current unbalance (%)  1.50 0.04 0.41 2
Odd / even harmonics 12 / 23 4/13 3/14 0

above individual limit
Largest odd-harmonic h37: 1.72 vs h35: 0.35 vs h35: 0.54 vs 0.3 -
excess (% of I,) 0.3 0.3

The individual harmonic check in Fig. 5b shows that all low order harmonics are
within their limits after the improvement, but four high order odd harmonics (h25
to h35, largest 0.35 % against 0.3 %) and several small even components (below 0.55
% of Ir) remain above the strict individual limits. These orders lie where a plain L
filter provides little attenuation; an LCL filter is the standard remedy. The station
therefore meets the IEEE 519 TDD limit, and full individual harmonic compliance is
left to the filter design listed in Section 7. The voltage THD and unbalance are very
small because the grid is modelled as a stiff, balanced source.
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Fig. 5 (a) Grid current THD and TDD before and after the front end improvement and with PV,
(b) individual harmonics of the improved front end against limits

6.3 DC link and charging current

The DC link is held at 800.0 V in every case, with a peak to peak ripple of 0.035 to
0.084 % (Table 6, Fig. 6a). The charging current is regulated at about 102 A with an
rms ripple of 1.9 to 2.1 % (Fig. 6b), below the 2.5 % reported in [40]. The battery
power (40.9 to 41.0 kW) is the same with and without PV, which confirms that the
DC link voltage loop decouples the battery from the energy source.

6.4 PV grid hybrid operation

Table 6 and Fig. 7 summarise the hybrid operation. The P&O MPPT reaches the
maximum power point within about 0.05 s (Fig. 6¢) and extracts 98.2 to 98.3 % of the
available power at every irradiance, where the available power is the maximum of the
same PV model rather than the nameplate rating. At full sun the array supplies 14.6
kW, the grid import falls from 43.1 kW to 27.2 kW, and 34.9 % of the station input is
renewable at 600 and 200 W/m? the renewable share is 20.2 % and 6.2 %. The station
efficiency of 97 to 98 % is indicative because the semiconductor switches are ideal.

Table 6: DC link and PV—grid power sharing (last 10 cycles of 0.4 s runs)

HO H1 1000 H2

grid W /m? 1000  H3 600 4 200
Quantity only (two-level) W/m?2 W/m? W/m?
Available PV power - 14.87 14.87 8.58 2.61
Py pp (kW)
PV power delivered 0 14.62 14.62 8.43 2.57
(kW)
MPPT efficiency (%) — 98.3 98.3 98.3 98.2
Grid power (kW) 43.1 27.7 27.2 33.3 39.1
Battery power (kW)  41.0 41.0 40.9 40.9 40.9
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HO H1 1000 H2

grid W /m? 1000  H3 600 H4 200
Quantity only (two-level) W/m?2 W/m?2 W/m?
Renewable share (%) 0 34.5 34.9 20.2 6.2
Station efficiency (%, 95.3 96.8 97.8 98.1 98.2
ideal switches)
DC link ripple pk to 0.048 0.042 0.035 0.084 0.080
pk (%)
Charging current 2.07 2.00 1.94 1.94 1.94

ripple rms (%)

6.5 Charging algorithm comparison

Table 7 and Fig. 8 compare the five charging algorithms at 25 °C. The PSO optimized
profile reaches 80 % SOC in 22.6 min, which is 38.1 % faster than 1C CCCV (36.5
min), 6.1 % faster than CCCV at the station current of 100 A (24.0 min), 3.4 % faster
than 2C CCCV and 11.6 % faster than the hand designed MSCC. It respects both
BMS limits the highest cell voltage is 4.201 V and the hottest cell reaches 43.5 °C. The
durations are consistent with simple checks at 1C the ideal constant current time for
60 % SOC is 36 min, and at 1.85C it is 19.4 min, to which the CV taper adds about
4.6 min. The charge delivered in every case is 32.6 Ah, i.e. about 60 % of 54 Ah.

Table 7: Charging algorithms at 25 °C ambient (20 — 80 % SOC, 54 Ah pack)

At vs
At vs CC-CV ASOC

taosgg CC-CV 1.85C Tpeakk Vpeak at 80 Stress
Algorithm (min) 1C (%) (%) ) (V) % (%) S (Ah)
CC-CV 1C (54 36.49 - -51.7 33.9 4.200 3.45 20.5
A)
CC-CV 1.85C 24.05  34.1 - 41.6 4.201 3.92 25.9
(100 A)
CC-CV 2C 23.39  35.9 2.8 42.4 4.201 3.94 26.8
(108 A)
MSCC fixed 25.54  30.0 -6.2 41.3 4.207 3.86 26.7
(135/108/81 /54
A)
MSCC-PSO 22.58 38.1 6.1 43.5 4.201 3.97 27.9
(proposed)

The PSO found a limit riding profile, I = [125.7, 162.0, 158.2, 152.2] A with break-
points [0.450, 0.492, 0.732] a moderate first stage (/= 2.3C) keeps the early temperature
rise low, and the later stages are set near the 3C bound so that the CV loop and
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Fig. 7 (a) Station input power supplied by PV and grid, with the renewable share (b) available and
delivered PV power with the MPPT efficiency

the thermal derating, not the stage values, determine the current (Fig. 8a). The hand
designed decreasing MSCC is slower than simple CCCV at 1.85C its 135 A first stage
is clipped by the 4.2 V limit, which also causes a single sample peak of 4.207 V, and its
later stages (81 A and 54 A) are lower than the voltage and temperature limits would
allow. This shows that stage currents and breakpoints must be optimized together
with the BMS limits. The PSO converged within eight iterations, the best cost falling
from 24.13 to 22.67 (Fig. 10a).
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6.6 Effect of ambient temperature and trade offs

Table 8 and Fig. 9 show the charging time at 25, 35 and 45 °C. A higher ambient
temperature reduces Ry but leaves less thermal headroom, so derating dominates. The
profile remains the fastest at every temperature: 34.7 min at 35 °C (4.9 % less than
CCCV 1.85C) and 68.7 min at 45 °C (29.8 % less), while 1C CCCV does not reach
80 % within 3 h at 45 °C because the derated current is only 20 % of the stage value.
At 45 °C ambient no algorithm can keep the cells below 45 °C, because they cannot
be cooled below the air temperature (48.7 °C peak for the profile), stations in hot
climates therefore need pre cooling or liquid cooling, while the comparison of charging
times remains valid.

Table 8: Charging time (min) at three ambient temperatures

Gain of

MSCC-PSO at 45
Algorithm 25°C 35°C 45 °C °C
CC-CV 1C 36.5 42.4 > 180 (80 % not > 62 %

reached)

CC-CV 1.85C 24.0 36.5 97.8 29.8 %
MSCC fixed 25.5 41.6 116.2 40.9 %
MSCC-PSO 22.6 34.7 68.7 -

(proposed)
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Faster charging has a price. The Arrhenius weighted stress index (28) of the pro-
posed profile is 7.7 % higher than that of CCCV 1.85C, and the SOC spread between
cells at 80 % grows slightly from 3.92 % to 3.97 %. Figure 10b shows the resulting



speed temperature trade off every algorithm that is faster than 1C CCCV operates
closer to the thermal limit, and the profile uses the available margin most completely.
The weights of the PSO cost (22) can be tuned to trade charging time against ageing.
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Fig. 10 (a) PSO convergence of the best cost; (b) charging time against peak cell temperature at
25 °C

A slower charge uses a larger share of solar energy because the vehicle stays longer
With the PV powers measured in H2 to H4, the proposed profile takes 40.7 %, 23.5 %
and 7.2 % of its 13.5 kWh charging energy from the 14.4 kWp array at 1000, 600 and
200 W/m?, compared with 69.0 %, 39.8 % and 12.1 % for 1C CCCV. The operator
can therefore choose between the fastest charge for the driver and a slower charge with
more solar energy.

6.7 Comparison with published work

The results with published values and standard limits. Because the cited studies use
different power levels, cells and test conditions, the comparison is indicative, and the
conditions of each study are listed. The TDD satisfies limit with and without PV,
whereas four high order odd harmonics and thirteen small even harmonics remain
marginally above their individual limits (largest excess at the 35th harmonic, 0.35 %
of I, against 0.3 %, and 0.54 % with PV), an LCL filter is planned to remove them
(Section 7). The THD of 3.67 % is lower than the 7.89 % reported for an 80 kW DC
fast charger [39], but higher than that of the 10 kW MPC charger in [40] and the
350 W ANN controlled converter in [36], which use advanced control at much smaller
power. The charging time reduction of 38.1 % against 1C CCCV is larger than the
31.2 % reported for the PSO multi stepped CCCV in [46], although [46] charges a
single cell to 100 % SOC. Against CCCV at equal peak current, the 6.1 % reduction
at 25 °C lies within the 1.9 to 9.54 % range of [47], and it grows to 29.8 % at 45 °C
where thermal derating dominates. The 20 to 80 % charge takes 22.6 min, within the
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30 min fast charging target of [2, 32]. The MPPT efficiency of 98.2 to 98.3 % adds PV
tracking evidence that the base station study [10] did not report.

7 Limitations and future scope

The results should be read with the following limitations, which also define the future
work.

1.

The front end uses an L filter; a few high order odd and small even harmonics
exceed the strict individual limits. An LCL filter will be designed to achieve full
individual harmonic compliance, together with a retuned DC link voltage loop that
allows larger inductances (0.5-1.2 mH, design D5 in Table 4).

At 600 and 200 W/m? the P&O step (1 % of Vi, every 5 ms) interacts with the
DC link voltage loop, so the averaged runs at these irradiances were used only for
PV power, MPPT efficiency and renewable share. A slower perturbation (20 ms)
and a variable step or incremental conductance MPPT will be evaluated for the
grid side analysis at partial irradiance.

The semiconductor switches are ideal, so efficiencies are indicative, switching level
runs cover 0.4 s, and the full charge uses an averaged charger.

. The ageing stress index is indicative, coupling the optimization with an electro-

chemical or semi empirical ageing model would allow a quantitative speed lifetime
trade off and a multi objective (Pareto) PSO.

At 45 °C ambient active pre cooling is required, a coupled thermal management
and charging optimization will be studied.

Hardware in the loop and experimental validation on a scaled charger and a 3s2p
module are planned.

8 Conclusions

This paper presented a BMS constrained, PSO optimized multistage charging algo-
rithm for an EV battery in a PV grid hybrid DC fast charging station and evaluated
it together with the station’s power quality. The main findings are

1.

A realistic 99s2p, 54 Ah pack of temperature dependent cells charges at 1.85C and
4.06 V per cell in the station, its thermal model agrees with hand calculation within
2 %, and cell level spreads (2.3 % current, 9 mV voltage) are available to the BMS.
Rerating the front end converter to the actual charging power and selecting a 0.3
mH line inductance reduces the grid current TDD from 9.71 % to 2.66 % (2.91 %
with PV), within the IEEE 519 limit, at a power factor of 0.991.

The P&O MPPT extracts 98.2 to 98.3 % of the available PV power and supplies
6.2 to 34.9 % of the station input at 200 to 1000 W/m?2, while the 800 V DC link
and the charging current remain unaffected.

The PSO optimized MSCC profile charges from 20 % to 80 % SOC in 22.6 min —
38.1 % faster than 1C CCCV and 6.1 % faster than CCCV at equal peak current
with the highest cell at 4.201 V and 43.5 °C; at 45 °C ambient it is 29.8 % faster
than CCCV.
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5. The price of faster charging is a 7.7 % higher indicative ageing stress, which can
be balanced through the PSO cost weights.

The study shows that the charging profile and the grid side power quality of a
hybrid station can be designed together within cell level BMS limits. The work will
add an LCL filter, a slower or adaptive MPPT, an ageing model in a multi objective
optimization and hardware validation.
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