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Abstract- This paper proposes an effective integration of APM
and OBC providing simultaneous operation without extra circuit
and entire ZVSrange of all switches. Theintegrated circuit of the
proposed charger is configured by combining high voltage-side
switch legs of the LL C resonant converter of OBC and the PSFB
converter of APM. In the simultaneous mode, by operating the
common leg as a lagging leg of the phase-shift full bridge (PSFB)
converter, the conduction losses of the common leg switches are
decreased due to current cancellation effect, and the lagging leg
switches of the PSFB converter achieves entire ZVS operation.
Further,inthe APM standalonemode, entire ZV Soperation of the
lagging leg switches is also secured by utilizing magnetizing
current of the LL C resonant converter. As aresult, the proposed
integrated charger achieves comprehensiveimprovement in terms
of efficiency as well as volume and cost. A laboratory prototype
combining a 3.7kW LLC resonant converter with a 1kW PSFB
converter isbuilt and tested in order to verify theperformanceand
theoretical claims.

Index Terms — Integrated EV charger, LLC resonant rogerter,
PSFB converter, soft switching, high efficiency, variable dc-link
control.
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Fig. 1. Schematic diagram of typical EV power train.

EVs, HV battery capacities have been increasing. As the HV
battery capacity increases, the high-power OBC demand
increases to minimize charging time. The power level of the
OBC is mostly 3.3kW or 6.6kW at present time, but it will
increase to 11kW and 22kW, or even higher [15]. Although the
power level of the APM is currently in the range of 1kW-2kW,
new auxiliary loads such as cameras, radars and light detection
for autonomous system in EV also increase the power level of
the APM up to 3kW- 4kW [16]. Increasing power level of OBC
and APM requires high-power density due to limit space of EVs
and leads to additional cost and power losses. In order to fulfill
these requirements, the US department of energy (DoE) sets

The market size of power conversion units in electridargets of power density (4.6kW/L), cost (35-40$/kW) and
vehicles (EVs) such as on-board battery chargers (OBCs) awdficiency (98%) for OBC and APM in 2025 [17].

auxiliary power modules (APMs) will be proportional to

Integrated chargers that combine two independent

growth of EV sales (2.1 Million units in 2019)[1]-[2]. Fig. 1 functionalities using same components provide improvement of
shows the schematic diagram of a typical EV power train. OB@ower density and casthe most popular concept is integration
[3]-[8] charges the high voltage (HV) battery wherever there isf traction inverter and OBC [18]-[19]. However, it requires the
an electric power outlet available, and APM [9]-[13] chargesspecial motor design and decreases the reliability due to motor
the low voltage (LV) battery for auxiliary loads such as audiolifetime reduction by propulsion stress and common mode
instrument panel and navigation system. Furthermore, duringakage current. Also, integration of bidirectional dc-dc
OBC operation, communication with the battery controlconverter and OBC [20]-[21] reduces reliability due to non-
module, instrument panel and mobile devices is required, whidBolation between the HV battery and grid. Integration of OBC
can drain the LV battery. Therefore, APM should provide aand APM could improve reliability, power density and cost by
continuous power of usually lower than 400W during OBCsharing the components, which has been implemented with a

operation [14].

package integration [22] or a topology integration [23]-[33].

Due to increasing demand for driving range extension oBasically, the package integration [22] places OBC and APM
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transformer integration method [30]-[33], which is more
effective compared to theackageintegration. The integrated

chargers in [23]-[24] share full-bridge switches of the ac-dc
converter of the OBC with primary switches of the APM.
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However, the OBC and the APM cannot operate simultaneously Isolated dc-dc converter HY battery
due to different switching methods of the common switches in Gria | 2¢dc | geny [ primary (OB;)J_?’] =D l
Tt

each operation. Further, the APM operation has low efficiency @ T :B”
due to the 2-stage power process. The integrated charger it d T4

[26]-[27] utilizes the high voltage switches of the APM as 5 s:
power decoupling circuit for the OBC. However, the OBC and A

the APM cannot operate simultaneously, and extra relays are LV battery | Secondary N=E =g
required for mode change. The integrated charger in [30]-[33] L] J_ :E”ﬁ L
combines the OBC and the APM by using a multi-winding T ? -
transformer. However, the multi-winding transformer has JE{} Jgs:
complex design for series leakage inductance value and Isolatedd&dcc‘o‘”l:vemr —

requires high height. Also, additional buck converter is required — -
in LV-side of the APM for simultaneous operation in [31], ¢4 | " [detink | PRREE Y HVbattery
which reduces the overall efficiency due to high conduction loss C’\Z J%} + J%} :}H JES i=E

and double switching frequencyf the buck switch. The
integrated charger in [32] employs the CLLLC and LLC
resonant converters based on switching frequency control for LV battery

APM
the OBC and the APM, respectively. Because operating ] N
T | | ¥ [

(OBC)

it

secondary

switching frequencies for CLLLC and LLC resonant converters
are different, the integrated charger is not able to provide the
simultaneous operation. (b)

From the. brief ovgrylevy mentioned above, it can eens Fig. 2. Schematic diagram of (a) the separated OBC and APM and (b) the
that the previously existing integrated chargers have at least ongyqposed integrated charger
of the following drawbacks.

1) The OBC and the APM cannot operate simultaneously
or extra component is required for simultaneous
Operation . N Reverse direction ( buck gain)

2) Extrarelays are required for mode change. ﬁ n:l

3) Galvanic isolation between high voltage batteries and

grid is not provided. C’\E e L e [y

Forward direction ( buck-boost gain)

4) Overall efficiency is decreased by extra components or | resonant | = vay
. dc converter
multi-stage power process of APM.
5) Complex design and large volume of transformer is

A . . Forward direction Reverse direction
required due to multi-winding transformer. —_—

This paper proposes &PM integrated OBC eliminating de-link HV battery de-link HV battery
the above-mentioned problems. The proposed integration .., [ AT 1 ) e Lo 1r
concept, the proposed dc-link control method and the operation ’”’TQW&%AVA@?”
principles are presented in section Il. Design methods and ot = 0t =

comparative studies are discussed in section Il and section 1V,

respectively. In section V, the experiment result from the Fig. 3. Proposed adaptive d_c-linkcontrpl.schz_eme for use_ofthe LLC
laboratory prototype of the proposed integrated charger jgresonant converter under wide range bidirectional operation
provided to verify the theoretical analysis.

both independent and simultaneous operations of the OBC and
the APM, resulting in reduced number of switch. The proposed

integration makes the OBC and tWéPM share HV-side

A. Concept of the proposed integration components such as filter capacitors, EMI filters, and cables.

The schematic diagram of the separated OBC and APM thgpe proposed integration concept can be applledilao_CtBC .
ith the resonant based converter or the dual-active-bridge

are separately connected to the HV battery is shown in Fig. 2(
The OBC has 2-stage structure that consists of a front-end ac- cAB) based converter. The resonant converter are preferable

converter for power factor correction and an isolated dc-d rl:]e;lltlot:lr;rr:_e(;?fnctucrrr]grr]?ctenstlcs of entire range ZV'S operation and
converter for HV battery voltage/current regulation and galvani '
isolation. The APM has single-stage structure for LV batter . .
voltage/current regulation an%l galvgnic isolation. % Adaptlve dc—lmk_ c_;ontrpl scheme fpr use of LLC converter

The schematic diagram of the proposed integratedjehss ~ Under wide range bidirectional operation
shown in Fig. 2(b)The concept of the proposed integration is  |n general, two types of control schemes can beideres]
combining a secondary leg of the OB& &ndS;) and a primary  for the 2-stage OBC with the resonant converter; constant dc-
leg of the APM & and$) into a common leg which performs |ink scheme [3] or variable dc-link scheme [4][6]. In the

Il. PROPOSEDINTEGRATED CHARGER
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Fig. 4. Schematic circuit of the proposed integrated charger Ouo| e
variable dc-link control schemthe wide HV battery voltage is r (@
regulated by the ac-dc converter while the resonant converter . - .
compensates only for the second-harmonic ripple of the dc-link. | 2 | 9 | 2 |
This allows the converter to operate at near unity gain with [ O [ G [ O ]
narrow frequency control. As a result, the overall efficiency of | [ I Os I Os |
the OBC is increased compared to the constant dc-link scheme 0, ”"_’L s 1 o Iz
while the cost and volume is increased by high voltage rating
(more than 700VEomponents. vl |Vav ik ‘ |
Although the CLLLC resonant converter is popular for l ’
bidirectional operation due to symmetrical gain in both power —_— .. Eize
flow direction, five resonant components increase the volume,
cost and the complexity of design. The LLC resonant converter N Epses
has less resonant component count than the CLLLC resonan -
converter. However, different voltage gain in each direction due N - =
to asymmetrical resonant tank makes it difficult to be used in , o (EEfjg°" )
bidirectional power flow. G ﬂ’b) I o e
This paper proposes an adaptive dc-link control scheme for ™ [~ T — : \\/\
use of the LLC resonant converter under wide range
bidirectional operation. Fig. 3 shows the proposed adaptive dc-  vos los, ,I $T"HV l iT’HV \Zﬁl“
link control. The ac-dc converter adjusts the dc-link voltage to - o | ——
different values according to the power flow as in the following. o bl o5
0l1 2 1314 pra——y
Dead time period (ts-ty)
Vie_rer = NV , Forward direction (b)
Vi ret — nV,,, —0.84V,, , Reverse direction Fig. 5. Operation principle during the simultaneous charging mode (a)

(1) Power flow and (b) key waveform

In forward direction, the dc-link voltage is set n¥wy that D . .
provides unity gain to the LLC resonant converter. Then, the, When the vehicle is connected to the grid for charging or

LLC resonant converter compensates for the second- harmoerSCh"’“g'ng the HV battery, the OBC operate mainly under full-
ripple using small variation of buck-boost gain. In revers ad condition and APM operate below than 400W condition.

direction, the dc-link voltage is slightly reduced such that th¢/Vhen the vehicle is driven, only the APM operates to charge the

peak of the dc-link voltage does not exceed the unity gaip nV V battery mainly under light load condition. The proposed
while compensating for the second-harmonic ripple using smafitégrated charger has three operation modes; simultaneous
variation of buck gain. This adaptive dc-link control makes th&harging mode, V2G mode and the APM standalone operation.
LLC resonant converter viable for wide range bidirectionaP€t@iled operating principles for 3 modes are provided.
operation instead of the CLLLC resonant converter. 1) Smultaneous charging mode

In the separated OBC and APM shown in Fig. 2(a), the LV
battery is charged from the HV battery while the HV battery is
Fig 4 shows the schematic circuit of the proposed integratasharged from the grid. However, in the proposed integrated
charger that employs a half-bridge LLC resonant converter witbharger, as shown in Fig. 5(a), the LV battemjiisctly charged
the adaptive dc-link control and a phase-shift full-bridge (PSFBjrom the grid while the LLC resonant converter charges the HV
converter with current doubler (CD) rectifier. The PSFBbattery, resulting in high overall efficiency, which can be
converter is mainly employed for the APM due to simpleexplained by current cancellation. The key waveform of the
structure and wide range operation, and the ré@ifier has  simultaneous charging mode is shown in Fig 5.(b). The LLC
lower transformer turn ratio and reduced secondary windingesonant converter operates at nearly unity gain while the PSFB
current compared to the center-tap rectifier. And synchronousonverter operates with phase-shift ddtybetween the lagging
rectification(SR) in LV side is applied to increase the efficiencyleg Qs, Qs) and the leading leg, Qs). Qs andQ, are operated
as synchronous rectifiefor forward direction of the LLC

C. Operating principles of the proposed integrated charger
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2) Mode 2 [t1-t]: The primary current of the PSFB converter
ic is reflected by filter inductor current on LV-side and energy
from the HV battery is transferred to the LV battery. The
magnitude ofy, is decreased by opposite polarityi pandic.

3) Mode 3 [t2-t3] : During this period, no energy is transferred
to the LV battery from the HV battery due to zero voltages©of v
and the magnitude af is still decreased by opposite direction

VLV_T

* E of iz andic.
Assuming that the switching frequency is same with the
Ve T resonant frequency, then the secondary current of LLC resonant
| — converteli; can be expressed by the following equations during
. cancellation + E+r the half switching periody-ts]:
= . T .
T'Lvﬂ— Qﬂ% la(t) = 2\/_ Pcharging Sln(ZTfr (t _to ))'tO sts< t3
—T HV (3)

And the primary current of the PSFB conveitén continuous
conduction mode operation also expressed by the following
equations during the half switching peritetf]:

(©

Fig. 6. Operation stages of the proposed integrated charger during the
simultaneous charging mode (a) modig,j (b) mode2 t-t;) (c) mode vV
31 i.(1) =i (t)) ~— 22— (t = t,)

PSFB —k o= T2

resonant converter. Thg andic are secondary current of the Jj t) =i (t,) Vv “MessViy (t-t)
LLC resonant converter and primary current of the PSFB| ° ot n’ L L stst,

P 11
converter, respectively, amglis the sum of, andic asfollows.
. . . : ¢ i (t): VLV (t_Ts+t1+t2)_ PAPM
lb(t) :Ia(t)+|c(t) (2) ¢ n L 2 2n V ,tZStSt3
. . ) PSFB—f1 PSFB YLV (4)
Fig.6 shows the operation stages of the proposed integrated

charger during the simultaneous charging mode. Three operation Operating the common leg as the lagging leg helps
stages are presented in order to show main advantages of thagnitude of the common leg curréiio be reduced by current
proposed integrated charger during the simultaneous chargiggncellation effect. Except duty loss peridglt{], polarities of
mode clearly. the secondary current of LLC resonant converteand the

1) Mode 1 [to-t:]: When theQz, Qs andQs are turn-off, the primary current of PSFB converterare opposite. Since duty

output capa_citors d@D:-Qs are charged or discharged. After that, ::?esrsio%eggg Eevﬁreéfehcczg(;.n':'lﬁgz Iics)a(tjhgo(r:lgmomnoﬁf Iteh; Qﬂ&ihls
the bo_dy diodes o, Qs gnd Qs are conducted for ZVS decreased biy compared ta, resulting in decreased conduction
operation. And the LV-side switcheQs and Qu start oss. The rms value of each leg current of the proposed
commutating together. Since the voltage across the Ieakah,ﬁ . ted ch b lcul tgdf 2 (3 4p pd th
inductor is -\, theic is decreased sharply and no energy is egrated charger can be calculated from (2), (3), (4) an °

conduction losses are compared to the separated OBC and APM
transferred from HV battery to LV battery. And ZVS current foraccording to HV charging power, as shown in Fig. 7.
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Conduction loss of four switcheS;{Sy) of the separated charger le : - Eeormin
in Fig 2.(a) is higher than that of the common leg switches of the , ErzctEesrs)
proposed integrated charger under entire load range. It is notec (, +,)k
that the proposed integrated charger not only reduces the numbe
of switches but also has lower conduction loss due to the curren vos
cancellation effect compared to the separated OBC and APM.

In the conventional PSFB converter, ZVS energy of the
lagging leg switch may not be sufficient to achieve ZVS
operation under light load condition. ZVS operation even under ®)
light load condition is important since the ARMuallyoperates
under 400W in the simultaneous operation. The proposed Fig. 10.. Operation principle during the APM standalone mode under
integrated charger can extend ZVS range of the lagging leg by/dht load condition (a) Switch operation (b) key waveform
operating the common leg as the lagging leg of the PSFB

converter. That is, as shown in Fig. 5(b), the ZVS energy of thgrrent, respectively, which means that sudden load change on
lagging leg switches of the proposed integrated ch&g@@fn  one terminal does not affect to the other terminal.
during the dead-time periots{s] is increased by ZVS energy

2) V2G mode

of the LLC resonant converterc.
Three HV-side legs operate as two independent full-bridges
for OBC and APM,; full bridge switches for OBC dPe-Qs and
full-bridge switches for APM ar€s-Qs. That is, two batteries
are independently regulated by different control variables. An
ia andic is determined by the HV battery current and LV battery

igs

lo 1y
«>
Dead time period (ts-ty)

In the V2G mode, the LLC resonant converter discharges the

HV battery to the grid while the PSFB converter charges the LV

ﬁ]attery, as shown in Fig. 8(a). The key waveform of the V2G
ode is shown in Fig 8.(b). The LLC resonant converter
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Fig. 11. Operating switching frequency range of the proposed integrated
charger for the adaptive dc-link contry( = 240V, Rhagingand Rac =
2.4kW)

Fig. 12. APM standalone mode in case of the open circuit fault of the
common leg.

. L . . . output capacitor energ¥4s), ZVS operation is achieved. The
operates with reverse direction with buck gain. The operating__ig given by

switching frequency of the LLC resonant converter is higher
than resonant frequency slightly due to ZVS operation. The 1
operation of the PSFB converter of the V2G mode is same as Eoss )

that of the simultaneous charging mode. Apdand Q. are .
operated asynchronous rectifiefor reverse power flow of the When the LV battery charging current becomes lower than 33A,

LLC resonant converter. Althougis,is increased due to same Q @ndQs of the proposed integrated charger start operating to
polarity of ia andic, ZVS energy of the common leg is also achieve ZVS turn on of the common leg switches whereas

increased by reverse operation of the LLC resonant converter, '899ing leg switches of the separated PSFB converter is hard

CosViy (7)

shown in Fig. 8(b). switched. Therefore, the proposed integrated charger achieves
entire voltage and load range ZVS operation.
3) APM standalone mode OperatingQs; andQ: at the light load condition doesn't affect

. Lo regulation of the LV battery sinogs is dependent only on the

The_ proposed mtegrg_ted charge_r has two switching m_etho gFB converter switches)égg(-Qg). Thergfore, therg is no
accordln.g to load gondltlo_n for entire range ZVS operation o ransient issue associated with the operatidBsandQ; in the
the lagging leg switches in the APM standalone mode. Undef;,nqsed APM standalone mode, and the performance of the
medium to heavy load condition, the PSFB converter normallyppg is same with that of the separated one.
operates with full-bridge switcheQ4-Qg), as shown in Fig. 9, Further, since the current rating of the common leg switch
achieving ZVS operation of the lagging leg switches due t@Q; and Q) is determined by the OBC operation, use of the
sufficient ZVS energy. ZVS energy of the lagging (common)common leg switches for the APM standalone operation results

leg switchQs can be expressed by, in reduced conduction loss due to smaRgfrn) of the common
1 leg switches compared to that@f andQs.
= == (iz(t )—iz(t ) 5 In the integrated charger which commonly uses the switch
Eoonmon = Eesrs 2Lk ctel et ®) leg, failure of the common leg makes the whole APM be

may not be sufficient to achieve ZVS operation under light loaéVs are on the LV bus. In case of the open circuit fault of the
condition, a method of increasing ZVS energy of the lagging le§ommon switch leg, the proposed integrated charger provides
switches utilizing LLC converter switch€s andQ is proposed  the fault-mitigating operation mode. Fig. 12 shows the APM
as shown in Fig. 10(a). The LLC converter switcBeaindQ, standalone mode in case of t'he open circuit fault of the common
operate in a diagonal manner with common leg switches undi&d. One ofQ; or Q; of the dc-link side is turned on, and then the
light load condition as shown in Fig. 10(b), and ZVS current oPrimary winding of the LLC transformer is short-circuited,
the lagging leg switches is increased by the magnetizing curreyyflich makes switcheQs-Qs and Qr-Qs play a role of the

of the LLC resonant converter, leading to increased ZVS energjfimary bridge of the PSFB converter. The magnetizing
The magnitude of the increased ZVS current by the magnetizidgductance and resonant inductance of the LLC resonant

current is given by, converter are equivalent with additional series inductor of the
PSFB converter. The equivalent series inductdrg®alue is
()= VHV'IZ'S Vi (tz—to) t<t<t, expressed as,
4'I‘anLC I‘anLC (6) L - L + nLLC Lr Lm (8)
Fig. 11. shows a comparison of ZVS energy of the lagging leg - ) L +L,

switch of the proposed integrated charger with that of theThis |arge series inductance value makes the APM power
separated PSFB converter. When ZVS energy is higher thgfgrated due to large duty loss period, while increasing the ZVS
energy of the lagging leg switches.
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Fig. 13. Operating switching frequency range of the proposed integrated
charger for the adaptive dc-link contrvh( = 240V, Rhagingand Rz =
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Fig. 15. ZVS boundary of the separated PSFB converter

El Switching loss (@light load) Core loss («@light load) 35

il Switching loss (‘@tull load) Core loss (@full load) ZVS region
30 (w/o Q3,Q4 operating)

05,0, off ‘

20 2 4 0.0, operating

I i Extended ZVS region
180 190 200 210 220 230 240 10

Switching frequency (kHz) 240 280 320 360 400
HYV battery voltage (V)

Optimal point

Loss (W)

LV battery charging current (A)

Fig. 14. Selection of the switching frequency of the PSFB converter for
APM standalone mode Fig. 16. Boundary of the operating Qe andQa

value L is sufficient to charge and discharge g of the
switches leg of the LLC resonant converter during the dead-

time period.
I1l. DESIGNPROCEDURE
A. Design of the LLC resonant converter for adaptive dc-link ~ B- Optimal operation of the PSFB converter in the APM
control. standalone mode

Since the switching frequency of the PSFB converter follows In the APM standalone mode, the PSFB converter operates at
that of the LLC resonant converter during the simultaneoua fixed switching frequency between 184kHz and 243kHz. An
operation, narrow operating frequency range of the LL®ptimal switching frequency is selected, as shown in Fig. 14,
resonant converter is preferred. Dc-link voltage range isonsidering the core loss and switching loss according to
considered to be 380V-700V whennv= 240V-420V (Table switching frequencies. At the light load condition (200W),
). Dc-link capacitance is designed to be 950uF consideringdditional core loss of the LLC resonant converter is generated
the lifetime of electrolytic capacitor, which results in theby operatingQs andQ.. The core loss at switching frequency

maximum voltage ripple of dc-link of 20V atV = 240V by of 180kHz is largest due increased volt-sec of the two
transformers. On the other hands, at the full load condition

AV, = Forc (9) (1kW), the switching loss is highest at switching frequency of

271f 4igVacCoc 240kHz. Therefore, switching frequency of 200kHz is selected

) ) o for the APM standalone operation considering both full load
Fig. 13 shows the operating switching frequency range of theyngition and light load condition.

proposed integrated char_ger for the adapti_ve dc-link control.gjnce operating th®; and Q. for extending ZVS operation
When M = 240V, the dc-link voltage range is 390V-410V for range of the lagging leg switches generates additional core loss
forward power flow and 380V-400V for reverse power flow, gng switching loss, it should be carefully determined
respectively. Considering the required voltage gain range fQignsidering the LV charging current and HV battery voltage
both forward and reverse power flow and 20% switchingondition. Fig 15 shows the ZVS boundary of the lagging leg
frequency variation of 184kHz-243kHz, the resonantgyitches without operating th@s andQs. ZVS energy of the
component values can be obtainedlas= 101.3H, Li = |agging (common) leg switchéSommn is proportional to LV
13.6uH, C; = 46.5nF (Table Ill). The magnetizing inductance charging current, anBls is proportional to HV battery voltage.
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TABLE |
COMPARISONWITH THE EXISTING INTEGRATED CHARGER

Topology Proposed [24] [25] [31] [32]
(OBC, APM) LLC, PSFE DAB, DAB+buck buck-boos, LLC PSFE, PSFE CLLC, LLC
Galvanic isolation (0] X X O O
Key integration componentg switches switches switches transformer transformer
Number of relay for integration 0 1 1 1 1
Simultaneous operation (0] X O (with extra circuit) O (with extra circuit) X
Entire load ZVS ran¢ (@] X X X (@]
TABLE Il

| O gate driver switch

& capacitor sensor [ magnetic |

KEY PARAMETERSOF THE PROPOSEDINTEGRATED CHARGER

1200 Parametel Symbo  Values
_ 400 Dc-link side switches Q1 Q 900V, 65mQ
= 1000 A HV-side switches Q3 Q4 650V, 80ng)
3 800 g 30 Magnetizing inductance L 101.31H
_§ 600 Z 500 N LLC Resonant inductance L, 13.6uH
> 0 © & resonant  Resonant capacitance C 46.5nF
00 100 converter Resonant frequen fr ZOE)kHz
Transformer turn rat Niie 1.2
0 0 i . - .
Separated Proposed Separated  Proposed De-link side f.||ter‘capa(:|tan(.:e Cec 950'”:
HV battery-side filter capacitanc€uy 20uF
(a) (b) HV-side switches Q7,Qs 650V, 120nf)
) ) ) LV-side switches Qo,Qo 100V, 1.5n8
Fig. 17. (a) Volume and (b) cost comparison of the proposed integrated  pgpg Leakage inductan Ly 3.8uH
charger and the separated charger converter  Filter inductanc Lo L 2.7uH
Transformer turn ratio Npses 6.5
Link-side switches | Resonant capacitor LLC converter LV battery-side filter capacitanceC,, 66uF
(002 ranstormer, Common leg switches 650V, 80nf)

Switching frequency

Qs Qs
fon

184kHz~243kHz

TABLE Il
SYSTEM SPECIFICATIONSOF THE PROPOSEDINTEGRATED CHARGER
(Viy:240V-420V V1 :11-14V)

Operation Parameter Value
condition (unit)
HV battery charging power {Rrging
. : 3.3kW
/discharging power (Rc)
Filter inductor LV ha’ttery—side PSFB converter HYV battery-side Simultaneous kﬂ\;z:'f;y::abrzlrsr p(:ll‘lvs,;ﬁM) i;:w
(La,Lp) switches (Q9,010) transformer switches (Q~Qs) Mode y
Maximum LV battery current 30A
Fig. 18. Prototype of the proposed integrated charger DC link voltage (\i) 380V-700V
APM LV battery charging power Bv) 1kw
. _ . Standalone
The ZVS boundary can be obtained Wiilgmmon = Eoss. Fig. 16 Mode Maximum LV battery current 74A

shows the boundary of the operating @eandQa. considering
ZVS boundary of lagging leg switch&€3; andQ4 operate when
ZVS energy of the lagging leg switches is lower tliaR.  comparisons. Overall volume and cost of the proposed
Therefore, entire range ZVS operation of the lagging legntegrated charger are decreased by 17% and 19%, respectively,
switches can be achieved by operatygandQs based on the due to reduced switches count and shared input filter. The
operation boundary that is the same as ZVS boundary in Figfficiency of the proposed integrated charger is shown to be
15. higher at both simultaneous mode and APM standalone mode
(see fig. 21 and fig. 25).

Table 1l shows the comparison of the proposed integrated
charger to existing integrated chargers [24]-[25], [31]-[32]. The
iil:posed integrated charger provides low profile due to use of

IV. COMPARATIVE STUDIES

In order to show the effectiveness of the proposed integrat
charger, the proposed integrated charger is compared with tl
separated OBC and APM in Fig. 2(a) in terms of cost, volum
and efficiency. Fig. 17(a) and (b) show volume and cos

o small transformers compared to the transformer integration
thod using a three-winding transformer [31]-[32]. The
roposed integrated charger does not necessitate extra relay for

tegration and additional circuit for simultaneous operation
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Fig. 19. Experimental waveforms during the simultaneous charging mode
(Penarging= 3.3kW, Rem = 0.4kW and Wy = 13V) (a) each leg current at
Vuv =330V (b) ZVS operation of the lagging leg swi@hat iy =

Fig. 21. (a) Measured efficiency whep}330V, Viy=13V and Ren=
0.4kW and (b) loss analysis whegfing2.5kW during the

420V simultaneous charging mode.
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{ Time[1ps/di Fig. 22. Measured efficiency during the V2G mode whepn=330V,

V=13V and RPM:O-ZkW-
Fig. 20. ZVS operation of the lagging leg swi@hat Viyy = 420V during

the V2G mode (Rc= 3.3kW, Rpm = 0.4kW and W = 13V)
V. EXPERIMENT RESULT

unlikely the existing integrated chargers. In addition, the In order to verify the performance of the proposed integrated
proposed integrated charger achieves entire ZVS range of alharger, a laboratory prototype integrating 3.7kW LLC resonant
switches of the PSFB converter in both simultaneousonverter and 1kwW PSFB converter is built on a PCB board, as
charging/V2G mode and the APM standalone operation modedustrated in Fig 18. The LLC resonant converter and the PSFB
If the common leg fails, the whole APM is disabled in theconverter share the heats, HV battery-side filters and sensors.
existing integrated charger. However, the proposed integratdd’® key parameters and system specifications of the proposed
charger can deliver the partial power to the LV battery, whildntégrated charger are summarized in Table Il and Table Ili
achieving ZVS operation of the lagging leg switches. ThereforfESPectively. The dc-link side and HV-side switches were
the proposed integrated charger clearly stands out from not orffjfPlémented using SIiC device@y(Q.: E3M0065090D from

the separated OBC and APM but also the existing integrat ree’Qe‘EQG : SgT308%AL frthRohn1Q7,_Q8 I: SCT31d20A.L Si
chargers. fom Rohm) and LV side switches were implemented using Si

device Qo, Qo : IAUT300N10S5N015 from Infineon). The
transformer and filter inductor were implemented with PL15
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(b)
Fig. 24. Experimental waveforms during the APM standalone magg (P

=0.2kW and Yy = 13V) (a) each leg current afw/= 330V (b) ZVS

operation of the lagging leg SWitedh at Vi = 420V when the PSFB converter operate under light load condition.

ZVS energy of the common leg switeDs is extended by
secondary current of the LLC resonant conveRigy.. 20 shows
the key waveform of the proposed integrated charger in the V2G
ferrite cores from Samwha electronics (PQ40/40 for LLCmode. The ZVS operation of the lagging leg swiihis also
resonant converter, PQ35/35 for the PSFB converter angthieved by extended ZVS energy.
PQ26/25 for the PSFB filter inductoks andLr). The control Efficiencies of each simultaneous mode are considered for
algorithm is implemented in a floating-point DSP platformonly dc-dc parts except ac-dc converter. Fig. 21(a) shows the
TMS320F38377D. And digital power meter YOKOGAWA measured efficiency in the simultaneous charging operation
WT3000 is used to measure the efficiency. . when My=330V, iy = 13V and Rem = 0.4kW. The maximum

Fig. 19 shows the key waveform of the proposed integrategificiency is 97.81% when dRing is 2.5kW, and overall
charger in the simultaneous charging mode. The common legficiency in simultaneous charging mode is around 0.5% higher
currenti, is sum of LLC resonant converter secondary cufkent than the separated charger by current cancellation effect. The
and the PSFB converter primary curréntas shown in Fig. |oss analysis of the proposed integrated charger and separated
19(a). As a result, rms va!ue of the common Ieg (;UHEEIHI charger in the simultaneous charging mode Wh@l&giﬁ’g =
reduced by 2.7A compareditdy the current cancellation effect. 2 5kw is shown in Fig. 21(b). By current cancellation effect,
Fig. 19(b) shows ZVS operation of the common leg sw@¢h  conduction loss of common &g switches@s andQs) almost
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Fig. 26. Experimental waveforms of the APM standalone mode in case of
open circuit fault of the common leg switchegs(P= 0.2kW, \{;y=330V
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half of the separated leg switch&-&), while the rest of losses
are the same. Fig. 22 shows tledficiency of the V2G mode
when My=330V, Viv = 13V and Rem=200W, and the
maximum efficiency is 96.89% wher& = 2.5kW. Since the

rms value of the common leg switches is increased by sant

extra circuits. In the simultaneous mode, the conduction loss is
decreased by the current cancellation effect and entire ZVS
operation is achieved by extended ZVS energy of the common
leg switches, resulting in increased, in particular, light load
efficiency. In the APM standalone mode, operating the switch
leg of the LLC resonant converter according to the optimized
ZVS boundary ensures entire ZVS operation. From the
prototype integrating a 3.7kW LLC resonant converter with a
1kW PSFB converter, it is shown that overall efficiency is
increased by 0.5% compared to the separated charger and
maximum efficiency reaches up to 97.61% in the simultaneous
mode. In the APM standalone operation litet load efficiency

is increased up to 2% compared to the separated APM by entire
load ZVS operation and the peak efficiency reaches up to
95.46%. It should be noted that in addition to the efficiency
improvement, the volume and cost are also reduced by 17% and
19%, respectively, compared with the separated OBC and APM,
since the proposed integration does not require extra
components, and the APM components including 2 primary
itches, gate drivers, HV-side sensors and filter capacitor are
iminated.

direction ofi, andic, the overall efficiency is lower than the €
separated charger at medium to heavy load condition. However,
the light load efficiency is higher than the separated charger due
to ZVS operation of the lagging leg switches.

Fig. 23 shows ZVS operation of the lagging leg swipeln
the APM standalone mode under full load condition. In the ful
load condition, the ZVS energy of the lagging leg switches is
sufficient to achieve ZVS operation. Under the light load[2]
condition, m agnéizing current of the LLC resonant converter
transformer is generated by operat@gandQs, as shown Fig.
24(a), which leads to extended ZVS energy of the lagging Ie@l
switchQs, as shown Fig. 24(b), resulting in ZVS operatio@ef

Fig. 25(a) shows the efficiency of the APM standelamode
when =240V and Vy=13V. The peak efficiency is 95.46%
when Rpn=0.6kW, and overall efficiency is higher than [4]
separated charger. Fig. 25(b) and (c) shows the loss analysis of
the proposed integrated charger and separated charger under
Papm=0.1kW and Rem=1kW, respectively. When.py=0.1kW,
the proposed integrated charger achieves ZVS operation of tf#%
lagging leg switches by operatin@s; and Q.. However, the
lagging leg switches of the separated charger are hard-switched.
Due to turn on loss of the lagging leg switches, the loss of tqgl
proposed integrated charger is lower than the separated charger.
When Rpm=1kW, switching methods of the proposed integrated
charger and separated charger are sameRgy#t) value of the
common leg switches (8(R) is smaller than that of the
separated leg switches (12Qin Therefore, the conduction loss 71
of the proposed integrated charger is 66% smaller than the
separated charger.

Fig. 26 shows the APM standalone mode in case of opdhl
circuit fault of the common leg in Fig.12 wheppR=200W,
V=330V and Vv=13V. Although the power of the APM is
limited due to increasing duty-loss period, ZVS operation under
light load condition is ensured by increased ZVS energy. [9]

VI. CONCLUSION

This paper proposes an APM integrated OBC that makgso]
simultaneous operation possible without employing relays and
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