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Onboard Energy Storage System Based on
Interleaved High-Conversion-Ratio Quasi-Resonant
Converter With Small Characteristic Impedance

Zhijian Fang

Abstract—An onboard energy storage system (OESS) withfast-
energy-exchange capability is needed to enable future grid-to-
vehicle (G2V) and vehicle-to-grid (V2G) operations. To facilitate
the fast energy exchange, the OESS normally interfaces between a
high voltage (HV) bus on the grid side and a low voltage (LV) bus on
the vehicle side. The HV bus can be up to 1200 V, while the LV bus
is as low as 48 V, which means a high conversion ratio is needed.
Resonant converters are commonly used for OESS and designed
with large characteristic impedance for wide-range output power
and zero-voltage-switching operation. However, such a design leads
to large volume and complex customization of the magnetic com-
ponents. In this paper, a high-conversion-ratio OESS is proposed,
which is based on interleaved quasi-resonant converters with small
characteristic impedance. The resonant converters are of modular
design with a small characteristic impedance to achieve small
volume, low cost, and simple customization. Interleaved in LV-side-
parallel and HV-side-series configuration, a high conversion ratio
can be achieved. Moreover, modulated in quasi-resonant opera-
tions, all the switches can realize soft switching even at light load
conditions for high efficiency. Burst control for output regulation
is implemented in each modular quasi-resonant converter, while
interleaved control is implemented between them to minimize the
current ripple. The proposed design and control are validated by
a compact 5 kW prototype with a charging/discharging current of
100 A, high power efficiency of 98.91%, a high power density of
3.86 W/cm?, and high-conversion-ratio (up to 20: 1) power flow
between a 1000 VDC HV bus and a 48 VDC LV bus.

Index Terms—Onboard energy storage system, resonant
converter, small characteristic impedance, zero current switching,
high conversion ratio.

I. INTRODUCTION

LECTRIC vehicle (EV) is being an important part of next-
generation smart grid [1]-[3]. Rather than unidirectionally
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acquiring energy from the grid to power the motors, the future
EV should allow storing excess renewable generation and feed-
ing electricity back in the periods of high power demand. There-
fore, a bidirectional onboard energy storage system (OESS)
is needed to enable grid-to-vehicle (G2V) and vehicle-to-grid
(V2G) operations [4]. The OESS acts as an interface between a
high-voltage (HV) bus on the grid side and a low-voltage (LV)
bus on the battery side. The HV bus is usually converted from
the AC power grid leveled at 380 VAC, 220 VAC or 110 VAC,
which means the HV bus ranges from 400 to 800 VDC [5], [6].
Recently, due to the requirements of high-power transfer for
extreme fast energy exchange, the voltage level of the HV bus
will be further increased up to 1000 VDC [7]. On the contrary,
the voltage level of the LV bus is determined by the requirement
of the electric drive onboard, which is much lower than that
of the HV bus. Nowadays, the required voltage level of the
electric drive ranges from 200 to 400 VDC [8], [9], but 48 VDC
electrified drivetrain technology for future hybrid and electric
vehicles are being developed [10]-[12]. Moreover, from the
perspectives of battery management issues and safety concerns,
it is preferred to construct the battery pack by cascading the
battery cells in parallel connection rather than series connection.
For the above two reasons, the LV bus at the battery side is
considered as low as 48 VDC in this paper. Therefore, a high
conversion ratio is required for the OESS.

Dual active bridge (DAB) converter has been widely studied
and used as the OESS, due to simple symmetric structure,
bidirectional power transfer capability, and small numbers of
passive components [13], [14]. It is usually difficult for the
DAB converter to maintain zero voltage switching (ZVS) for
high efficiency especially in light load conditions [15]-[17].
Critical conditions to achieve ZVS are analyzed in [15], which
are commonly influenced by the junction capacitance and the
resonant inductance. The guidelines of the inductor design for
ZVS range are given in [6], [18], [19]. Although larger induc-
tance can ensure a wider ZVS operation range, cost and volume
will increase as penalties. Alternatively, various modulation
methods are proposed to extend the ZV'S operation range, such as
extending phase shift modulation, dual phase shift modulation,
triple phase shift modulation et al. [10], [20]-[24]. However,
these modulations are too complex and will even cause a large
reactive current, which lowers the converter efficiency and thus
requires a large-volume heat sink. As illustrated in [25], the
reactive power can be minimized by using large inductance, but
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leading to a heavy inductor in return. Moreover, the resolution
of phase shift modulation is usually restricted by the PWM
generation unit of the microcontrollers, such that the switching
frequency of the DAB converters are usually as low as 20 kHz,
leading to large transformer and resonant inductance [22].

Compared with the DAB converters, the resonant converters
can operate at a higher operating frequency, resulting in a smaller
volume of the transformer and resonant inductance. Among the
resonant converters, a widely studied and used CLLC resonant
bidirectional converter features ZVS for input bridge and zero
current switching (ZCS) for output bridge [26]-[29]. The switch-
ing frequency can be up to 1 MHz by using variable frequency
modulations [30], [31]. However, the gain range of the converter
is decided by the resonant tank limiting the operating range. To
extend the operation range, the ratio of the resonant inductance
to the magnetic inductance should be high enough, which will
increase the volume and power losses. A pulse width modulation
(PWM) is proposed for series resonant DC/DC converter with
full bridge on the primary side and half bridge on the secondary
side [32]. The duty cycle is regulated to control the power
with a fixed switching frequency. Large inductances are needed
to reduce the reactive current. Nevertheless, a large resonant
inductor is needed in the above literature to achieve a wide gain
range and small reactive current.

In the above studies of OESS based on DAB converters and
resonant converters, a large inductor is commonly required to
extend the ZVS region, widen the gain range and reduce the
reactive current at the expense of increasing the converter’s
volume and cost. PCB planar inductor is used to reduce the
cost and volume in [31], [33]. The magnetic field distribution is
calculated by using the computer to guide the inductor design,
making this design methodology complex in practical imple-
mentation. Ref. [34], [35] propose to integrate the inductor and
the transformer to reduce the cost and magnetic volume. How-
ever, it makes transformer customization and production difficult
in practice. Moreover, the power losses of the transformer will
be increased, leading to a large-volume thermal design. For the
above reasons, the separated inductors are still commonly used
in most OESS applications, which are not compact designs.

This paper aims to design an OESS that features a) high power
density, b) high power efficiency and c) high conversion ratio.
To achieve all these objectives, this paper proposes an OESS
based on the interleaved high-conversion-ratio quasi-resonant
converter with a small characteristic impedance. Three features
are achieved in the proposed converter: (a) high power density
for small characteristic impedance and small inductor is used
in the quasi-resonant converter, which can also be integrated
into the transformer, reducing the volume and the cost; (b)
fully soft switching because the converters are modulated in a
quasi-resonant operation, the resonant current is discontinuous
and all the switches can realize ZCS ON and OFF (ON/OFF)
even at the light load conditions; (c) simple control method,
burst control for output regulation is implemented in each quasi-
resonant converter and self voltage and current sharing are re-
alized without complex balance method due to LV-side-parallel
and HV-side-series configuration, which also achieves a high
conversion ratio. With the above design and control, a compact
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Fig. 1. Overall structure of the proposed OESS.

5 kW prototype of OESS with a charging/discharging current of
100 A is implemented, achieving high efficiency of 98.91%, a
high power density of 3.86 W/cm?, and a high-conversion-ratio
(up to 20: 1) power flow between a 1000 VDC HV bus and a
48 VDC LV bus.

II. SYSTEM STRUCTURE
A. Interleaved Configuration

Fig. 1 shows the proposed OESS, which is based on a three-
phase interleaved quasi-resonant converter with a small char-
acteristic impedance. The proposed system interfaces between
the LV bus at the battery side leveled at about 48 V. 60 V and
the HV bus at the grid side ranging from 1000 V to 1200 V.
To meet the required conversion ratio around 20: 1, a modular
design is adopted and the proposed system consists of three
modular quasi-resonant converters. On the LV bus side, the
quasi-resonant converters are in parallel connection to share
large current, while on the HV bus side, they are in series
connection as a voltage divider. Such that, the required voltage
gain of each module can be reduced to 1: 7 approximately, which
makes the transformer design easy. Moreover, complex control
for current sharing and voltage balancing can be implemented
with such an interleaved configuration.

B. Resonant Converter With Small Characteristic Impedance

Fig. 2 shows the schematics of the modular converter,
which is a quasi-resonant converter with a small characteristic
impedance. The voltage gain of the quasi-resonant converter is
about 7. A full bridge inverter is connected to the LV bus and
generates a high-frequency AC voltage v, to drive a high fre-
quency transformer. On the HV bus side, a half bridge converter
rectifies the AC voltage v.4 into DC voltage V,, ,,,. m represents
the number of the modular converter and canbe A, Band C. L,
and L are the leakage inductances of the transformer on the LV



4240 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 70, NO. 5, MAY 2021

TABLE I

COMPARISON OF THE CHARACTERISTIC IMPEDANCE
Topology Bi-LLC [26] CLLC [27] CLLC [29] CLLC [32] DAB [36] Proposed
LV bus voltage (V) 24 — 48 380 250 — 420 400 (for half bridge) 112 - 144 48 — 60
HV bus voltage (V) 200 — 400 380 400 - 550 250 — 415 360 — 420 1000 — 1200
Power (W) 500 5000 3300 3300 1000 5000
Frequency (kHz) 65 — 165 55 -175 100 - 130 50 100 100
Resonant inductance (pH) 76 30 31.69 22.56 (14.89 at LV side) 26 8
Resonant capacitance (nF) 15.37 200 53.18 396 (600 at LV side) - 220
Characteristic impedance (£2) 70.314 12.25 24.411 7.55 16.33 6.03
Quality factor 1.57 0.523 3.58 0.507 1 0.383
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Fig. 2. Schematics of the modular quasi-resonant converter with small char-
acteristic impedance.

aly

bus side and HV bus side, respectively. A resonant capacitor C,
is used to compensate the leakage inductance of the transformer.
C and C are the DC filter capacitors. It should be noted that,
due to modular design, the parameters of the modular converters
are identical to each other.

The schematic of the modular converter enables bidirectional
operation. When the battery is discharged, the full bridge con-
verter is enabled to converter the DC voltage to the high fre-
quency AC voltage, while the half bridge converter is disabled or
synchronous rectifying operation, working as a diodes rectifier
to convert the AC voltage to the DC voltage. When the battery
is charged, the full bridge converter is disabled while the half
bridge is enabled to convert the power.

The resonant tank is decided by the resonant frequency and
the characteristic impedance. The resonant frequency is usually
determined by the switching frequency range, which is relevant
to the volume design of the transformer and the inductor. The
characteristic impedance has a significant influence on the gain
feature of the converter, defined as

Zy = | 2= (1)

where L, and C). are the resonant inductance and capacitance
of the converter, given by

C’r = Csr> and (2)
L, = L,n* + Ly, 3)

respectively. n is the transformer ratio. L, and L, are the
leakage inductances of the primary and secondary sides of
the transformer, respectively. For the conventional bidirectional
resonant converters, large characteristic impedance Z,. achieves
cliff gain curve for wide voltage gain range, but results in large
inductor volume and high power losses as discussed in Section 1.
Unlike the conventional design, the proposed resonant converter

is designed with a small characteristic impedance. With the
utilization of the small interior leakage inductance of the trans-
former, a customized design of the transformer for large leakage
inductance and small magnetizing inductance is not required.
Moreover, there is no air gap in the high frequency transformer
magnetic core, and small power loss of the transformer can
be achieved. Table I summarizes the key parameters of several
converters in literature. All the resonant inductors and capacitors
reflected on the HV bus side are highlighted. It should be noted
that in [32], the LV side of the converter is half bridge structure
and resonant capacitors are integrated into the capacitances of
the half bridge. Thus the equal resonant capacitance on LV side
is 0.6 p1H and the equal LV voltage is 200 V. It can be observed
that the proposed resonant converter in this paper has a very
small characteristic impedance. Since the resonant frequency
and power are different in published papers, the quality factors
are calculated for the comparison among these converters. The
resonant converter in this paper has the smallest quality factor
and characteristic impedance.

III. QUASI-RESONANT MODULATION FOR ZCS ON/OFF

The key waveforms of the proposed quasi resonant converter
are shown in Fig. 3. The operation mechanism of the converter
at the positive half period is similar to the one at the negative half
period. Therefore, only the operation mechanism at the positive
half period is analyzed in this section. Before the discussion,
some assumptions are given to simplify the analysis as follows.

1) All the switches are ideal without power loss.

2) All the elements are ideal without power loss.

3) The transformer is nearly ideal with a very small leakage

inductance and a very large magnetic inductance.

4) The input and output capacitors are large enough to main-

tain constant voltage buses.

The modulation of the quasi-resonant converter for ZCS can
be divided into four modes as follows.

Mode 1 (ty tot;): In this mode, the switches S, and .Sy, are
turned ON. The primary resonant current 4, flows through V;,
Sp1, the transformer 7. as well as .Sj,4. The secondary resonant
current i, flows through 7., the resonant capacitor C). as well
as the junction capacitors of Sg; and S,;, as shown in Fig. 4(a).
15, increases from zero to charge the equivalent switch junction
capacitances C; as shown in Fig. 4(a). i, is given by

isr = zcsjdilév (4)
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where C,; is the junction capacitance of S, and Sy, and '|' nvi T i Cy T Ved
Vcq 1s the terminal voltage of secondary bridges. Based on the <
equivalent circuit shown in Fig. 6(a), 74, can be derived as ()
lgp = (’I’LV; — Usr0 — vch)ZTrfTscrl Sin(zﬂfrst)~ )
- C
Vsro and vqo are the initial values of the C). and C,; voltages !
at tg, respectively. C'. is the total equivalent capacitance of C. VOJE___
and Cj;, given by
Cr CS i r Cz
Crp =", 6
galcACR © ! ]
The equivalent circuit in Fig. 4(a) is resonant at a secondary Ly
resonant frequency f,s, given by 5
1 nVabTij/n2 T Gy Ve
rs — — . 7 Iy
f 2 vV LT Crl ( )
At 1o, the switches Sy and S)p4 are turned ON with zero cur- G

rent realizing ZCS. When v.q increases from the initial voltage Fig.4. Power flow and equivalent circuit model of the modular quasi-resonant

Vedo to half of the output voltage, i.e., V"im , the freewheeling  converter.

diode of S, is conducted until Mode 2 begins.
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Mode 2 (t to t;): When i, flows through the freewheeling
diode, Mode 2 begins as shown in Fig. 4(b). S, can be turned
ON with an interval of time lagging ¢; and turned OFF with an
interval of time leading ¢, to realize synchronous rectification
achieving ZVS ON and ZCS OFF. As the equivalent circuit is
shown in Fig. 4(b), the LV side bus is connected with the HV DC
bus side via the L,.-C,. resonant tank. Power is delivered from
the battery side to the HV DC bus side. ¢, could sinusoidally
rise to the peak value and fall to zero at ¢,. i, can be derived as

lsr = (MVi = Vo /2 — Vsr1) 27 [ Cyr sin (27 - (t — t1))
+ igp1 cOS2Tf(t — 11)), (®)

where vy, and 74, are the resonant voltage and current values
at t. f, is the resonant frequency of C,. and L,., given by

1

fr= 27 L, C,

Mode 3 (1, to t3): At this mode, i,, flows through the
anti-diodes of S;,; and Sp4 to charge V;, as shown in Fig. 4(c).
Since the secondary switch S is turned OFF, i, will charge
the junction capacitors. Switches Sj; and Sp4 can be turned OFF
during this period realizing ZCS OFF, because i, flows through
the anti-diodes of the switches. When 7, reaches zero again, this
mode ends. 74, can be achieved from the equivalent circuit in
Fig. 4(c).

isr = (n‘/z - Vo_m/2 - vsr2)27rfrsorl Sin(z’ﬂ_frs (t

€))

- t2))7

(10
where v, is the resonant voltage value at ¢,. The equation is
similar with (8). The current i, is negative at Mode 3 while
positive at Mode 2.

Mode 4 (t5 to t4): At this mode, all switches are turned OFF.
The full bridge circuit on the LV bus side can be considered as a
capacitor. All the components are free-oscillating, as shown in
Fig. 4(d). Since most of the energy stored in the resonant tank
has been absorbed by the voltage source, the resonant current ;.
is small during this period and will quickly be reduced to zero
due to the inner resistors of resonant components and switches.
Switches S, and Sp3 can be turned ON at ¢4 realizing ZCS-on.
The resonant current can be calculated as follows ignoring the
inner resistors.

isr = (n‘/z — Usr3 — vcd3)2ﬂ—f7’tcr2 SiIl(Zﬂ'frt (t - t3))7
(11)
where vg,3 and v.q3 are the resonant voltage values of C). and
Csj. Cyo is the total equal capacitors of the equivalent circuit in
Fig. 4(d), given by

C,Cyy /7
CrCsj + CGCj/nz + Cstpj/Tﬂ)

where C),; is the junction capaitances of primary switches. f,.
is the third resonant frequency of L, and C,,, given by

1
Jri = 20 L,Cray

This mode ends up at the time of half cycle.
Designed with a quasi-resonant switching frequency, which
is slightly smaller than the resonant frequency f,., the primary

Crp = 12)

13)
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Fig. 5. Simplified steady-state waveforms of the quasi-resonant operation.

switches can be turned OFF in Mode 3 during ¢, to t3, achieving a
quasi-resonant switching frequency fs, which is slightly smaller
than the resonant frequency f,.. During this period, the resonant
current can flow through the anti-diodes of the switches and thus
the switches can realize ZCS OFF in Mode 3. The switches are
designed to be ON in Mode 4 by choosing the deadtime. Due to
the design of small characteristic impedance, the energy stored
in the resonant tank is very small. The resonant current should
be quickly damped to zero by the inner resistors during ¢ to ¢4.
Such that, the primary switches can realize ZCS ON in Mode
4. Moreover, the secondary can achieve ZVS ON and ZCS OFF
by using synchronous rectification. All the switches can realize
ZCS ON and OFF, eliminating large turn-off losses compared
with sole ZVS-ON modulations in conventional resonant con-
verters with a large characteristic impedance. Therefore, a high
power efficiency can be achieved due to the small switching
losses.

IV. DESIGN CONSIDERATIONS FOR SMALL
CHARACTERISTIC IMPEDANCE

A. Switching Frequency and Dead Time

Based on the quasi-resonant operation analyzed in Section I1I,
the operating waveforms of the converter shown in Fig. 3 can be
simplified as Fig. 5. Operation in Mode I and the free-oscillating
in Mode 4 can be ignored because the operating time is very
short. Thus, ¢, is the half resonant period, ﬁ and t,-t; is half
of the secondary resonant period, # The waveforms of the
resonant current, as well as the switching sequence, are shown
in Fig. 5. In order to achieve ZCS ON/OFF, the switches should
be turned OFF during ¢; to ¢, and turned ON during ¢, to 3.

During t, to ¢, the resonant current ¢, is sinusoidal with
resonant frequency f,., as given in (9). During t; to ¢,, the
resonant current varies from zero to negative, resonating with
the junction capacitance, resonant inductance and capacitance,
because the switches Sp,; and Sp4 are still on. The current
should resonate with L,., C,., and C; at the secondary resonant
frequency f,s, which has been defined as (7). With (7) and (9),
the turn-off time ¢, ¢ y and the turn-on time ¢,,, can be derived as

torr =11 + At = o + At,and (14)
bty = (15)
on — 3—2.](-37
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where f; is the switching frequency. The dead time is defined
as
tqg =ton —loff- (16)

To satisfy the requirement of ZCS ON/OFF, At can be deter-
mined and designed as

1
2frs

Therefore, the swiching frequency f; and the dead time ¢4
can be designed as

0<At<ty,—t = (17

f'f‘sfr
fs < m,and (13)
G L1,

From (18) and (19), the ZCS operation range is only decided
by the switching frequency and the dead time, which means
it is independent of the load. Therefore, the suitable switching
frequency can be fixed to realize soft switching over all load
conditions, achieving high efficiency for the resonant converter
with minimum control effort.

B. Resonant Capacitor

In order to achieve high power density and efficiency, a small
characteristic impedance is designed in this paper. The small
leakage inductance of the transformer is used as the resonant
inductance. Therefore, the resonant capacitance can be derived
from equations (9).

1
@)L,
The peak voltage value of resonant capacitor vpeq) can be
derived as

Cr = (20)

. 1
Upeak = Zpeakmy (21)
where ip¢q is the peak current value, which is derived as
; 7 frid
lpeak = 2_}57 (22)

based on the current-balance principle. ¢4 is the HV DC bus
current.

C. Transformer

The power loss of the transformer donates most to the total
power loss of the converter and affects the design of weight and
volume. In order to match the input and output voltages, the turn
ratio should be designed as

p— VO
=
Due to the high frequency, the ferrite core is chosen based

on the converter rated power. Primary turn number of the trans-
former is derived as

n

(23)

Vi

N ="t
P a4f.BA,’

(24)
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Fig. 6. Winding sequence of the transformer.
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Fig. 7. Curve of magnetic field varying with the height.

where B is the rated magnetic flux density and A, is the effective
cross sectional area that can be obtained from the datasheet of
the ferrite core. With the required turn ratio given in (23), the
secondary turn number of the transformer is derived accordingly.

Based on the rated resonant current (22), the litz wire can
be chosen. In order to integrate the resonant inductor into the
transformer, the winding type should be designed carefully. All
the primary windings are placed innermost on the bobbin. The
minimum length of wire is achieved to reduce the conduction
loss in the wire. The secondary windings are placed outmost
on the bobbin to achieve high voltage. The winding sequence
is shown in Fig. 6. The primary side has m layers while the
secondary side has n layers. The diameter of primary and sec-
ondary wires are | and 7. h is the turning space of the primary
winding, hj is the turning space of the secondary winding and
h, is the turning space between the primary and the secondary
winding. [,, is the width of the window.

The magnetic field varying with the height is shown in Fig. 7.
The magnetic field increases with the height rising and it will
maintain constant during the air gap. Since the anti-currents of
the secondary side winding, the magnetic field will reduce with
the height rising during the secondary winding area. Thus, the
leakage inductance of the transformer can be calculated as

mry lavl n’eraUB
3 3

i
SIS lashs| L (25)

N2
lu’O_p (lathZ +

Lle = I

-1 .
T Zgl i
m

P lavlhl +

where lgy1, lgv2, and {43 are the average length of the primary,
air gap, and secondary side winding.
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D. Design Case

A design case is showcased in this section with the guidelines
above. There are five critical design parameters: transformer turn
ratio, number of windings, resonant inductor, resonant capacitor,
and deadtime. The given conditions are input voltage 48° V'
607V, output voltage 1000”V 12007V, resonant frequency
120 kHz, primary and secondary switches specifications. As-
sume the switching frequency is about 100 kHz, smaller than the
resonant frequency. The design process is expressed as follows.

e Step I: Calculate the turn ratio of the transformer. The

input voltage is 48V 60V and the output voltage is 1000V
1200V. Based on equation (23), the turn ratio is

Vomin 1000V

- —347.
Vimin 6 x 48V

(26)

Nmin =

Thus turn ratio is chosen as n = 3.75.
e Step 2: Calculate the primary and secondary numbers of
windings. From equation (24), the primary turns is

1%
No =374, @7
60V
= = 3.333
4 x 100kHz x 200mT x 225mm? ’
(28)

where the core is ELP 43/10/28 with ELP 43/10/28. Then
primary turns is 4 and secnodary turns is 15.

e Step 3: Achieve the resonant inductor value. The switching
frequency is close to 100 kHz. The leakage inductance of
the transformer can be measured at 100 kHz, which is about
8 pH. Then the resonant inductor is 8 pH.

e Step 4: Calculate the resonant capacitor. From equation
(20), the resonant capacitor C,. can be achieved.

1

Cr = (nf, 2L,

(29)

_ ! = 0.22uF,

30
(2 x ™ x 120kHz)? x 8uH 0

where resonant frequency is set to 120 kHz.

e Step 5: Determine the switching frequency and the dead-
time. The junction capacitor of secondary MOSFET is
0.91 nC. Then the secondary resonant frequency can be
obtained from equation (7)

1

rs = 31
f 27T\/ chrl ( )
1

= = 836.5kHz. (32
2 X 7 x /R X 3.64nC 2. (9

The switching frequency can be decided by

fT‘S f’l"
< 33
fs o fT’S + fT ( )
.5k 1

_ B6SKMa  12O0KHZ o) ousiars. (34)

"~ 836.5kHz + 120kHz
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Fig.8.  Driving sequence for interleaved modulation and corresponding wave-

forms of the OESS.

The switching frequency is chosen to be 100 kHz. And the
deadtime can be determined from equation (19),

1 1 1

2 x 100kHz 2 x 120kHz 2 x 836.5kHz (35)

= 235.6ns < t4 (36)
1 1

< — = . .

S X 100Kz 2 x 120k~ o3333ns. (3D

Then deadtime is designed to be 300 ns.

V. CONTROL METHOD
A. Interleaved Control of the OESS

Three modular converters are interleaved in LV-side-parallel
and HV-side-series configuration in this paper to achieve a
high conversion ratio. Each module is controlled with a fixed
quasi-resonant frequency to achieve ZCS. Since the switching
frequency is near to the resonant frequency, the input current is
the absolute of the sinusoidal resonant current that will cause
large current ripples. The current ripple will be as large as 1.57
times of the average current, causing damage to the battery
and leading to large dissipation. Some papers have reported the
current ripple should be below 10% of the average current.

In order to reduce the current ripples, this paper adopts a three
phases interleaved modulation strategy. The driving sequence
and the corresponding waveforms are shown in Fig. 8. Driving
signals for the three quasi-resonant converters have a phase
shift of 120 degrees to each other. Due to the series input
configuration, the total input current is derived as

1 = Nipeak ([sinwt| + |sin (wt — 27/3)| + [sinwt + 27/3|)
D R N 1
:nzpeakﬂ{2+7lz_:l|:67’l—H81n <n—|—6>7r

1 . 1
+ p— sin <n — 6) 77} cosénwt} . (38)

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on May 14,2024 at 07:46:29 UTC from IEEE Xplore. Restrictions apply.



FANG et al.: OESS BASED ON INTERLEAVED HIGH-CONVERSION-RATIO QUASI-RESONANT CONVERTER

A Output Voltage

vmax

Vmin

_‘ /_\ On/Off

t

Fig. 9. Driving sequence for output regulation in each modular converter.
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Fig. 10. Equivalent circuit of the proposed converter with burst control
method.

The maximum input current ripple is only +7.0% in theory.
The current ripple is significantly reduced by using the inter-
leaved modulation strategy.

B. Burst Control of the Modular Converter

As discussed in Section IV-A, the quasi-resonant frequency
can be fixed. In order to achieve output regulation, burst control
is used in each modular converter. The driving sequence is shown
in Fig. 9. When the output voltage is lower than the minimum
value, the quasi-resonant converter is enabled and operates at
the quasi-resonant frequency, and the output voltage will rise
up. When the output voltage is higher than the maximum value,
the quasi-resonant converter will stop working and thus the
output voltage will low down. The hysteresis band between
the maximum and minimum values decides the output voltage
ripple, and the heavy load can result in a higher burst frequency.

In most applications, the burst frequency is far smaller than the
switching frequency due to the large output capacitor. Thus, the
quasi-resonant converter can be simplified as a logic-controlled
voltage source with an equivalent inductor, an output capacitor,
and a load resistor as shown in Fig. 10. 7., is the average value
of rectifier current and L., is the equivalent output inductances.

fleq = — |isr|,and (39)
v
2
Leg = LT%. (40)

When the switches are enabled, the battery voltage will charge
the HV DC bus through the transformer and resonant tank.
Similarly, the HV bus capacitor will discharge the HV bus

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on May 14,2024 at 07:46:29 UTC from IEEE Xplore. Restrictions apply.
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Fig. 11.  Control state flow diagram of OESS.

load when the converter is OFF. Define the on-time is 7,,,, and
off-time is T, s ;. In on-state, the state equations can be derived
as

die
Leqditq = n‘/z - Vo_m/za
dV, . .
Cy 221_m = Geq — fd- 41)
In off-state, the state equations are derived as
teqg = 0,
AVom .
Cd Zdt = 1q- (42)

The relationship between voltages and currents of the LV and
HYV sides can be derived for the voltage variation values of rising
and falling are identical.

— Ton
“ Ton + Toff

id (43)

As shown in (43), 74 can be controlled by regulating the ON-
and OFF-time.

When the switches are disabled, the resonant current will
cause a large voltage and current spike on the switches. In order
to reduce the effect of the resonant energy, all the switches should
be turned ON or OFF at the beginning of every switching period.
Thus, the resonant current is near to zero at the turn-off time and
the EMI is reduced.

C. State Control

The bidirectional DC/DC converter should both charging and
discharging operate. Then, the state control between different
operating modes is depicted in Fig. 11.

For the discharging mode, during the ON time, the primary
switches Sy — Sp4 are enabled, while the secondary switches
Ss1 — Ss2 stop working. The output voltage V,, will increase.
When V, > Vi,.x, the converter jumps to burst OFF mode
via path (D), all switches, i.e., Sp1 — Spa and Ss; — S, stop
working, output voltage V,, will decrease. On the contrary, when
Vo < Viin, the converter jumps back to burst ON mode via path
), Sp1 — Spa are enabled.

For the charging mode, all secondary switches Sg; — S
work to delivering power in a reverse direction to that of the
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discharging mode. During burst ON period, S; — Ss, are en-
abled while S,,; — Sp4 stop working, the output voltage V,, will
decrease. When V,, < Vi,in, the converter jumps to burst OFF
mode via path (3), all switches, i.e., Sp1 — Spa and S — Se,
stop working. The output voltage V,, will increase. When V,, >
Vinax» the converter jumps back to burst ON mode via path (4).
Ss1 — S start working again and V,, decreases.

The transition between the discharging mode and the charging
mode is determined by V,, and ¢,,. During burst-OFF time in the
discharging mode, when V,, > V.- and | 7, |< ¢, the converter
jumps to burst-on state in charging mode via path (5). € represents
a minimum value near to zero (for example, 0.01 A). Similarly,
during the burst-off period in the charging mode, if V, < Vi,
and | 7, |< e, the converter jumps to burst-on state in discharging
mode via path (6).

Therefore, the output voltage is decided by the control method
of OESS.

VI. DISCUSSION
A. Efficiency Merit of ZCS ON and OFF

For the conventional resonant converters with large charac-
teristic impedance in the literature, ZVS ON is commonly used
in the MOSFET switches with small turning-off losses, because
the junction capacitors of the MOSFET switches can be quickly
discharged with a small resonant current through the large reso-
nant inductor quickly. However, if the characteristic impedance
is small, the energy that the small resonant inductor can store
is not sufficient to discharge the junction capacitors quickly and
maintain reverse current going through the MOSFET switches,
unless the resonant current becomes sufficiently large. In this
case, the instantaneous resonant current at the turn-off time will
be very large, resulting in large turn-off losses.

On the contrary, due to the small characteristic impedance, the
energy stored in the small resonant inductance can be quickly
released during the deadtime, and thus it is motivated to imple-
ment both ZCS ON/OFF in the proposed resonant converters for
high power efficiency, rather than sole ZVS ON adopted in the
conventional resonant converters.

To support the statement above, a numerical comparison is
made between the sole ZVS-ON and ZCS ON/OFF modulations
in the following.

Conventional sole ZVS ON modulation : Fig. 12 depicts the
typical operating waveforms when the power is delivered from
the HV side to the LV side. The switching loss for ZVS ON
modulation is mainly donated by the turning-off process. The
dead time is from ¢ to t;. During the dead time, both S,; and
Ss» are OFF, and i, charges the junction capacitance of the
switches. The state equations can be derived as

n‘/z + Vero + Ves;0
Z’!‘]

lsr = 1o COS Wit — sinwit, (44)

Ver = k1 [Zp1ig sinwt + <nVi + U;TO

) coswit] — kinV;,
45)

1
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Operating waveforms of the conventional sole ZVS modulation.

Fig. 12.

Ves
Vesj = kZ[Z'rli() sinwt + (n‘/; + ]:7]0) COSwlt] — kzn‘/;.’
2

(46)
L,
W) = 27Tfrsa Z’r‘l = Oﬂa (47)
Cs; C,
l=— k= —". 48
T O+ 0y G+ Oy (48)

ip is the turning-off current at ty. vero and v,jo are the initial
voltage values of (', and Cl; at ty. Since S, are turned OFF at
1o, vsj0 should be equal to the input voltage V,, ,.

Please notice that 7y — ¢, is the dead time. The state equations
(44) — (48) have small influence on the RMS value of 74, due
to the small dead time. And the RMS value of 7,, could be
indepedent of Z,. when switching frequency is close to resonant
one.

The resonant current 74, should be positive to realize ZVS,
then the boundary conditions are given by

n‘/l + Vero + Ves;0
Z’rl

By solving (44) to (49), minimum turning-off current ¢, can
be achieved for the calculation of switching loss as

io COS(U]t] - sinw1t1 Z 0. (49)

1
7Vo m,. to S
5 Vo_mio i

where g is the turning-off time.

Proposed ZCS ON/OFF modulation : the operating wave-
forms have been shown in Fig. 5. The switching loss is mainly
donated by the turning-on process and can be calculated by

Py zvs = (50

1
Py z0s = EC@voz_mfs. (51)

Fig. 13 shows the comparison of the switching losses between
the proposed ZCS ON/OFF and the conventional sole ZVS
ON modulations. It can be observed that the proposed ZCS
ON/OFF has efficiency advantages over conventional sole ZVS
ON in the proposed small-characteristic-impedance resonant
converter, especially in heavy load conditions.

B. Characteristic-Impedance-Independent Magnetic Design

In this paper, a small characteristic impedance Z,. is used
for the resonant converter, which could lead to a small resonant
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Fig. 13. Switching loss comparison between the ZCS ON/OFF modulation
and the conventional sole ZVS ON modulation.

inductance achieving high power density. However, the resonant
inductor volume and weight are not only up to the values but
also up to the resonant current, which are related to its energy,
%LTI a%_RMS"

Other than the traditional method, where the RMS value of
1 18 negatively correlated to the characteristic impedance Z,.,
the RMS value I, pjss is only load-related and Z,.-independent
in the proposed method. The proof is given as follows.

Since the switching frequency is fixed near to the resonant
frequency, the resonant current i, is approximately sinusoidal
and synchronizes with the voltage v.4. The output current /,, can
be derived as

T, /2
I, = T%/o isr(t)dt = %Ipeak, (52)
where I,cax is the amplitude of iy,.. I, rass is the RMS value
of i, and given by

2 TS/Z . I eak ™ Vo
I’I"_RMS = \/1_1/0 Z%r(t)dt = i)/z = mE

Therefore, the RMS value I, rass is only load-related and
Z.-independent. Such that, we can conclude that the smaller
resonant inductor could lead to a smaller volume, achieving high
power density.

(53)

VII. EXPERIMENTAL VERIFICATION

A 5 kW prototype of the proposed OESS is built, as shown
in Fig. 14. The OESS interfaces between a48 V. 60 V /100 A
battery source and a 1000 V. 1200 V grid bus. The circuit
parameters are listed in Table II.

The natural resonant frequency is 120 kHz and the resonant
periodis 8.33 us. The reverse recovery charge of the anti-parallel
diode of the secondary MOSFET is 0.91 nC. The resonant period
of the junction capacitor and resonant capacitor is about 1.2 ps.
Therefore, the switching period should be larger than 9.53 ps.
The switching frequency is chosen to be 100 kHz with the
switching period of 10 pus. The dead time should be larger than
236 ns but smaller than 833 ns. In this paper, the deadtime is

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY.

Fig. 14.

Prototype of the 5 kW OESS.

TABLE II
SYSTEM PARAMETERS

Parameters Symbols Values
Rated power Pn 5 kW
Input voltage V4 48V 60V

Output voltage Vo 1000 V = 1200 V
Transformer turn ratio n 3.75
Magnetizing inductance Ly, 1 mH
Leakage inductor Ly 8 uH
Resonant capacitance Ch 0.22 uF
Output capacitance Cq, Cy 4.7 uF
Switching frequency fs 100 kHz
Primary switches Sp1—Spa IRFP4568PBF
Secondary switches Ss1, Ss2 FCH104N60F

4247

designed as 300 ns. With the above settings, all the switches can
realize ZCS.

The size of the proposed 5 kW/100 kHz prototype is only
185 cm x 17.5 cm x 4 cm as shown in Fig. 14, achieving a
high power density of 3.86 W/cm?.

A. Steady-State Waveforms

Fig. 15(a) and Fig. 15(b) show the steady-state operating
waveforms at 20% and 100% of the rated load, respectively,
when the power is delivered from the LV bus side to the HV
bus side (discharging mode). The LV bus is 50 V, while the HV
bus is 1125 V. The output voltage of each modular converter is
375 V. As shown in the figures, the resonant current reaches zero
before the switches are turned OFF, achieving ZCS. When the
switches are turned ON, the resonant current is very small, which
means the turn-on power loss will be very small. Moreover,
the secondary switches can also realize ZCS, no large reverse
recovery current occurs.

Fig. 16(a) and Fig. 16(b) show the steady-state operating
waveforms at 20% and 90% of the rated load, respectively,
when the power is delivered from the HV bus side to the LV
bus side (charging mode). Similarly, the secondary and primary
switches can also realize ZCS. Since the junction capacitors at
the primary side switchers are far smaller than the secondary
side, the recovery current in the charging mode is smaller than

Downloaded on May 14,2024 at 07:46:29 UTC from IEEE Xplore. Restrictions apply.
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Fig. 15.  Measured steady-state operating waveforms of modular converter A
in discharging mode when V; =50 Vand V,, ,,, =375 V.
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Fig. 16. Measured steady-state operating waveforms of modular converter A
in charging mode when V; =50 Vand V,, ,,, =375 V.

that in the discharging mode. Mode 2 almost disappears and ¢,
is zero during Mode 3 period.

Since the switching frequency is fixed, the variation of load
condition just affects the amplitude of the resonant current,
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Fig. 17. Measured waveforms of the output voltage and the input current of
the OESS under different load conditions.
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and soft switching can be achieved at both light and full load
conditions, which is consistent with the analysis in Section III.

B. Control and Transient Waveforms

Fig. 17(a) and Fig. 17(b) show the driving sequences and
corresponding output waveforms at 20% and 100% of the rated
load, respectively. At the light load condition, the converter
works for a short interval of time to maintain the output voltage.
The burst period is about 1.3 s and the HV bus voltage ripple is
about 20 V. At the full load condition, the burst period is about
55 ms.

Fig. 18 shows the interleaved gating signals for the three
modular converters to achieve a low current ripple. The gating
signals have a phase shift of 120 degrees to each other.

Fig. 19 gives the ripples of input and output current. The
green and blue curves are input and output current waveforms
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Fig. 20.  Transient waveforms of output voltage V,, ¢ and input current I; ¢
of Module C quasi-resonant converter during the transition periods between
charging and discharging.

respectively. The input current ripple is as small as + 2.5 A
with a frequency of 600 kHz, corresponding to the analysis. The
output current ripple is only about 50 mA. Besides, the phase
shift between the resonant current of modules A and C is 120
degrees, which is consistent with the analysis.

Fig. 20 shows the transient waveforms of the output voltage
V,_c and the input current I; o of Module C quasi-resonant
converter during the transition periods between charging and
discharging modes. The scheduling time for charging and dis-
charging is set at around 1.5 s. It can be observed that the
transitions are seamless.

C. Efficiency

With the loss analysis with detailed formula derivation process
given in the Appendix, the calculated efficiency curves versus the
output power are plotted by dashed curves in Fig. 21. Moreover,
the measured efficiency curves are plotted by solid curves. It
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Fig. 21.  Efficiency curves of proposed converter at discharging and charging
modes.

can be observed that the measured efficiency of the converter
is 98.91% at 20% of the rated load and 95.55% at the full load
in the discharging mode. When operating in the charging mode,
the measured efficiency is 96.15% at 40% of the rated load and
95.15% at the full load. High efficiency can be achieved over
the whole load range for the charging and discharging modes.

VIII. CONCLUSION

A high-conversion-ratio onboard energy storage system is
proposed in this paper, which is based on modular-designed
quasi-resonant converters with a small characteristic impedance.
The modular quasi-resonant converters are in LV-side-parallel
and HV-side-series configuration to interface between a HV
bus on the grid side and a LV bus on the vehicle side. As
the HV bus is up to 1200 V and the LV bus is as low as
48 V, the conversion ratio as high as 20 : 1 for the fast energy
exchange. The modular quasi-resonant converters are designed
with a small characteristic impedance for the benefits of small
volume, low cost, and simple customization, and meanwhile,
they can be modulated in a quasi-resonant operation to achieve
zero-current-switching ON and OFF for high efficiency. Burst
control for output regulation is implemented in each modular
converter, while interleaved control is implemented between
them to minimize the current ripple. A compact 5 kW exper-
imental prototype achieves a charging/discharging current of
100 A, high efficiency of 98.91%, and a high power density of
3.86 W/em®.

APPENDIX
Switching losses: Since ZCS ON/OFF modulation is imple-

mented, the switching losses are caused by the charging and
discharging of the parasitic output capacitor of the MOSFET
switches and thus can be calculated by

Pswitching = (54)

1
Ecdcvjc fx4=204V2f

where Cy; is the output capacitance of MOSFETs, V. is the
DC link voltage and f is the switching frequency.
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TABLE III
PARAMETERS FOR L0OSS CALCULATION

Parameters Symbols Values
Output capacitance of switches Cys 774 pF
On resistance of primary switches Ton,pri. 4.8 m Q
On resistance of secondary switches Ton,sec. 98 mf2
Core losses per unit volume P, 120 kW/m3
Core volume \% 13749 mm3
AC resistor of winding wires Tac,tri 10.02 mQ2
ESR of resonant capacitor ESR 18.9 mQ2
120 1
-Pswitching
= P,
100 L - core
% l:chond.,prL
E - Pcond.,sec.
2 801 | Peopper
Cé 0 Peap.
n 60
o
%
Q
= 40
g
¢ 20
Ay
0
0 1 2 3 4 5 6
Input Power (kW)
Fig. 22. Power loss ditribution of converter for different input current.

Conduction losses: The primary and secondary conduction
losses can be calculated by

Irrns i
_ pri. \2 _ 2
Pcond.,priA =4 x (—7) Ton,pri. = 21 ms’pri,ron,pri.

\/z r
Irms,sec.
V2

where 7oy pri. and 7on sec. are the conducting resistance of
the primary and secondary switches respectively. Ipyg pri. and
Irms sec. are the root mean square values of the resonant current
in the primary and secondary sides respectively.

Core losses: In the proposed OESS system, ELP 43/10/28
N97 core is used to construct the transformer. The core losses
can be calculated by

(55)

2 2
Pcond.,sec‘ =2x ( ) Ton,sec. = Irms)sec,ron,sec. (56)

Peore = P,V (57)

where P, is the core losses per unit volume that can be looked

up in the datasheet according to the frequency, temperature, and

magnetic flux density, and V' is the volume of the magnetic core.
Copper losses: The copper losses can be calculated by

2
Pcopper =1

rms,pri. Tac,tri

(58)

where 7,c 1. 18 the equal AC resistor of transformer winding
wires considering the skin effect and the proximity effect caused
by the high switching frequency. The AC resistor is about several
times of the transformer winding wires DC resistor.
Capacitance losses: The losses of the resonant capacitor
caused by the ESR of the capacitors can be calculated by

-Pcap‘ = rzms,sed‘ESR (59)
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The total losses can be calculated by
(60)
(61)

Ploss,total - Pswitching + PcondA,pri. + Pcond.,sec.
+ Pcore + Pcopper + Pcap.

With detailed parameters for loss calculation given in
Table III, Fig. 22 shows the loss distribution.
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