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Abstract—This paper compares the influences of two different 
charging strategies on the performance of the Electric Vehicle 

(EV) charging system, including the EV battery, the Battery 
Management System (BMS), and the power electronic converter. 
Firstly, the two types of EV charging strategies are explained. 
Herein, the characteristics, the influences on the EV battery, and 

the respective requirements for the hardware and communication 
of the BMS and power electronic converter are summarized. 
Secondly, a simulation case study is conducted to investigate the 
influences of the two charging strategies on the performance of 
a typical power electronic converters employed as a back-end 
converter of a fast EV charger. A modular 50kW DC-DC EV 

charger constructed with five parallel-connected 10kW Phase- 
Shift Full-Bridge (PSFB) DC-DC converter is modelled with two 

different charging strategies, and two comparison metrics are 
proposed for a benchmark: the charging-cycle efficiency and 

the installation utilization rate. The results show that these two 

comparison metrics are influenced by the charging strategies of 
the EV.

Index Terms—electric vehicles (EVs), EV charger, charging 

strategy, charging profile, phase-shift full-bridge converter, DC- 
DC converter

I. INTRODUCTION

As the Electric Vehicle (EV) market grows rapidly, the 

demand for fast and efficient battery charging services also 

increases. In order to meet this need, battery technology 

research aims to push the limits for fast charging from mul-

tiple fronts, including the electrolyte and electrode materials, 

material architectures, and cell to pack design [1] [2].

While the EV battery and the charger are two of the 

most important components in the EV charging process from 

the energy transfer perspective, the implemented charging 

strategies, which define the way how the electric energy is 

transferred from the charger to the EV battery, also have 

significant impacts on the whole performance metrics of the 

system. The charging strategy results to certain voltage and 

current profile during the EV charging process, denoted here 

as charging profile. On the one hand, the charging profile,

This research has been funded within the Power2Power project, which is 
a European co-funded innovation project on Semiconductor Industry. The 
project receives grants from the European H2020 research and innovation 
program, ECSEL Joint Undertaking, and National Funding Authorities from 
eight involved countries under grant agreement No. 826417. The participating 
countries are Austria, Finland, Germany including the Free States of Saxony 
and Thuringia, Hungary, the Netherlands, Slovakia, Spain and Switzerland.

especially the injected current, determines how fast the battery 

is being charged, and it affects the efficiency and aging of 

the cells. On the other hand, it determines how and in what 

range the power electronics converter of the EV charger 

will operate, thus affecting the efficiency and utilization rate 

of the circuit components. Moreover, the charging strategies 

require different monitoring and control methods for the power 

converter as well as the Battery Management System (BMS).

The standard charging strategy is the Constant Current- 

Constant Voltage (CC-CV) due to its simplicity and ease im-

plementation [3]. Besides CC-CV, alternative charging strate-

gies have been proposed and/or comparative experiments were 

conducted in [4] - [16]. These techniques may have multiple 

purposes, such as, to shorten the charging time without bring-

ing detrimental influence on the battery lifetime, to increase 

the charging efficiency and/or to improve the battery capacity. 

Above all, the focuses of those studies were on the impacts 

of different charging strategies on the battery cells. The work 

in [1] provides an overview of charging strategies, including a 

summary of different experimental results from the literature. 

However, it misses their impacts on the BMS and power 

electronics. In [2] a summary of the implementation require-

ments for different charging strategies is given, however, the 

impact on the power electronics converter is not qualitatively 

investigated. Table I summarized the defining parameters, the 

impacts on the battery, the requirements for the BMS and 

the charger of the charging strategies. The influences on the 

battery are based on the experimental results from various 

publications as indicated in Table I, and the requirements for 

the BMS and the charger are based on the defining parameters 

of the charging strategies.

In order to obtain a more in-depth understanding of the 

impacts of the charging strategies on the EV charger circuit, 

a simulation case study is conducted in this paper. Firstly, 

two charging strategies, the CC-CV and Multi-Step Constant 

Current Constant Voltage (MSCC-CV) are reviewed. Then, the 

impacts of the two charging strategies on the power electronic 

converters is investigated by the simulation of a Phase Shift 

Full Bridge (PSFB) DC-DC converter, which is a conventional 

circuit solution employed in DC-type fast EV chargers.

These two strategies are chosen in order to achieve a fairer 

comparison, since they have the same requirements for the

978-1-7281-5660-6/21/$31.00 ©2021 IEEE 256

Authorized licensed use limited to: TU Delft Library. Downloaded on May 28,2021 at 09:07:42 UTC from IEEE Xplore.  Restrictions apply. 



CC-CV MSCC Boost Charging Pulse Charging

Defining
Parameters ICC, Iend, Vmax Icc,n (1 < n < N), VMSCC ^b(max)’ ^CC’ 1end» Vb(max) » Vmax Ic c , Vmax, Vpc

Impacts on 
the Battery

/

1. shorter charging time [11]
2. higher charging efficiency [11] [17]
3. longer cycle life [11] [17]

1. shorter charging time [4] [12] [16]
1. reduced charging time [10]
2. higher capacity utilization [10]
3. longer cycle life [10]

4. prolonged charging time [16] 2. shorter cycle life [16]
4. prolonged charging time [16]
5. lower capacity utilization [16]

Requirements 
for the BMS

1. current sensing
2. voltage sensing

1. current sensing
2. voltage sensing

1. current sensing
2. voltage sensing
3. timer functionality

1. current sensing
2. voltage sensing
3. timer functionality

Requirements 
for the charger

1. voltage control
2. current control

1. current control

1. voltage control
2. current control
3. extra power capacity

1. current control

TABLE I: The defining parameters of the charging profiles, and their impacts on the battery, requirements for the BMS and 

the charger. Note that the impacts on the battery are presented as compared to the CC-CV charging strategy

hardware of the BMS and charger, and similar performance 

regarding the battery and the charging process, when the 

charging current rate of the initial CC phase and the termi-

nation current rate are selected to be the same. The Boost 

Charging strategy is not considered because the high current 

charging in the beginning requires a higher power capability 

of the charger compared to the other strategies, making the 

comparison inequitable. The Pulse Charging (PC) strategy is 

not considered because the current pulse is not practically 

acceptable without a large energy buffering device, such as 

a inner battery storage. Without a large energy buffer, PC will 

have a detrimental impact on the grid power quality caused 

by the intermittent power demand.

II. REVIEW OF BATTERY CHARGING STRATEGIES

A. Constant Current-Constant Voltage (CC-CV)

The CC-CV charging strategy features a two-stage charg-

ing process. Figure 1a shows the illustration of the resulted 

charging profile for CC-CV.

In the first stage, the battery is charged by a controlled 

constant current with a current rate of I CC. I c c  can be set 

to be any current value allowed by the EV battery as long 

as it does not exceed the current limitation of the charger. In 

general, a higher current rate during the CC phase will result 

in reduced charging time. However, the gain in time would 

become smaller as the current rate becomes too higher due to 

the necessary extension of the following CV phase to reach the 

same final State-of-Charge (SoC) [1]. Moreover, detrimental 

effects to the battery may occur with high current rate, leading 

to the shortening of the battery cells’ cycle-life [1]. The CC 

charging period ends when the cell voltage reaches a voltage 

limit Vmax, which can be equal to the maximum voltage of 

the individual cell Vcutof f  (typically 4.2V -  4.4V per cell, 

depending on the battery chemistry), and it can also be set 

to be lower than Vcutoff due to safety and to strategically 

extend the battery cycle-life [16]. Following that, the CV 

charging period begins, where the charging voltage is kept 

constant at Vmax while the current injected into the battery 

gradually decreases. The whole charging process ends when 

the current falls to I end. Note that the CV phase allows

for the concentration gradients within the electrode particles 

to disperse and is usually necessary to obtain high capacity 

utilisation without exceeding the maximum voltage [1].

Fig. 1: Illustrations of EV battery charging profiles

B. Multi-Step Constant Current
Multi-Step Constant Current strategy was proposed in [7] 

[8] as an alternative strategy that shortens the charging time, 

improves energy efficiency, and prolongs the cycle-life of 

valve-regulated lead/acid and Ni/MH batteries. It has been later 

applied to Li-ion batteries, and similar benefits were observed

[11]. Figure 1b shows the MSCC charging profile.

MSCC is composed by N  x  CC phases, where N  is 

the number of current steps. Similarly to the standard CC-

CV strategy, MSCC begins the charging with a constant 

current I CCji until the battery voltage reaches the voltage 

limit VMs CC. Then instead of switching into a CV phase, the 

charging current decreases to the second step with the value 

I CC,2, leading to a voltage drops below VMSCC, allowing the 

battery to be further charged at CC. Once the battery voltage 

reaches the limit VMSCC again, the next step takes place 

with another reduced current level. The charging process is 

terminated when VMSCC is reached at the set lowest current

stage I cc,N.
A CV charging stage characterized by Vmax and I end can 

be added at the end of the lowest current stage in order to have 

better capacity utilization of the battery. This modified MSCC 

is denoted as MSCC-CV, and is very similar to the CC-CV 

charging strategy.
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III. Im p a c t s  o f  Ch a r g i n g  St r a t e g i e s  o n  t h e

PERFORMANCE OF A PSFB CONVERTER 

The different charging strategies will particularly influence 

the overall efficiency of the charger. This occurs because power 

electronic converters usually have a limited operation range in 

which the efficiency is optimal. Therefore, it is preferable to 

choose a charging strategy that matches, as long as possible, 

the converter operation within this optimal range.

The utilization rate of the charger’s power capability is 

also affected by the charging strategies. By implementing a 

charging strategy that involves a long partial load operation, 

the charger will deliver only a fraction of its power capability.

In order to understand how would different charging strate-

gies influence the performance of the EV charger, a 50kW DC- 

DC EV charger, which is constructed by paralleling five 10kW 

DC-DC phase-shift full-bridge power modules, is modelled 

with two different charging strategies, i.e., the CC-CV and 

the MSCC-CV.

A. PSFB Analytical Modeling
The PSFB is a popular isolated DC-DC topology for 

medium to high power applications. This is mainly because 

of the simple structure, controllable current source behaviour, 

good efficiency and reduced EMI emission enabled by the 

Zero Voltage Switching (ZVS) capability. Figure 2 shows the 

basic schematic of the PSFB converter.

S11 S12 C  Lo o
+

N  S2 S 22 D

Fig. 2: The schematic of the PSFB converter including the 

RCD snubber and the optional turn-off snubber capacitors Cs 
marked in gray boxes

the two half-bridge legs. When the phase shift is null, the 

diagonal pair of transistors (S'il & S22, or S 12 & S 21) turn 

on and off synchronously, making the primary side voltage 

vAB alternate between +Vin and -V in, which is equivalent 

to a bipolar modulation. When the phase shift is non-null, the 

synchronization is broken, and the parallel pair of transistors 

(S11 & S 12, S 21 & S 22) are able to be kept turned on at the 

same time, creating a third circuit state that is VAB = 0V, 

leading to a controllable unipolor modulation action. Due 

to the impressed ip caused by the energy stored in L a and 

the necessary permute of charges between the inverter bridge 

capacitances the switching transition in each half-bridge leg 

creates a lowered dip/d t  and dVAB/d t  on the primary side. 

If there is enough energy stored in L a to complete the 

permutation of charges across the bridge capacitance the ZVS 

turn-on of the transistors become possible.

+ ° ~
L  L

— ° +

V V
y o u  (r e f )

—

active phase : Tx~ T2

0 +
'a out (re f ) V

out ( ref  ) 

_

V ° ^ ~  

+0--------

i o o

L out V  
o u

~

reactive phase : T ~ T commutation phase : T2 ~ T4

The PSFB converter consists of a full-bridge inverter, a 

high-frequency isolation transformer with an equivalent leak-

age inductance L a  referred to the primary-side and a diode-

bridge rectifier on the secondary side, and a second-order low- 

pass output passive filter consisting of L o u t  and Co u t . Note 

that the diode-bridge rectifier are sometimes replaced by a 

synchronous rectifier using unipolar transistors for reducing 

conduction losses. The optional lossless snubber capacitors 

Cs at the full-bridge are for reducing turn-off switching losses 

(but it will narrow the ZVS turn-on range), and a RCD snubber 

circuit is used at the secondary-side between the terminal C  

and D  to clamp the voltage across the rectifier.

The PSFB is typically controlled with fixed switching 

frequency by phase-shift modulation where the two half-

bridge legs are operated with 50% duty cycle. The phase- 

shift refers to the asynchronization between the operation of

Fig. 3: Operational waveform of the PSFB converter and the 

equivalent circuits with the secondary side reflected to the 

primary side

Figure 3 shows the typical operational waveforms of the 

PSFB converter and the equivalent circuits during the normal 

operation. The operation can be divided into 5 phases: the ac-

tive phase where the diagonal transistors conduct; the reactive 

phase where the parallel transistors conduct; the commutation 

phase where the secondary side current commutes among the 

rectifier diodes; and two transition phase during the dead-time 

of each bridge. A complete description of the operation of a 

PSFB converter can be found in [21].

For the simplicity of circuit analysis, the assumption is made 

that T2 = T2, T3 =  T3 =  I p2 = Ip2, and Ip2 = Ip2 = Ip\.
This is valid because the transition and commutation phases
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are relatively very short compared to the other two phases, thus 

their influences on the overall current waveform are small. The 

current values in Fig 3 could be calculated as followings.

I o 1  —  I o 3
P  D e ff (Vin(ref) Vout)

Vont 4 fsw (L a(ref) + L out)

I o 2 Io 1 +
D eff (Vin(ref) Vout )
2fsw (L a (ref) + L out)

(1)

(2)

I p1,2,3
Iol,2,3

n (3)

where D ef f , Vin(ref) and L ^ e f )  are the effective duty 

cycle, the reflected input voltage on the secondary side, and 

the reflected leakage inductance on the secondary side. They 

can be calculated as:

D e f f  — 2 • (T2 -  T i ) /T  (4)

VinVin(ref) (5)

L a(ref) 2 (6) ̂ n 2
The current waveform, rms and average current stresses 

for each components can be obtained based on these current 

values. The following equations show the rms and average 

current for the IGBT, the body diode BD, and the secondary 

side rectifier diodes D.

r m s (IGBT,leading)
D ef f  ( I pi +  I p1I p2 +  I ‘22) 

6
(7)

B. PSFB Semiconductor Loss Model
A 10kW PSFB converter is modeled to evaluate the semi-

conductor losses with different charging strategies. The circuit 

parameters and the range of operation conditions are listed in 

Table II.

C ircuit Param eters O peration Conditions
Np/Ns La Lout Cs fsw Vin Vout P

1.235 10 ß H 0.487mH 10.7nF 15kHz 640V 200-500V 0-10kW

TABLE II: Specifications of the 10kW PSFB converter

For the full-bridge the IGBT IKW40N120CS6XKSA1 from 

Infineon is used, while the output diode-bridge employs the 

SiC diode C4D15120A from Wolfspeed/Cree.

The losses on the IGBT, the body diode of the IGBT, and the 

rectifier diodes consist of conduction and switching loss. The 

conduction loss can be calculated as a sum of an equivalent 

on-resistance loss and a forward voltage drop loss, as:

Pc(IGBT/BD/D) = IPmis(IGBT/BD/D) ' R on(IGBT/BD/D) 
+I avg(IGBT/BD/D) ' VF(IGBT/BD/D)

The on-state resistance R on and the forward voltage drop 

VF For the IGBT, the body diode BD and the rectifier diodes 

D  can be obtained from their typical on-state characteristic as 

stated in their datasheets, and they are listed in Table III.

The switching loss of each IGBT is the sum of the turn-on 

and the turn-off losses:

Psw(I) E on ' fsw + E o ff ' fsw (16)

where the turn-on and the turn-off losses can be calculated 

based on the measured switching energy loss by double-pulse 

testing (DPT) and the ZVS condition as:

I rms(I GBT,lagging)

I avg(I GBT,leading)

I avg(IGBT,lagging)

I t f l  + Ip1Ip2 + Ip2

D ef f  (Ip1 + Ip2 )

4

!p! + Ip2
4

(8)

(9)

(10)

T , _ J (1 -  D ef f  )(Ip1 + Ip1Ip2 + Ip2) (11)
I rms(BD,leading) 6 (11)

I aavg(B D,leading)
D ef f  )(Ip1 + Ip2)

(12)

I rms(BD,lagging) I avg(B D,lagging) 0 (13)

4

Eof f  = Eof f  (DPT) — Eoes — Esnb (17)

E on(DPT) = °, i f  ZVS=true (18)

E on E on(DPT) + E oes + E snb, i f  ZVS=false

E of  f  (DPT) and E on(DPT) is the measured switching energy 

loss of the IGBT, which is shown in Figure 4. E oes is the 

stored energy in the equivalent instrinsic output capacitor Coes 
of the IGBT and diode, and E snb is the stored energy in the 

optional lossless turn-off snubber capacitor Cs. E oes and E snb 

can be roughly estimated respectively as:

1 2
E oes = ^  ' Coes ' Vin (19)

1 2
E snb = 2  ' Cs ' Vin (20)

The switching loss of the diode consists of the reverse 

recovery loss which is relatively low in SiC diodes:

I rrms(D)
I p1 +  I s 1 I s2 +  ! p 2  

6

I avg(D)
I s 1 + I s2

4

(14) Psw(D) = k • Qc • (Vin • N  ) ' fsw (21)

The Qc is the reverse recovery energy loss given in the

(15) Diode datasheet. Coes and Qc are listed in Table III.
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components characteristics values

IKW40N120CS6XKSA1
(IGBT)

C oes 130pF

Ro n ( I G B T ) 28.100mQ

VF  ( I G B T ) 1.217V

IKW40N120CS6XKSA1 Ro n ( B D ) 21.900mQ
(body diode) VF  ( B D ) 1.501V

C4D15120A
Ro n ( D ) 74.806mQ

VF  (D) 0.795V

Qc( D) 65nC

k 0.667

TA B LE III: e lec trica l characteristics o f  the u sed  com ponents

F ig . 4: the m easu red  sw itching energy  loss o f  th e  IG B T

lith ium  n icke l ox ide  (L N C O ) B oston  P ow er S W IN G  5300 

g iven in  [18], [20] is used . T he m o d e l is constructed  by  series 

connected  im pedance  b locks, w hich  is derived  from  a  specific 

e lec trochem ical equation  linked  to  th e  battery  operation .

Two sets o f  com parison  sim ulations w ith  d ifferen t cu rren t 

ra tes are  conducted . T he characteristics o f  the C C -C V  and  

M S C C -C V  charg ing  strategies o f  the tw o sets o f  sim ulations 

are  listed  in  Table IV . F o r a  fa ir com parison , in  each  sim u la-

tion, I c c  o f  th e  C C -C V  an d  I Cc,\ o f  the M S C C -C V  are  set 

to  be  the  sam e. M oreover, Vmax an d  Vm s CC, an d  I end a re  

set to b e  equal as w ell.

F o r com parison  I, a ba ttery  p ack  w ith  44 .5kW h nom inal 

energy  capacity , and  350V  nom inal b a tte ry  vo ltage  is s im u-

la ted  based  on  the cell m odel m en tioned  before . T hese  battery  

specifications a re  sim ilar to  those  o f  a N issan  L eaf.

F o r com parison  II, the  energy  capacity  is red u ced  to 

22 .2kW h, w h ile  keep ing  the b a tte ry  ra ted  vo ltage o f  350V. 

T his is to  ensu re  that the ac tua l charg ing  cu rren t o f  com parison  

II is sim ilar to  that o f  com parison  I, d esp ite  the cu rren t ra te  is 

doubled . T hese  b a tte ry  specifications are  sim ilar to  those  o f  a 

B M W  i3 60A h m odel.

IV. BENCHMARKING RESULTS

A. Comparison I: 1C current rate
F igu re  6a and  6b  show  the C C -C V  an d  M SC C -C V  charging 

and  pow er profiles w ith  1C cu rren t ra te  fo r th e  5 p ara lle l 10kW  

pow er m odu les. A ssum ption  is m ade  that th e  pow er m odules 

are  alw ays operating  a t fu ll pow er i f  possib le .

W ith  the analy tica l m odel and  the loss ca lcu lation , T he 

efficiency m ap  o f  th e  converter th a t v isualizes the efficiency 

at each  opera tion  cond ition  is show n in F igu re  5.

O
O

0.95

0.9

0.8

0.7

40

500

output current I^CA)
output voltage Vq (V)

power module

2 \

3 \

4 \
5. \

(a) CC-CV (b) MSCC-CV

Fig. 6: T he charg ing  and  pow er profiles fo r a 44 .5kW h E V  

battery  w ith  1C cu rren t ra te . T he  re d  line  is the charing  

cu rren t(A ), the b lue  line is the charg ing  vo ltage  (V ), and  the 

b lack  line  is th e  charging pow er (W )

Fig . 5: T he efficiency m ap  fo r the 10kW  PSFB  converter 

considering  on ly  the sem iconducto r losses

C. Charging Profile Simulation 

In o rder to ob ta in  the charg ing  p rofile  fo r th e  C C -C V  

and  M S C C -C V  strategies, an im pedance-based  m odel o f  a

It can  b e  seen th a t since I c c  and  I c c ,i a re  se t to  be  

the sam e, th e  in itia l C C  p h ase  o f  the  tw o charg ing  strategies 

are  iden tical. W h ile  in  the C V  phase  o f  the C C -C V  strategy, 

the pow er m odules operates in  partia l lo ad  cond ition  defined 

b y  the cu rren t d rop  as show n in  F igu re  6a. C onversely, the 

M S C C -C V  strategy  m im ics the p artia l load  opera tion  by
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battery specifications CC-CV characteristics MSCC-CV characteristics
nominal capacity nominal voltage I c c Vm a x ^e n d N Ic C , n Vm s c c Vm a x f e n d

comparison I 44.5kWh 350V 1C 4.2V 0.05C 5 IC/n 4.2V 4.2V 0.05C

comparison II 22.2kWh 350V 2C 4.2V 0.05C 5 2C/n 4.2V 4.2V 0.05C

TABLE IV: the specifications of the battery and the two charging strategies used in the two comparison experiments

turning off one-by-one the paralleled power modules once the 

charging voltage reaches V M S c e , as shown in Figure 6b.

As for the individual power modules, in the case of CC-CV 

charging strategy, the power modules 2-5 are operating in a 

Constant-Power Constant-Voltage (CP-CV) manner, while the 

power module 1 is operating in a Various-Power Constant- 

Voltage (VP-CV) manner. While in the case of MSCC-CV 

charging strategy, the power modules 2-4 are always operating 

at Constant-Power (CP), whereas module 1 is at Various- 

Power (VP), and module 5 is at CP-CV. This not only means 

the operation range of power modules 1-4 with the MSCC- 

CV charging strategy are narrowed compared to the CC-CV 

strategy, but also that each operating module have a higher 

power utilization.

Two quantitative indicators are suggested for comparison 

purpose, the charging cycle efficiency, and the utilization rate 

of the installed power. The charging cycle efficiency is the 

overall efficiency considering the whole operation range of 

the charging process. It can be calculated as eq. (22), where 

n  is the indicator of the power modules, T n  is the operation 

time of the power module n, P n (t ) is the charging power of 

the power module n, and P l o s s ,n (t ) is the power loss of the 

power module n .

n = 5 f T n

(P n  (t ) -  P l o s s , n (t )) ■ d t
_  n = l J °

V c y c le  = n = 5  .. T  ^22)T n

P n (t ) ■ d t
n = 1 J °

The utilization rate of the installed power is the indicator 

that shows how efficient is the installed power been used. The 

higher the utilization rate, the longer that converter operates 

in the rated power within a certain period. It can be calculated 

as eq. (23), where T f u l l n  is the time of operation at rated or 

higher power in the total operation time of the module n .

n = 5

T f u l l , n

v = n =n=E—  (23)

T n
n = 1

The charging cycle efficiency and the utilization rate of the 

installed power are calculated for the CC-CV and MSCC-CV 

charging profile of comparison I and listed in Table V.

It can be seen from Table V that, the two charging strategies 

result in the charging cycle efficiency. This will be interpreted 

later together with the result of comparison II. Secondly, 

the utilization rate of the installed power of the MSCC-CV

CC-CV MSCC-CV
charging cycle efficiency ncycle 97.51% 97.51%

utilization rate of installed power v 78.97% 82.90%

TABLE V: The simulation results of comparison I

charging strategy, 82.90%, is 3.93% higher than that of the 

CC-CV strategy, which is 78.97%. This is due to the fact that 

the MSCC-CV strategy turns off the power modules rather 

than trying to operate each one with lower power. This higher 

utilization rate of the installed power can be utilized to provide 

more accessible charging service if the power modules are 

combined together in a flexible way, in which individual power 

module has its own output. In this way, once a power module is 

turned off during a charging service, it can be used to provide 

another charging service, such as feeding power to another 

EV, thus the accessibility of a charging station is increased.

B. Comparison II: 2C current rate
Figure 7a and 7b show the CC-CV and MSCC-CV charging 

and power profiles with 2C current rate for the 5 power 

modules respectively.
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Fig. 7: The charging and power profiles for a 22.2kWh EV 

battery with 2C current rate. The red line is the charging 

current (A), the blue line is the charging voltage (V), and 

the black line is the charging power (W)

Compared to figure 6a and 6b, it can be seen that in 

the charging profiles with 2C current rate, the percentage of 

the CV phase compared to the CC phase is much longer, 

this makes the percentage of time operating at lower power 

condition higher. This is due the electrochemical reactions of 

the battery cells.
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The charging cycle efficiency and the utilization rate of the 

installed power are calculated for the CC-CV and MSCC-CV 

charging profile of comparison II and listed in Table VI.

CC-CV MSCC-CV
charging cycle efficiency ncycle 97.63% 97.65%

utilization rate of installed power v 72.92% 82.21%

TABLE VI: The simulation results of comparison II

It can be seen that the charging cycle efficiencies for CC-CV 

and MSCC-CV strategies are both slightly higher than that of 

comparison I, and at the same time, the one of the MSCC-CV 

is 0.02% higher than that of the CC-CV. All these differences 

of charging cycle efficiency can be explained by the efficiency 

performance of the converter at different operation conditions 

as shown in Figure 8.

Figure 8 shows the efficiency map of the converter together 

with the CP-CV operating trajectory. It can be seen from 

Figure 8 that, as the converter operates following the CP-CV 

trajectory, the instantaneous power efficiency of the converter 

will increase during the CP phase, and it will reaches the peak 

in the beginning of the CV phase, and then starts dropping in 

the rest of the CV phase. The fact that the power efficiency is 

the highest at the end of CP phase and the beginning part of 

CP phase indicates that the MSCC-CV strategy which operates 

the parallel converters mostly in the CP phase, as shown in 

Figure 6b, does not necessarily bring higher charging cycle 

efficiency, compared to the CC-CV strategy which involves 

longer partial load operation in the CV phase as shown in 

comparison I,
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Fig. 8: The efficiency map of the power module with the 

trajectory of the CP-CV charging profile

The utilization rate of the installed power for MSCC-CV 

with an initial current rate of 2C, 82.21%, is 9.29% higher 

than that of CC-CV, which is more than 2 times than the 

difference found in comparison I. This is due to the larger 

percentage of CV phase within the whole charging process 

with 2C current rate.

V. Co n c l u s i o n

Firstly, different charging strategies might or might not lead 

to different charging cycle efficiency on the same power elec-

tronic converter, depending on the composition of the charging 

profile and the power efficiency performance of the converter 

on the charging profile. Charging strategies such as MSCC- 

CV together with the modular structure of the charger, can 

narrow the operation range of the converter compared to the 

CC-CV. However, smaller operation range does not necessarily 

guarantee higher charging cycle efficiency, as demonstrated 

by the comparison results in this paper. Further research can 

investigate the forming factors of the efficiency map of the 

converter, and the ways to reshape it to provide better charging 

cycle efficiency with different charging strategies.

Secondly, different charging strategies lead to different uti-

lization rate of installed power. This is due to the mechanism of 

how different charging strategies controls the charging process. 

For MSCC-CV or MSCC, the power modules are turned off 

from full power operation once the voltage has reached the 

set limits, rather than operated in partial power as in CC-CV, 

and this greatly improves the utilization rate of the installed 

power if combined with a flexible parallel modular multiple 

outputs structure. And this higher utilization rate would bring 

better accessibility to the EV charging stations.

Therefore, alternative charging strategies other than CC-CV, 

such as MSCC-CV, can improve the performance of the power 

electronic converters of the EV chargers in terms of charging 

cycle efficiency and utilization rate of the installed power, 

if the converters’ efficiency maps match with them, and a 

flexible structure of the power modules is implemented. Last 

but not least, as the charging current rate increase, the space of 

improvement for the charging cycle efficiency and utilization 

rate of the installed power will be larger, because the time of 

operating at partial power is longer.
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