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Abstract

This paper proposes a new wide range bidirectional buck-boost dc-dc converter with
improved voltage gain in either forward (discharging) or backward (charging) direction
for electric vehicle (EV) applications. The converter has high-voltage gain ratio with no
theoretical limits in the output voltage in both directions, and presents a good balance
between the component count, number of conducting components, semiconductor device
ratings, having direct connection between input and output terminals, and efficiency which
makes it a practical solution for the EV charger levels 1, 2, and 3 power converter unit. The
operating principle, steady-state characteristics including the current and voltage stress of
the switches, and comparison with other state of the art de-dc bidirectional converters are
explained in detail. In order to validate the theoretical analysis, a 500 W, 200 V or 40 V to
180 V laboratory prototype is implemented. The obtained results confirm the applicability
of this structure and demonstrate a peak efficiency of 97.2% in the forward and 97.6% in
the backward direction modes of operation.

1 | INTRODUCTION

Electrification of transport coupled with increased generation
from renewables is a central pillar in the strategy to decarbonize
the energy system. Electric Vehicle (EV) charging, however,
places a very significant extra burden on the electricity demand
so that power conversion efficiency in the charging process is
critically important. On the other hand it is recognized that the
energy storage capacity of EV batteries could provide a signifi-
cant resource to aid with renewable integration, which leads to
the concept of Vehicle to Grid [1, 2].

In a V2G implementation, as illustrated in Figure 1, the
bidirectional power electronic converters act as an interface
hardware stage between the electric vehicle supply equipment
(EVSE) and the battery storage pack. This means that bidirec-
tional converters should offer vehicle to grid (V2G) and grid to
vehicle (G2V) services at high energy transfer efficiency, wide
output voltage range, limitless voltage gain ratio, low cost, and
high performance [3-5]. A typical V2G scenatio would involve
charging the EV battery from the grid during petiods of low

energy demand (e.g. nighttime) or high renewable generation,
then supplying the stored energy back to the grid for example to
reduce frequency fluctuations [6] or reduce utility costs during
peak usage [7].

A buck-boost wide range gain bidirectional de-dc converter
is required to adapt the voltage levels of the battery (V},) and
the grid side converter de-link voltage (Vyciqi) since the battery
voltage varies [8].

Conventional bidirectional boost/buck converters have been
widely adopted by researchers due to their simple structures
[9-11]. However, the conventional buck/boost converters have
relatively low voltage gain ratios. Higher voltage gain ratio con-
verters have the advantage that they can achieve the voltage gain
at lower and less extreme value of duty cycle, which can in turn
reduce switch voltage and current stresses and lower losses. In
addition, the boost/buck converters have a limitation in that
they can transfer power in only one mode i.e. boost or buck.
Therefore, the bidirectional buck-boost converters with step-
down and step-up voltage gain ratio i.e. D/(1-D) have been
adopted to regulate the battery and the dc-link voltages. Hence,
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FIGURE 1 Electric vehicle on-board chatgers and charging station.

these converters can regulate the battery and the dc-link volt-
ages under a wider range of the source variations, and have
become more popular.

The presented bidirectional buck-boost dc-dc converter in
[12] transfers stored energy between the battery and the de-link
with a low voltage gain with the potential for shoot through (ST)
issues which should be reduced by use of a dead-time.

Although the half-bridge bidirectional buck-boost de-dc con-
verter in [13] has no ST problem at the input and output sides,
its voltage gain ratio is low.

Switched capacitor converters can attain high voltage gains.
The capacitors store and release the energy during every switch-
ing period. The pivotal benefits of this type of converter are,
simple structure, high voltage gain, high power density, high effi-
ciency, light weight, low cost, and better integration capability
because of the absence of inductors [14—17]. However, this type
of converter is inactive for certain voltage gain ranges, for exam-
ple the converter in [17] is inactive for the voltage gain between
1/3 to 3. Furthermore, the use of large capacitors demand a
significant amount of charging current which impacts the rat-
ing and losses of active components of a circuit. Moreover,
the improved suitability for integration is only useful at very
low powers-switched where on-chip integration of capacitors is
easier than inductors.

The hybrid converter which is a combination of switched
capacitor and inductor based converter, has been introduced
to solve the drawbacks of the switched capacitor converters by
adding an inductor.

In this regard and to improve the voltage gain ratio of the
conventional bidirectional buck-boost dc-dc converter in both
directions, converters in [18, 19] presented higher and wider
voltage gain ratios for both forward and backward directions
than the conventional buck-boost converter. However, the lack
of direct connection between input and output terminals gives
rise to EMI noise issues and still further improvements in the
voltage gain ratio would be beneficial.

The converters presented in [20-22] are able to provide a
wide quadratic voltage gain ratio i.e. D?/(1-D)? for both for-
ward and backward directions. With a quadratic voltage gain
ratio, the bidirectional converter in [23] suffers from low semi-
conductor utilization. The quadratic converters solve ST and
limits with the voltage gain, but they are complex due to their
high component count.

In many studies, the voltage gain of the conventional
boost/buck dc-dc converter is improved such as [15, 16, 24,
and 25] in exchange for extra cost, complexity, and losses. Fur-
thermore, the voltage gain range of the converter in [15] is from
0 to 0.25 in step-down and from 4 to oo in step-up. For the
converters in [15 and 16] the range is from 0 to 0.5 and from
2 to 00. Therefore, these converters do not function for the
voltage gain range between 0.25 to 4 and 0.5 to 2, respectively.
Moreover, similar to the conventional boost/buck converter,
the converters in [15, 16, 24, and 25] have the limitation that
they transferring energy only in one mode either buck or boost.

In this paper, in order to obtain high buck-boost voltage
gain with a wider output voltage range a new bidirectional
dc-dc converter is proposed. Unlike some of the previous
converters, the proposed converter offers high voltage gain
ratio which is active between 0 and oo for the output volt-
age in both directions. Furthermore, the current controller
is adapted for indirect battery current control, which offers
accurate, fast, and smooth operation under different states
of charge (SoC). The direct electrical connection between
input and output terminals is preserved which can significantly
reduce the EMI noise. Finally, the proposed dc-de converter is
adopted as the front stage for a grid-connected full-bridge dc-ac
converter.

The rest of this paper is organized as follows. The proposed
bidirectional dc-de converter is presented in section 2. Section
3 is devoted to the practical considerations and design calcula-
tions for the proposed converter. A comprehensive comparison
to the previous state of art converters is presented in section 4,
the proposed dead-beat controller description is given in sec-
tion 5 and the experimental verification is provided in section 6.
Finally, section 7 concludes the paper.

2 | DC-DC STAGE OF PROPOSED EV
CHARGER OPERATION PRINCIPLE

Figure 2 shows the proposed bidirectional EV charger converter
structure. V}, and Ly, denote the battery side voltage and battery
current filter, respectively. The dc-dc stage of the proposed EV
charger consists of four switches Sy, S,, S3, and Sy, two induc-
tors Ly and L, and three capacitors Cy, Cy, and C5. V| and V,
denote the primary and the secondary side voltages, respectively.
The conventional full-bridge converter consists of four switches
Sas Sps Sc, and Sp, with inductance filter L, is used to connect
the proposed dc-ac stage to the ac grid.

Figure 3 shows the forward (discharging) and the backward
(charging) operations in continuous conduction mode (CCM)
and discontinuous conduction mode (DCM), and follows the
detailed analysis.
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FIGURE 3  Equivalent circuit of the proposed converter in forward mode (a) state 1, (b) state 2, (c) state 3 and backward mode (d) state 1, (e) state 2, (f) state 3.

2.1 | Forward direction operation mode associated with CCM and four states associated with DCM
operation as defined in the following,

In the forward direction operation or the discharging mode, the State 1 of CCM and DCM [0-t;]: During 0 < t < DT or

powet flows from V| to V,. There are two states of operation the state-1 of the forward direction mode and according to
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FIGURE 4 Typical waveforms of CCM: (a) forward and (b) backward modes.

Figure 3(a), Sy and S3 are turned on, while S, and S, are turned pi= L dLy y
off. In this state, L, is charged by the input dc source. Thus, 1 dr €3
the current through L, increases, whereas the energy of Ly is o= I %2 _ s o
) . i 1.2 > 1
increased by the released energy from C;. According to the typ
ical time-domain waveforms in Figure 4(a), the derived current iy = G, des _ _ in
B dt

and voltage equations are as follows:
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FIGURE 5 Typical waveforms of DCM: (a) forward and (b) backward modes.

State 2 of CCM [t-T] and DCM [t;-t,]: Contrary to state
1, during this interval, as shown in Figure 3(b), S; and S; are
turned off whereas the body diodes of S, and S, are conduct-
ing, The inductor L releases its energy into the secondary side
through the body diode of S,. Similarly, L, and the primary side
source release energy into Cj through the body diode of Sj.
Therefore, we have:

dly

vy = L - = =1 =1+
AL,
vp=L === —uc @
. dvcs
ic3 =G5 P 12 T

By applying volt-second and amp-second balances to L, L,
and Cs, we have

D)+ 1 =D) (1o =Vi+u3)=0 3

0 4 ty s T,
(b)
DIN+A-=D) 1—u5)=0 ©)
D)+ A =D) Gpa—if) =0 ©)

where D represents the duty cycle of S; and S;.
By using (4), the average voltage across C3 can be determined
as

s =1—5 " ©)

From (3) and (0), the voltage conversion ratio of the pro-
posed converter during the forward direction mode can be
calculated as follow

15 DD -2)
Mcenf forwardy = v T T 2

= 7
Al ™
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TABLE 1 Comparison among main Bidirectional de-dc Converters.

Main test results, Direct

Number of Conducting Switch Forward Mccyy, Backward My, Connection of Input and
Ref. Elements' at F and B¥ range range Output (DCIO)?
Proposed 43 F:22.1 P2 L 40Vdc, 180Vde
(1-Dy 1-D2
2L,3C B:2,2,1 0-c0 0-c0 500 W, 20kHz
Dt 97.6%
DCIO: v/
1] 4s F:2.2 L L NA
1-D 1-D
1L2C B: 22 0-00 0-c0 20 kW, 16kHz
Noas 92%
DCIO: /
(18] 3s F:22 2D 250 85Vdc, 396Vdc
1-D 1-D
2L 4C B:22 0-c0 0-c0 1.6 kW, 100kHz
Dt 97.6%
DCIO: X
2 2
23] 48 F: 22,1 (= (= 40Vdc, 400Vde
1-D 1-D
3L,4C B:2,2,1 0-co 0-c0 500 W, 50kHz
Dt 97.8%
DCIO: /
[19] 65,2D F:32 20 030 50Vdc, 95Vde
1-D 1-D
2L,1C B: 3,2 0-c0 0-c0 100 W, 50kHz
Dt 94%
DCIO: X
16 4s F:2.2 = 2 40Vdc, 300Vde
1-D 2
1L4C B: 22 2-00 0-0.5 300 W, 20kHz
Noas 94%
DCIO: v
24 58 F:2.2 = 2 50Vde, 400Vde
1-D 2
2L 4C B:23 2-00 0-0.5 1 kW, 20kHz
Dyt 95.3%
DCIO: X
2 2
[21] 458 F:22 (= (= 36Vdc, 100Vde
1-D 1-D
3L4C B:22 0-co 0-c0 100 W, 50kHz
Dt 91.83%
DCIO: v
2 2
[20]* 6S F:32 (2 = 20Vde, 38.7Vdc
1-D 1-D
3L,4C B: 3,2 0-00 0-c0 133 W, 40kHz
Nart NA
DCIO: v
15 6S F: 33 = 2 20Vdc, 270Vde
1-D 4
2L,5C B:3,3 4-00 0-0.25 500 W, 100kHz
Dt 91.83%
DCIO: v
1+D
[25] 55 F: 23,1 2 Z 40Vdc, 200Vde
(1=-D) 2—-D
2L 4C B:3,2,1 s -1 500 W, 50kHz

Ny 97.2%
DCIO: v

(Continues)
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TABLE 1 (Continued)
Main test results, Direct
Number of Conducting Switch Forward Mccyy, Backward My, Connection of Input and
Ref. Elements' at F and B¥ range range Output (DCIO)?
[14] 48 F:22 = 2 14Vdc, 42Vdc
1-D 2
1L,3C B:22 2-c0 0-0.5 140 W, 20-70kHz
Dot 97.5%
DCIO: v
7S: switch, D: diode, SD: series body diode, L: inductor, C: capacitor.
#F: forward direction, B: backward direction.
*Biditectional version.
TABLE 2  RMS value of Total Voltage and Current Stress.
<
TVSrMS,/V1,rms TCSRrwmsit,rms vcs 0<7<DI;
Ref. Forward direction, Forward direction, vy =303 — V=15 DI, <t < (D+Dy) T, 9
Backward direction Backward direction 0 D+ Dl) T.<t<1;
2-D vVD+v/1-D
Proposed D7 (\/1_7 +V1-D) — 4] 0<r< DZ;
14D VD+\V1-D
T WD+ Vi=D) D vp=1"tcs+ VI DI <t <D+ D) 1 (10)
(1+D)\V/D+y/1-D VD+(1-D)\1-D
23] —aor — = 0 D+D) T, <t <1
\D+@-D)\1-D [(A=D)+2D-1]\/D+V1=D
D2 (1-D)? . . .
- (@—20)V/D+2y/1=D o-D1/Di2v1-D Now, the Volt—sec9r1d balsjmce is applied to both inductors. So,
23] (1-D)> 1+D the voltage of capacitor Cj is
3v/D+2+D)V1=D 3v/D+@+D)y/1=-D
2-D 2-D
D+ D
2/ D+24/1-D 1 2
2/PrVioD VB+ L VTTD
18] 2VyD+y1-D VD+yi-D As a result, the DCM voltage gain transfer ratio during the
) Dl; = \/Bf\)/@ forward direction mode can be obtained as
D 1-D
VD+\1-D VD+\V1-D 2
[21] S — M _ Z _ D+ DD, + DD, (12)
VD+V1=D VD+V/1=D DCM{ forvard}y " DD,
(1-D)* (1-D)?
(11 VD+y1=D 2v/D+2/1-D
1-D D . . .
VD+vi-D 2/D42vi-D 2.2 | Backward direction operation mode
1-D D

Furthermore, the primary side average current is

- D(D-2)

=g n=DWD=2i, ®)

State 3 of DCM [tp-t3]: According to Figure 3(c), in this
mode, the current through inductor L; meets zero at time t,
and the current through L, meets zero at time t;, both before
the end of the switching period.

State 4 of DCM [t3-T]: In this mode, all of the power
switches are turned off. The current through both inductors
remains. An entite petiod T, has been completed after this
interval.

Considering these intervals, one can define Dy and D, as duty
cycles where the current of L; and L, becomes zero, respec-
tively. In this regard, according to a typical DCM waveform in
Figure 5(a), the voltage across the inductors can be defined as;

In the backward direction operation or the charging mode,
the power flows from V, to V. Two states associated with
CCM and four states associated with DCM operation modes
are defined as follows.

State 1 of CCM and DCM [0-t;]: During 0 < t< DT or state-
1 of the backward operation mode and according to Figure 3(d),
S, and S, are turned on, while Sy and S5 are turned off. In this
state, L; and L, are charged by the input dc source V,. Thus,
the current through L; and L, increases, whereas the energy
of Cj is released through L, and V;. According to the typical
time-domain waveforms in Figure 4(b), the derived current and
voltage equations are as follows:

L,

vy = L 7=Vé + 15— s
L,
vp= L === —Ti+u; (13)
. _ dl/‘('j; . .
ic3; =G5 Sl —in
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FIGURE 6 Voltage gain ratio in: (a) forward and (b) backward directions.
State 2 of CCM [t;-T,] and DCM [t;-t,]: Contraty to state — 7 M
1, during this interval, as shown in Figure 3(c), S, and S, are = PRI
turned off whereas the body diodes of S; and S5 are conducting, v,= L Ly _ _ . (14)
The inductor I, releases its energy into the primary side voltage ’ &t
through the body diode of S3. Similatly, L; releases energy into ic3 =G dl:"’ =i,
2

C; through the body diode of S;. Therefore, we have:
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15 —— FIGURE 7 RMS value of TVS during: (a)
/@(/j/g/ce—/ -~ Forward and (b) Backward directions.
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By applying volt-second and amp-second balances to Ly, L,
and C5, we have

DM+ 15 —=v3)+ A =D) (=pc3)= 0 15)
D(=1+v3)+0A=D) (=11 —23)=0 (16

D(=ig))+ (A =D) (Gp—ig) =0 )

By using (16), the average voltage across C; can be
determined as

— 1
ies=5 Vi (18)

From (15) and (18), in the backward direction mode the volt-
age conversion ratio of the proposed converter can be calculated
as follow

no_ -
MCCM{ZM[/%WM&Z} = ?2 = 1 — D2 (19)

Furthermore, the primary side average current is

. 1=

n = D ZLl = (1 —Dz) iLZ (20)

State 3 of DCM [t,-t3]: According to Figure 3(f), in this mode,
the current through inductor L; meets zero at time t,, and the

current through I, meets zero at time t3, both before the end
of the switching period.

State 4 of DCM [t3-T]: In this mode, all of the power
switches are turned off. The current through inductors meets
zero. At the end of this interval, a complete petiod T has been
passed.

Considering these intervals, one can define Dy and D, as duty
cycles where the current of L; and L, becomes zero, respec-
tively. In this regard, according to a typical DCM waveform in
Figure 5(b), the voltage across the inductors can be defined as

T/i+T/é—ﬁC3 OSf<D7;
vy = —c3 DI <t <D+ D), @n
0 D+D)T Lt <1
—T/1+Pc3 OS}‘<DT;
yo=3 -V DLLr<D+D)T (22
0 D+D)TL <t <1

Now, the volt-second balance is applied to both inductors. So,
the voltage of capacitor Cj is

_D+D,
e ) 1 (23)
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FIGURE 8 RMS value of TCS during: (a) 15 A
Forward and (b) Backward directions. A
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As a result, the DCM voltage gain transfer ratio during the
backward direction mode can be obtained as

_nho_ 125
MDC‘M{ba[kzmm’} = 72 - DD, + DD, + D, D,

(24)

3 | DESIGN CONSIDERATIONS

3.1 | Passive components design

By considering a switching frequency, f;, the current ripple of
inductors Aij ; and Aij , and the voltage ripple of capacitor Avs
the value of the passive components can be obtained as follows

_ K
(1=D)Air, f;

S B
Forward 4 2= N (25)
(1-D)i

T @=D)Aicsf,

1

@&

[, _ _DU=DV;

fa= (1-D2)Aip s f;
— 27,

Backward - { L, = 22015

T (1=D2)Aip, ),
DU-D)iy

T (1=D2)Avcs f,

(26)

G

L

(b)

Moreover, the minimum value of inductor currents must be
positive for CCM, and the critical value of L; and L, can be
expressed as

C-D)D*1;

(1=-D)%i f,

> 2=D)D?*14
i fs

1-D)(1-D?)14
D2 f;
(1=-D)11
(1-D2)i ,

1 2

Forward 27)

L,

Ly >
Backward . (28)

I,>

The capacitor C, performs as a buffer for the instantaneous
power difference between the ac grid and the proposed dec-dc
converter. Thus, to maintain the ripple of the dc-link voltage
(AV;) below a specific value, the required C, is:

5

C=——
> 7w 15AT

(29)

where Py, is the average output power of battery side and @, is
the grid angular frequency.

The grid side filter inductor i.e., L, is designed according to
the ac source voltage, the dc/ac converter modulation index,
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FIGURE 9  (A) dc-de stage control loop, (B) battery current variations during CC and CV modes, and (C) dc-ac stage control loop.

my,, and the desired current ripple, Ai, as

I = Uy (1 - mz'im) ]; 30
e Azg 30)

As an example considering Py, = 500 W] v, = 110\/ 2 sin wyt,
Vi =40V, V, =180V, and f, = 20 kHz the values of L; =
1.5 mH and L, = 1 mH satisfy (25)—(28) for a current ripple
less than 30% and 10% for L; and L,, respectively. Considering
20% voltage ripple across Cs, the value of 10 uF satisfies the
above equations, and the choice of components for the dc-ac
stage is C; = 0.98 mF and I, = 4 mH.

3.2 | Semiconductors rating

The average (over a switching cycle) on-state current and aver-
age off-state voltage across the switches and the diode can be
expressed as:

( 1 ( 1-D
|31 D7 V| In= D@D 4
1 1-D
V52 s V| L= L
Forward . 4 (1_1D) » D(ZJD) €2))
%=1 M| s = 56-D) L
1 1
| V= 1 | Iy = DGD) 4
( 1 f D
V=W | In=157 4
1 D
Vo= W | In=175 4
Backward . § | )9 ) (32)
V=5 | ln=1—F 4
1 1
Vaa=5 M | lu=1—7 4

Therefore, the rms value of total current stress (TCS) and
total voltage stress (TVS) of semiconductor devices are

85U8017 SUOWILLOD BAITea1D 3[edldde ayy Aq peusenob ae ssppiie YO ‘sh JO S8 10} Ariqi]8UIIUO AB[IAN UO (SUONIPUOD-PU-SLLBY/WIOD"AB | 1M AseIq 1 BUI|UO//:SdNL) SUORIPUOD PUe SWIB | 8L} 88S * [7202/70/#0] U0 Akeiqi8ulluo A8]IM ‘WsWUBA0D AqUIsssY UsPM AQ 0£92T Z1ed/670T 0T/10p/LL0o" A3 1M AReid1|Bul [UO"Yo Jeasa.ie /Sy Wwoly pepeolumod ‘Z *v20Z ‘Evsves.LT



GHOLAMI ET AL. 241
TABLE 3  Pros and Cons of main Bidirectional Converters. TABLE 3 (Continued)
Ref.: Pros (v) and Cons (X) Ref.: Pros (v') and Cons (X)
Proposed v High voltage gain ratio [201* v Boundless buck-boost voltage gain ratio
v Boundless buck-boost voltage gain ratio v Direct connection of input and output terminals
v Direct connection of input and output terminals v Low EMI issues
v Low EMI issues X Higher TVS
v Low TVS X Higher TCS
v Low TCS X High number of semiconductor devices
X High number of semiconductor devices [25] v Higher voltage gain ratio
[11] X Lower voltage gain ratio X limited voltage gain ratio
v Boundless buck-boost voltage gain ratio v Direct connection of input and output terminals
v Direct connection of input and output terminals v Low EMI issues
v Low EMI issues X Higher TVS
v Lower TVS v Lower TCS
X Higher TCS X Higher number of semiconductor devices
X High number of semiconductor devices
*Bidirectional version
[18] X Lower voltage gain ratio
v Boundless buck-boost voltage gain ratio
X No direct connection of input and output terminals
X High EMI issues
/L(iverTVS % ‘S\r}ﬂj‘=<\/l_)+ \/1—D) %I/i
 Loer TGS Forward — (\/5 . ﬂ) - (33)
v Lower number of semiconductor devices ” DZl’ﬁm
[23] X Lower voltage gain ratio s, = (\/5 + m) # Vi
v Boundless buck-boost voltage gain ratio Backward D (34)
v Direct connection of input and output terminals s, = (\/B + 41— D) ]j—[/&wm
v Low EMI issues
X Higher TVS
v/ Lower TCS 4 | COMPARISON OF THE PROPOSED
X High number of semiconductor devices DC-DC CONVERTER TO THE STATE OF
[16] X Lower voltage gain ratio THE ART
1 X limited voltage gain ratio The main achievements and the characteristics of the EV bidi-
¥ Direct connection of input and ourput terminals rectional de-dc converters and the proposed converter are
v Low EML issues summarized in Table 1.
v Lower TVS The main point of Table 1 is that among all the buck-boost
/ Lower TCS bidirectional converters which do not have a gain limitation the
X Higher number of semiconductor devices proposed converter has the highest boundless voltage gain ratio.
D41 X Lower voltage gain ratio Th§ cox".lve'rters Witb higher gain ratios all ha\'fe.a lir.nitation on
o their gain in both directions. The proposed bidirectional de-dc
X limited voltage gain ratio converter has four semiconductor devices and adopts two of
X No direct connection of input and output terminals them during each state of operation.
X High EMT issues The total semiconductor device count of buck-boost bidirec-
v/ Lower TVS tional de-dc converters i.e. the converters in [11, 18, 23, 19, 21,
/ Lower TCS and 20] is 4, 3, 4, 8, 4, and 6, respectively and for the proposed
x Higher number of semiconductor devices converter it is.4. Althf)ugh the total semiconductor device count
of converter in [18] is lower than the proposed converter, the
[21] X Lower voltage gain ratio

(Continues)

voltage gain ratio of [18] is lower than the proposed converter
in both directions. Furthermore, unlike the proposed converter,
there is no direct connection between input and output ter-
minals in the converter of [18] which leads to increased EMI
issues.
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Proposed dc G'E—

Converter

FIGURE 10  Experimental prototype of the proposed EV onboard
charger.
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The voltage gain ratios of forward and backward directions
versus duty cycle have been depicted in Figure 6. As shown in
Figure 6(a), in the forward direction, only the voltage gain ratio
of converters in [25, 15, and 106] is higher than the proposed
converter. However, the dc output voltage of [25, 15, and 10]
is limited to the range 1 to oo, from 2 to oo, and from 4 to
0o, respectively and the proposed converter has an wide volt-
age gain ratio. Similatly, although in the backward direction, the
converters in [25, 15, and 10] have higher step-down voltage
gain ratios, their output dc voltage gain range is limited to 0
to 0.25, 0 to 0.5, and 0 to 1, and the voltage gain ratio of the
proposed converter is boundless. Therefore, these converters
are not particularly suitable for the application because of their
limited voltage range.
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FIGURE 14  Voltage and current of input, output, and inductors during
DCM mode of forward direction.

The term “wide voltage gain” signifies that by adjusting the
duty cycle within the range of 0 to 1.0, the proposed converter
inherently covers the entire spectrum of possible voltage gain
ratios. This inherent feature gives the proposed converter a sig-
nificant advantage by allowing it to meet a wide range of voltage
gain requirements. As a result, the proposed converter outper-
forms the limitations observed in the converters discussed in
references [15, 10, 24, 25].

Another comparison can be made between the proposed
bidirectional dc-dc converter and its main competitors based
on the normalized rms value of total voltage stress (TVS,, )
and the normalized rms value of total current stress of semi-
conductor devices (TCS,,). The comparisons are presented
in Table 2 and shown in Figures 7 and 8, respectively where
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FIGURE 15 Voltage and current of input, output, and inductors during
DCM mode of backward direction.

the TVS and TCS are plotted vs voltage gain ratio. In a wide
range of voltage gain ratios, the proposed converter can per-
form better than some of the previous bidirectional converters.
For example the proposed converter offers a lower TVS, ¢ than
converters in [21, 23, and 25] when the voltage gain is higher
than 4 and lower than 0.25 for forward and backward directions,
respectively. Furthermore, the normalized TCS of the proposed
converter is lower than the converters in [11 and 21].

It is also useful to compare the conducting semiconductor
device count of the proposed converter and the main competi-
tor approaches. As shown in Table 1, it is clear that the proposed
converter has only two conducting switches during each direc-
tion which is similar to the lowest number used by any other
converter in the table.

It is also worth noting that, unlike the previously published
buck-boost bidirectional dc-dc converter except [11], the pro-

(b)

FIGURE 16  Grid connected operation: (a) forward (V2G) and (b)
backward (G2V) direction mode.

posed converter uses only three capacitors and two inductors in
the structure which can reduce the volume and cost of the EV
charger.

Further, the proposed converter has a maximum efficiency
of 97.6%, as will be shown in section 6. As a result, the pro-
posed converter has a good balance between component count,
semiconductor device ratings, and efficiency, making it a very
practical power converter solution for EV chargers.

In Table 3, the analysis of various bidirectional dc-dc convert-
ers reveals that the proposed converter possesses a distinct set
of advantages. Notably, it excels in its capacity to perform buck-
boost operation, enabling effective voltage regulation across a
wide range of input voltages.

Although the converter in [25] offers a higher voltage gain
ratio than the proposed converter, it’s essential to note that the
former lacks a restricted voltage gain ratio. In simpler terms,
the converter in [25] does not function within the gain voltage
range of 0 to 1 (or 1 to co) during its forward (or backward)
mode of operation. This limitation sets the proposed converter
apart, as it maintains a well-defined voltage gain ratio under
these conditions.

Furthermore, an additional advantage of the proposed con-
verter is its capability to effectively address EMI noise issues.
This is achieved through the establishment of a direct con-
nection between the input and output terminals. By doing
so, the converter offers an inherent mechanism for managing
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FIGURE 17 Transient response to a step change of iy, (a) forward (V2G)
and (b) backward (G2V) direction mode.

EMI noise, contributing to its overall robustness and reliable
performance.

In summary, the proposed bidirectional dc-dc converter
distinguishes itself through its buck-boost functionality, accom-
modating a broad input voltage range. While other converters
might offer higher voltage gain ratios, the proposed converter’s
well-defined gain ratio across all operational ranges, coupled
with its ability to mitigate EMI noise, positions it as a notewor-
thy solution in the field. The proposed converter stands out with
its unique ability to both step-up and step-down voltage. In con-
trast to many existing converters that are typically either buck or
boost converters, this versatility provides flexibility to address a
wide spectrum of input and output voltage requirements. More-
over, the converter’s design includes the capability to handle a
broad input voltage range, making it well-suited for applications
where input voltage fluctuations are substantial, a feature not
commonly found in bidirectional converters with limited input
voltage ranges.

However, Table 3 contains a list of converters that are all cat-
egorized as non-isolated EV chargers. This implies that none of
the converters in this study, including the proposed one, have
inherent isolation between the battery and the DC-link. The
practicality of addressing the isolation requirement lies in the
flexibility of EV charger design. In real-world applications, a
high-frequency transformer can be employed at the output stage
of any of the converters listed in Table 3. This transformer can
effectively provide the necessary isolation, ensuring the safety
of the system and users during charging.

5 | PROPOSED CONTROL SYSTEM
DESIGN

The control system of the proposed EV charger includes the
control loop of the battery side current and the grid side current
during both forward and backward directions. In this paper for
both stages we have adopted two dead-beat control loops [26,
27] to regulate both battery side voltage and current in dc-dc
stage and dc-link voltage and ac grid current in dc-ac stage.

5.1 | dc-dc stage control system

The control of the proposed dec-dc converter includes the cut-
rent control of the battery during the constant current (CC)
loop and the voltage control of the battery during constant
voltage (CV) loop. The overall diagram of the proposed con-
trol system is shown in Figure 9. In this converter, a digital
dead-beat indirect current control concept is adopted for both
directions. The battery-side voltage reference Vi, * is usually set
as the full-charge voltage of the battery. When the battery is not
fully charged, the battery cutrent reference iy * is determined. In
this situation, the output of the PI compensator in the CC/CV
control loop is saturated by the limiter and the battery current
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‘ A A v i 8 conducting, the inductor voltage is
| | g
| | dir
,‘ g np=Ly —== " = 38)
/“ )
» o T |8 and the OFF-state slope of i, (i.e. when S; 3 is OFF) (6popr)
- 't g can be expressed as
\ _dipp () o=y
- 8r.om = i - L (39)
! [1()0ms/div
W - oov ) @ & <1859 Similarly, during the backward direction mode, when the
o MO NS o W A28 P switches S, and S4 are on, the voltage across L, can be expressed
Y [100ms/div] g
é Vs [100V/d1VLL ‘,.\ é as
[ [5A/de) """" M & _g i 0
/ .'tmnl‘nrtmnn wamt, er mmtllmlrlllnmnmm 3 a=1ly —= =V —ics (40)
=t ‘ ‘ ‘ ‘ ‘ (e E and when S, and S, are off, the inductor voltage is
uuuuM Mi Hlum 14 Uit |.‘|m.mmuu.’|‘u‘1: di
iv = ZLz _
WMW Ll N BN ol .
» | | <
................... JJ The current slope of L, during S, 4 con-state (8 N) and

FIGURE 18 Transient waveforms from V2G to G2V.

reference is determined by the upper limit value of the limiter.
When V), reaches the full-charge voltage, the voltage control
loop is activated by the PI compensator to regulate the battery
voltage.

The outputs of the PI compensator and limiter become the
reference for the battery side current ip,*. Given this reference
value, the reference value for the L, current can be calculated
using (if ;.p). From this the indirect dead-beat control system is
able to calculate the optimal duty cycle for the dc-dc stage to
regulate battery side voltage or current.

« _ Nt

i 35
10 = B 35)

S %

As will be shown, the proposed indirect dead-beat current
controller can also simply determine the optimal duty cycle for
both directions from the measured V; and v3 voltages, and
measured and reference current through the L, inductance.

In the forward direction mode, when S; and Sj ate on, the
voltage across L, can be determined as

vp =1, = " (36)

Therefore, the slope of the L, current during the S; 3 on-state
in the forward direction (8 N) is

diy 5 (2) 14
8ron = L;f = Zl (37)

coff-state (Op opr) can be expressed as

dir» (¢ 1V, — -
8y on = ZL;( ) _n LZ”@ “2)
dir 5 (2) ]
Sr.om = L;t = L_; 43)

As shown in Figure 9(b), and based on predictive control the-
ory, the inductor current iy ; at the next sampling time (iy » [k+1])
can be calculated from its current value (ij[k]), using the on-
state and off-state slopes of forward and backward direction
modes, i.e.,

iry e+ 1] =irs [Kl+8r ponton + 8r pom (1 —ton)
(44)
where toy is the S; 53 or S, 4 on-state dwell time.
The controller is intended to eliminate the error 7, between
the reference curtrent (i ,*) and ij 5 [k+1], which translates to

i, =i, —ip k+1l= 0>, =i (A
=67 50N [Df',zf (f)] 1= 6r porr [1 —Drp (i)] I;=0

(45)

Then, toy and consequently, the optimal duty cycle can be
obtained as

i ) — 5 T
DF’B (t) _ (ZLZ ZLZ[ ]) F,B,OFF (46)
(8¢ s.0n = 6rpo0m) T;
Ly (i, — i [K]) + (=17 + 0c3) I
PR ) (47)

v
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FIGURE 19 Proposed bidirectional de-dc converter efficiency curve versus output power levels.

Ly (ij, = ipa M) = AT,
—vc31;

Dy () = (48)

5.2 | dc-ac stage control system

The control of the inverter used to interface with the ac grid is
set up to regulate its dc-side voltage V2 with an outer PI-based
dc-voltage control loop and an inner current control loop based
on dead-beat control [28, 29].

The grid side current controller aims to shape the current
through 7, denoted as 7, as a pure sinusoid in phase with the
voltage [30]. As shown in Figure 9(c) a digital dead-beat current
controller [31-33] is again developed for this goal. In the dc-ac
stage circuit, when S, and Sg are on, the voltage across L, can
be determined as

iy
vig =1y o V2 =y 49)
where v, is gtid voltage.
When S, and Sy are off, the inductor voltage is
d
ve =Ly = = —y (50)

The slope of i, duting Sy 5 on-state Ginvon) and off-state
(GinvorF) can be written as

s _dZ:g _T/z—ﬁg s _a’z'g __”g .
m,ON = > = T QmoOr = 0 = (51)

Now one can predict the inductor current at the next sam-
pling period (i,[k+1]) from its current value (i, [k]), by using the
slopes already determined, i.c.

Z:g [’é + 1] = Z,g [/é] + 5z'm/, OA*t/'m*, ON + 52’;11/,0]"7: fz'm/,OH: (52)

where tj,,on and ti,,opF are the Sy g on and off state dwell
times, respectively.

The controller is intended to eliminate the error, 7,, between
the reference current (i,*) and i, [k+1], which translates to

=it =i 1= — i [A]
_5im),01\’fim’,01\' - 51’&/L’,OH"' fz'm',()[‘i‘" =0 (53)

Then, t;,, on and consequently the optimal modulation index
can be determined as

(54)

6 | EXPERIMENTAL VERIFICATION

To verify the analytical analysis and proper operation of the pro-
posed EV converter, a laboratory hardware prototype shown
in Figure 10 has been developed. The test conditions and the
parameters of the proposed converter are reported in Table 4.
The prototype consists of two stages, the proposed dc-dc con-
verter and a conventional dc-ac converter. The control system
of the proposed EV charger includes the control loop of the
battery side current and the grid side current during both for-
ward and backward directions. For both stages we have adopted
two dead-beat control loops to regulate both battery side volt-
age and current in dc-dc stage and de-link voltage and ac grid
current in the dc-ac stage which are similar to the methods
described in reference [25].

Figure 11 illustrates the steady-state step-up of the for-
ward direction performance of the proposed bidirectional
dc-dc converter under open loop operation mode and with
output load of 162 W and duty cycle of 0.5736. It can
be seen that the primary (secondary) side voltage is 40 V
(180 V), the battery and load current is 4.05 A and 0.9 A,
respectively.

Similarly, Figure 12 shows the performance of the converter
in the backward direction and step-down mode under steady
state operation and under the primary side current of 4.05 A.
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FIGURE 20 Bidirectional de-dc converters calculated efficiency curve versus output power levels.

In this case, the input secondary side voltage is 180 V and since
the battery is connected to the primary side, the output voltage
is regulated to 40 V by the duty cycle of 0.4264.

The step-down operation mode at the forward direction and
step-up mode at the backward direction is shown in Figure 13.
In this figure, Vy and V, is 200 V and 180 V, respectively. In
the forward mode with respect to D = 0.274 and i, = 0.9
A, ves, irg, i, and iy, is 275.7 V, 1.24 A, 1.71 A, and 0.81
A, respectively. Similarly, in the backward mode D = 0.725,
ip = 222 A, ve3 = 2757 V,ip; = 3.1 A, ij, = 42 A, and
i, =2A.

The DCM operation of the proposed bidirectional dc-dec con-
verter during forward and backward direction modes are shown
in Figures 14 and 15, respectively. The values of V; and V, with
respect to D, D; and D, confirm the DCM voltage gains. In
the DCM operation of forward direction mode, the duty cycle
of switches is 0.2, while from Figure 14 D and D, are 0.5769
and 0.6704, respectively. Therefore considering V; =40V, from
(11) and (12) the voltages of C; and secondary side is 51.9 V and
29.9 V, respectively. Similarly, in the DCM operation of back-
ward direction mode, D is 0.25, while from Figure 15 Dy and
D, are 0.16 and 0.5830, respectively. Considering V, = 180V,
from (23) and (24) the voltages of C; and primary side is 134.3
V and 40.28 V, respectively.

The steady state experimental results of the proposed bidirec-
tional EV converter for the grid tied mode in terms of G2V and
V2G operation is shown in Figure 16. The primary side current
(ot the battery current iy,) and the dc-link side voltage reference
is 16 A and 180V, respectively.

The measured outputs from the converter in response to a
step change in the primary (battery) side current from 11 A to
16 A is shown in Figure 17(a and b) for V2G and G2V mode,
respectively. As shown in this figure, the current of L, changes
from 13.44 A to 19.55 A as the battery side current changes and
the rms value of ac side current changes from 4 A to 5.64 A,
while the primary and the secondary dc voltage level is fixed to
40 V and 180V, respectively.

Furthermore, the output of the proposed bidirectional con-
verter in response to a change from G2V (charging) to V2G
(dischatging) operation mode by a step change in current direc-
tion is shown in Figure 18. As illustrated in this figure, the
primary (battery) side reference current changes from —16 A
(charging) to +16 A (discharging), as a reaction of which, the
current of L2 changes from —19.55 to +19.55 A. In this test, a
current rate limiter for ij , is employed to ramp up the reference
current.

The efficiency versus the output power curves for different
direction modes are depicted in Figure 19. In the back-
ward (charging or G2V) and forward (discharging or V2G)
modes, the peak efficiencies of 97.6% and 97.2% are achieved,
respectively.

Figure 20 displays the calculated efficiency for the proposed
converter, as well as the converters from the references, all
under identical conditions, i.e. same component parameters,
voltages, and switching frequency. As shown in Figure 20, the
proposed converter demonstrates a satisfactory level of effi-
ciency when compared to other bidirectional dc-de converters
with identical parameters.
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7 | CONCLUSION

The paper proposes a new bidirectional dc-dc converter for the
EV charging system, capable of V2G and G2V application. The
following conclusions can be stated:

1. The proposed dc-dc converter benefits from a boundless
high voltage gain ratio in both directions, tolerable voltage
and current stresses on MOSFET switches, a direct electrical
connection between the input and output terminals, and hav-
ing high energy transportation efficiency in both directions.
The maximum efficiency of the proposed bidirectional de-dc
converter is 97.6% and 97.2% for charging and discharging
mode, respectively at Vi =40V, V, =180V, P, = 500 W.

2. Although one published converter has higher voltage gain

out

ratio, the proposed converter offers a wider range of the out-
put voltage in both directions, while utilizing a lower number
of switches.

3. The advantages of the proposed bidirectional dc-dc con-
verter in terms of having a boundless, wide range and high
voltage gain ratio make it a more practical and versatile EV
charger compared to
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