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Abstract—In the future, electric vehicle (EV) charging dc-dc
converter systems are usually required for realizing bidirectional
operation, electric isolation, and large voltage range, which can be
realized at the dc stage. However, because of unavoidable reactive
power, the typical bidirectional and isolated dc—dc converters,
such as dual-active-bridge (DAB) dc—dc converters and LC-based
resonant dc—dc converters, usually generate large current stress
at wide-range voltage. Thus, the design cost for high-power ap-
plications will inevitably be expensive. Consequently, this article,
combining a three-level buck-boost stage, adopts a DAB-based
two-stage dc—dc converter with a low current stress. Then, the sim-
ple control schemes, including the soft start-up method, the linear
current-control-based inner loop technique, and the soft shutdown
method, are proposed for the charging of EV. Especially, based on
the naturally transient behavior, the linear current-control-based
inner loop technique is presented with low computational burden
and without instability concern. The proposed linear technique
can easily and steadily realize the charging requirements such
as constant current, power, and voltage charging. Besides, the
presented method has no current and voltage shoots during tran-
sient process, which can significantly enhance charging reliability.
Moreover, the changing rate of a charging current can be consistent
and controllable to fulfill batteries’ charging requirement. Finally,
experiment results are provided to verify the effectiveness of the
proposed techniques.

Index Terms—Electric vehicle (EV) charger, linear current
control, low computational burden, low current stress.

1. INTRODUCTION

ITH the appeal of carbon neutrality, the development
W of electric vehicles (EVs) has rapidly increased over
recent years to replace fuel vehicles. From 2017 to 2022, the
global EV stock has increased nearly ten times as shown in
Fig. 1 [1], [2]. Along with the soaring number of EVs, there
is also an exponential increase in the number of EV chargers,

Manuscript received 4 January 2024; revised 28 April 2024; accepted 13 May
2024. Date of publication 24 May 2024; date of current version 16 July 2024.
This work was supported by the Future Energy Systems initiative funding from
the Canada First Research Excellence Fund. Recommended for publication by
Associate Editor S. S. Williamson. (Corresponding author: Yue Zhang.)

The authors are with the Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB T6G 2V4, Canada (e-mail: nhou@ualberta
.ca; kejun.qin@ualberta.ca; rwei4@ualberta.ca; yue30@ualberta.ca; yunwei
Jli@ualberta.ca).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3405193.

Digital Object Identifier 10.1109/TPEL.2024.3405193

, Student Member, IEEE, Ruizhi Wei
, Member, IEEE, and Yun Wei Li

, Student Member, IEEE,
, Fellow, IEEE

20 China Europe us Other
f—
16 1
12 Million
8
, = = B N N N
2017 2018 2019 2020 2021 2022

Fig. 1. Diagram of global EV stock from 2017 to 2022.

and the design of suitable charger converter systems and control
methods become pivotal in promoting the further development
of the EV industry [3].

For a charger converter system, galvanic isolation with large
common-mode impedance is required to minimize the leak-
age current and meet international standards such as IEC
62955:2018 [4], [5]. Then, the leakage current between the
chassis of the charger and the earth can be less than 30mA to
prevent electric shock on the human body. Moreover, according
to some standards such as IEEE Std 2030.1.1-2021, a charger
converter system should be able to realize the vehicle-to-grid
technology, which allows an EV to have the opportunity to
become not only vehicles but also mobile energy for better
managing electricity resources [6], [7]. Therefore, a charger
converter system should concurrently feature bidirectional and
isolated abilities. Therefore, a charger converter system should
concurrently feature bidirectional and isolated abilities while
also having a wide output voltage range for meeting the charging
requirements of different EVs [7].

The dual-active-bridge (DAB) dc—dc converter, which had
been proposed in the 1990s, has become a promising candidate
for the EV charging converter system due to advantages, such
as bidirectional operation, electric isolation, and high-power
density [8]. However, a large current stress is always generated
during wide voltage conditions because of the unavoidable
reactive power and the weak inertia of ac inductance. Hence,
the design cost of the components such as the transformer and
the switches will increase significantly. Although some ad-
vanced modulations can partly restrict the current stress [9], the
improvement is still insufficient when the output-voltage change
is close to 1000 V. Similarly, an LC-based resonant isolated
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Fig. 2. Topology of the DAB-based two-stage DC-DC converter system.

dc—dc converter often faces the same issue as a DAB; however,
by combining a buck or boost stage, the two-stage dc—dc charger
converter system can usually achieve low current stress with a
wide voltage range [10], [11]. Therefore, combining a three-level
buck—boost converter, a DAB-based two-stage dc—dc converter
system with bidirectional operation, electric isolation, and a
large voltage range is selected for forming the charger converter
system in this article, as shown in Fig. 2.

On the other hand, the control strategies for realizing the
start-up operation, the charging process, and the shut-down
control are nevertheless crucial. In high-power applications,
there is usually relatively large current and voltage margins for
safety concerns because of the current or voltage overshoots
during a transient process [12]. So, it is important to achieve
the start-up and shut-down procedures by coordinating this
DAB-based two-stage converter system to avoid potential large
inrush current or voltage spike [13]. Besides, during the charging
process, by using the PI-based controllers, overintegration in the
control loop is usually inevitable, which results in significant
overshoots even with optimized parameters [14], [15], [16].
Then, the inrush change of the output current may occur, which is
unfriendly to batteries [17]. Moreover, some advanced control
schemes such as the model-predictive-control (MPC) method
have been proposed to restrict the dynamic overshoots of dc—dc
converters [18], [19]. However, these advanced control schemes
are usually sensitive to measurement noises, which limits the
practical application of these methods due to reliability concerns.
A natural transient-behavior-based control theory is proposed
for the DAB-based two-stage dc—dc converter, but the analysis
and discussion are not in detail [20].

Therefore, based on the natural transient-behavior-based con-
trol theory, a simple linear current-control-based inner loop
technique is presented with a low computational burden for this
adopted DAB-based two-stage dc—dc converter system. Based
on this scheme, the charging requirements, such as constant
current charging, constant power charging, and constant voltage
charging can be realized. Moreover, the soft start-up method and
the soft shutdown method are both proposed for reliable charging
missions. Circuit characteristics of this converter system are
analyzed in Section II. Then, the soft start-up method, the linear
current-control-based inner loop technique, and the soft shut-
down method are proposed for realizing the charging mission
of EVs in Section III. Furthermore, the transient analysis of
the presented linear current-control-based inner loop technique
is presented in Section IV, which helps to design the control
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Fig. 3. Operation of the phase-shift modulator.

period. Based on the experiment results, the effectiveness of the
proposed schemes is verified in Section V. Finally, Section VI
concludes this article.

II. CHARACTERISTIC ANALYSIS FOR THE TWO-STAGE DC-DC
CONVERTER

In this section, the unique transferred characteristics of a DAB
dc—dc stage and a buck—boost stage will be analyzed, which is the
foundation for designing the control system of these converters.
For the DAB stage, the linear current transmission peculiarity is
discussed, and for the buck—boost stage, the voltage following
peculiarity is analyzed.

A. DAB DC-DC Stage

To realize current transmission, phase-shift modulation is the
most popular method for DAB dc—dc converters. The phase-shift
modulator for implementing the phase-shift modulation method
is shown in Fig. 3. Moreover, D,, includes D1, D2, D3, and Dy,
which are used to realize the phase-shift operation of Si, Ss,
S5, and S7, respectively. Besides, T is the switching period.
Then, based on the phase-shift modulator in Fig. 3, the whole
phase-shift modulation methods for the DAB dc—dc stage can
be realized.

When both-side voltages of the DAB converter are matched,
minimum current stress and soft-switching performance can be
realized for the converter [21]. So, in the DAB-based two-stage
dc—dc converter system, the DAB dc—dc stage is employed as
the voltage follower. Then, this stage is used to obtain electric
isolation. Moreover, when both-side voltages are matched, an
SPS modulation method, as shown in Fig. 4, with a simple
operation is sufficient for realizing the current transmission of
the DAB converter.

In Fig. 4, D,, is the phase-shift ratio for achieving a positive
power transmission, and D), is the phase-shift ratio for realizing
a negative power transmission. Then, the relationship among

D, D,, and D,, can be expressed as
D3 =Dy= Dy, Dy =Dy =0 )
Dy=Dy=D,,D3=D,=0

Subsequently, the transferred power of the DAB stage can be
obtained as

P { mimip Rl (D, £0D,=0) o
_UinU'mDn 1_Dn T
()T (D, = 0,D,, # 0)
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Fig. 4. SPS modulation method for DAB DC-DC stage. (a) Positive power
transmission. (b) Negative power transmission.
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Fig. 5. Current-level modulation of the DAB DC-DC stage.

Then, according to (2), the transferred current i  of the DAB
converter under the SPS modulation method can be expressed
as

UinDyp(1-Dy,) T -
PR Golell D2 (D, # 0,Dp=0) 5
"7 U, ) abeaopaT :

(1 (D, =0,D,, #0)

According to (3), the transferred current of the DAB converter
can be directly determined by the phase-shift ratio D,, and D,,
individually. So, the transition from the transferred current to the
phase-shift ratio can be regarded as a part of the modulation step.
Then, the current-level modulation of the DAB dc—dc converter
can be realized, as shown in Fig. 5.

As shown in Fig. 5, ignoring the power loss, the output current
of the DAB converter ipa g should be the same as the transferred
current i 7. Then, the output current of the DAB dc—dc stage ipap
can be calculated as

IDAB = U7 4

Based on (4), the relationship between the transferred current
i7 and the output current ipap of the DAB dc—dc converter
satisfies linear characteristic, which can help to simplify the
control system design for this converter.
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0.5.

B. Three-Level Buck—Boost DC-DC Converter

In the DAB-based two-stage dc—dc converter system, the
three-level buck—boost dc—dc converter can be further split into
the buck structure and the three-level boost structure. The duty
ratio modulation for the buck structure is illustrated in Fig. 6.

Based on Fig. 6, and ignoring the power loss, the average
output voltage of the buck structure U; can be calculated as

Uy = diUpy,. (5)

Moreover, the duty ratio modulation for the three-level boost
structure is demonstrated in Fig. 7. Based on Fig. 7, and ignoring
the power loss, the average output voltage of the boost structure
can be obtained as [22]

Uy = doUs,. (6)

Combining (5) and (6), the relationship between U,,, and U,
for the volt—second balance can be calculated as

Up =——. (7

According to (7), the input voltage U,, of the three-level
buck-boost dc—dc converter can be directly determined by the
duty ratio dj, the duty ratio d2, and the output voltage U,. With
the same duty ratio, when the output voltage U, is changed,
the input voltage U,, will be changed correspondingly. So, the
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Fig. 8. TPS modulation method for realizing the soft start-up operation.

relationship between the input voltage U,,, and the output voltage
U, of the three-level buck—boost converter has voltage following
feature, which can be employed to simplify the control system
design for this converter stage.

III. CONTROL TECHNIQUES FOR THE DAB-BASED TWO-STAGE
CONVERTER SYSTEM

In this section, the control techniques, including the soft
start-up control method, the linear current-based inner loop
control method, and the soft shutdown control method, are
presented and discussed. The soft start-up control method and
the soft shutdown control method are employed to realize the
connection and disconnection between the charger system and
an EV battery. In addition, the linear current-control-based inner
loop technique can be employed to realize the constant power
charger, the constant current charger, and the constant voltage
charger for an EV battery.

A. Soft Start-Up Control Method

To realize the soft start-up operation of the converter system,
the triple-phase-shift (TPS) modulation method is adopted to
limit the current stress of the DAB dc—dc stage. The TPS modu-
lation method for realizing the soft start-up process is illustrated
in Fig. 8. As shown in Fig. 8, the phase shift ratios Dy and Dy
are both gradually decreasing from 1, and the phase-shift ratio
D3 is gradually increasing from 0. Then, the potential maximum
peak current i, py,ax can be calculated as

inmax = max[|iL(t2)|ﬂ |ZL(t3)” ®)

Based on this TPS modulation, the inductance current iz, (#3)
can be expressed as

in(ts) = ip(to) + (Uaonzl(Llsz)Ts + UongTs
ir(ts) = —ir(to)
Then, according to (9), the inductance current iz, (f3) can be
further calculated as
(Un —Us)(1 = D2)Ts  UoDsT,
8L 8L
Similarly, the inductance current iz, (#2) can be calculated as

_UoDsTy (Ui = Up)(1 = Do)Ty (1
8L ]L '

©))

ir(ts) = (10)

ir(t2)
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In (11), since U, is always smaller than Uj,, (11) can be
further expressed as

UOD3TS
8L
In the proposed soft start-up method, the change of the phase-
shiftratio D3 is always smaller than the change of the phase-shift
ratio D». So, (10) can be further expressed as
Uin(1 — D2)T
8L '

Combing (12) and (13), the potential maximum peak current
i1, Pmax can also be calculated as

UoD3Ts Uin(1 — Do)Ty
8L 8L

Then, based on (14), the potential maximum peak current
ir.Pmax Of the DAB stage during the start-up process can be
calculated, which can be employed to limit the change of range
of the phase-shift ratios Do, D3, and D4. Moreover, based on
the TPS modulation method shown in Fig. 8, the soft start-up pro-
cess of the DAB stage can be obtained. In addition, as discussed
in Section II-B, since the three-level buck—boost converter has
the voltage following characteristic, the duty ratios d; and do
for realizing the soft start-up process can be calculated as

di=F=%dy=1 (U;<Un)
dy =S = Yo dy =1 (U} > Uy)

ir(t2) < (12)

ir(ts) < 13)

Ain max < Max (14)

5)

where U} is the desired original output voltage of the converter
system for connecting EV battery, and U;,, is the desired middle
voltage of the converter system. Then, combining Fig. 8 and
(15), the soft start-up process of the DAB-based two-stage dc—dc
converter system can be realized. During this process, the output
voltage U, of the DAB stage will be gradually increased, and
the output voltage U, and the flying capacitor voltage Uy, of
the buck—boost stage will also be increased subsequently. When
the output voltage U, has reached its desired value, the soft
start-up process is finished, and all switches can be turned OFF.
In addition, the sketch diagram of the start-up process under
the proposed method is shown in Fig. 9. When the soft start-up
process is finished, the output voltage of the DAB stage is the
same as its input voltage, and the voltage matched performance
can be obtained. Besides, the required output voltage U, for
connecting EV battery can also be obtained, and the flying
capacitor Uy, is very close to half of the output voltage. Fur-
thermore, the charger converter system can be connected to EV
battery.

B. Linear Current-Control-Based Inner Loop Technique

When the converter system is connected to the EV battery, the
system can be shown in Fig. 10. Then, based on natural transient-
behavior-based control theory [20], the linear current-control-
based inner loop technique is presented for the DAB-based
two-stage dc—dc EV charging converter system. In this method,
the DAB stage can be controlled as a current source, and the
buck—boost converter is employed to match the middle dc-link
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Fig. 10.  Schematic diagram of the connection to EV battery.

voltage and the output voltage. Then, based on this control
theory, the presented linear current-control-based inner loop
technique can realize the charging requirements easily without
voltage and current overshoots.

According to (3), the phase-shiftratios D, and D,, forrealizing
the desired transferred current i can be calculated as

_ 1 11 2nLi _ .
D=} i - D=0z
Du=b— [T+ 35 (D=0ir <0)

Then, based on (16), the phase-shift ratios D, and D,, can
be obtained for realizing a certain transferred current i 7, and
the DAB dc—dc stage can be easily employed as a controllable
current source. Moreover, because of the voltage following char-
acteristic, the three-level buck—boost converter can be employed
to control the middle dc-link voltage U,,,. Usually, this converter
stage would work in buck mode or boost mode severally for low
current stress. Thus, according to (15), the duty ratios d; and
do for obtaining a certain middle dc-link voltage U, can be
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calculated as

d = gedo =1 (U, <Uy,)
dy= 3=, dy =1 (U, > Uy,)

a7

In addition, since the both-side voltages of the DAB dc—dc
stage should be matched for low current stress and soft switching
operation, (17) can be further expressed as

dy = =, do=1 (U, < Up) a8
dy = g2, di=1 (U, > Up)

Combining (16) and (18), the linear current-control-based in-
ner loop technique for the DAB-based two-stage dc—dc converter
system can be shown in Fig. 11.

As shown in Fig. 11, the linear current-control-based inner
loop technique for the DAB-based two-stage dc—dc converter
system can be readily implemented. Based on the required
transferred current i, the corresponding phase-shift ratios D),
and D,, can be calculated by (16). Moreover, based on (18), the
middle dc-link voltage U, can stabilize at the value of the input
voltage Ui,. In addition, considering the conduction resistor
Ron in the buck—boost stage, the simplified average model for
Kirchhoff’s voltage law (KVL) of this stage is demonstrated in
Fig. 12.

Asshownin Fig. 12, the relationship between the input voltage
Uin and the output voltage U, of the DAB stage can be expressed
as

(19)
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Fig. 14.  Schematic diagram of the presented soft shutdown method.

For ensuring a high-efficiency performance, the conduction
resistor Roy is usually tens m€2 under high-power applications,
so the equivalent voltage of the conduction resistor is far smaller
than the input voltage. Even considering the conduction resistor,
the middle dc-link voltage U,, should be very close to the
input voltage of the DAB stage. Therefore, the voltage-matched
performance of the DAB stage can be realized.

In addition, when the charger converter system is connected to
an EV battery, as shown in Fig. 9, the monotonous relationship
between the transferred current i 7 and the charging power P,
can be ensured. Besides, the charging current i, and the charging
voltage U, have the same relationship with the transferred cur-
rent i 7. Hence, based on this linear current-control-based inner
loop technique, the constant power charging, constant current
charging, and constant voltage charging for the EV battery can
be realized, as shown in Fig. 13.

Combining Figs. 11 and 13, the different charging require-
ments for the EV batteries can be realized by regulating the
transferred current i 7 under the proposed linear current-control-
based inner loop technique. Using the constant power charging
as an example, when the charging power P, is smaller than
the required value P, the transferred current i will be in-
creased by Air. Besides, when the charging power P, is bigger
than the required value P, the transferred current i7 will be
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decreased by Aip. Based on this principle, the change of the
transferred current i7 of the DAB stage will be determined
by the comparison result until the charging power P, is the
same as the required charging power P;. Similarly, the constant
current charging and the constant voltage charging can also
be realized. Notably, between the regulation of the transferred
current i 7, the steady-state condition should be obtained for the
DAB-based two-stage dc—dc converter. So, there will not be
voltage and current overshoots, which can boost the reliability
of the charging process. In addition, without voltage and current
overshoots, the utilization of switches and components will be
significantly improved, which can help to reduce the cost of the
converter system, especially at high-power condition.

C. Soft Shutdown Method

In this section, the soft shutdown method for the selected
charging system is presented, which contains the discharging of
the inductances and capacitors in the converter system and the
disconnection of the EV battery. Fig. 14 shows the presented
soft shutdown method for the DAB-based two-stage charging
converter system. When the soft shutdown process is activated,
the transferred current of the converter system should be con-
trolled to zero at first. Then, the switches of the DAB dc—dc
stage can be turned OFF, and there will not be power transferred
to the EV battery. Moreover, the EV battery can be discon-
nected safely, without power source, and the capacitor voltages
of the three-level buck—boost converter can be consumed by
the conduction resistor. When the output-capacitor voltage and
the middle dc-link voltage are close to zero, the switches of
the buck—boost stage can be turned OFF. Moreover, except for
the input capacitor, the inductance current and the capacitor volt-
age become zero in the DAB-based two-stage dc—dc converter
system. Ultimately, the soft shutdown process is finished, and
the charger converter system starts to wait for a new charging
requirement.

IV. TRANSIENT ANALYSIS OF THE DAB-BASED TWO-STAGE
DC-DC CONVERTER SYSTEM

In this section, the transient analysis of the adopted DAB-
based two-stage dc—dc converter system is presented for de-
termining the control period T, of the proposed linear current-
control-based inner loop technique. Then, the over integration of
the control loop can be eliminated, which helps to avoid the cur-
rent and voltage overshoots during transient process. Based on
the proposed linear current-control-based inner loop technique,
the DAB dc—dc converter acts as a controllable current source.
Then, the equivalent circuit of this two-stage dc—dc converter
system can be presented, as shown in Fig. 15, where R, is the
middle dc-link capacitor’s resistor, and R, is the equivalent loss
resistor of the buck—boost stage.

Based on Fig. 15, the state-space equation can be calculated
as

AUcm _ ;
Cm dt - ZC

ic =i —diiro (20)

dl (iCRc + Ucm) = L2 diﬁz + 7;L2Req + d2Uo
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Fig. 15. Equivalent circuit of the three-level buck—boost DC-DC converter.
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Fig. 16.  Simplified circuit of the three-level buck—boost DC-DC converter.

Then, according to (20), the differential equation of the three-
level buck—boost stage can be shown as

LQCm inL2 Requ diLQ .
diR.C,, | —= +d
4 ar \ 4 Tn ar e
di
=1 R.C,,—. 21
17+ R 7 2D

According to (21), the equivalent circuit of this two-stage
dc—dc converter can be depicted, as shown in Fig. 16, where ',
R'., and C',, can be expressed as

R, =dR.
Clm = (22)
iy =1

According to Fig. 16, the state-space equation of the simpli-
fied circuit can be calculated as

r dU. __
Cm dt 77’0

Sy,
tc=1tvT —1L2 )
Riic+U'c= Ly%2 4 iy Rey + doU,

(23)

Based on (23), the differential equation can be obtained as

/ d”Z.LQ / / / diL2 .
CmLZ dt +(CmReq+Cch)W +ZL2
o i / diT
*ZT+C7ILRCW~ (24)

Since the capacitor C’,,, and the resistor R’ are far smaller
than 1, (24) can be further expressed as

diLQ

dt

CZII,L'L2
dt

C,mLQ + (C/mReq + C/mR/c) +i2 = ilT-
(25)
Based on Laplace Transformation, the frequency-domain

equation of (25) can be calculated as
O,m,LQiLQ (5)52 + (C,mReq +C,77LR/C)7:L2 (3)5+iL2 (5)

il (s). (26)
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Fig. 17. Sketch diagram of the step response of the DAB-based two-stage
DC-DC converter system.

Since #7(s) can be treated as a step signal under the proposed
control technique, (26) can be further expressed by the change
rate Air as

C' i L2ira(5)s? +(C' yReq+C'm R ira(s)s+ipa(s) = A4

27)
Then, the inductance current i75(s) can be calculated as
. . (1 Tnls
t2(s) = Ad'r (s S (OBt Culi) 1 ) - (28)
§°+ C' iz St oI,

Moreover, the step response in the time domain of the two-
stage dc—dc converter system is expressed as

e Wt gin (wn\/ 1 —¢?t+arccos C)} .

(29)

According to (28), the natural angular frequency w,, and
damping factor ¢ can be calculated as

_ 1

wn - /ClmL2

¢ = (' Req+C'm ')
- 2v/C" . Lo

In addition, from the output side, the approximate efficiency
npp of the buck—boost stage can be calculated as

d2U,
ir2Req + doU,”

h(t)=Nip [1 = 11{2

(30)

BB ~ 3D

Subsequently, the approximate equivalent resistor R, can be
expressed as

d2U,
Reg ~ —=
TIBB?L2

(d2 Uo)

TIBB max?L2max

min

d2U,

112

(d2 Us ) min
Z'L2 max .
(32
Furthermore, the sketch diagram of the step response under
different Aip can be demonstrated as shown in Fig. 17. So,
even with different changes, the settling time ¢, of the converter
system remains the same, which can be calculated as

— C2Aipo) — '
L log(y/1 — (2 Airs) 10g(AZT)(AZ‘L2 < 1%Air)

) 7<wn

(33)
where Airs is the tolerable inductance-current disturbance.
Furthermore, the expected current disturbance Aiyo should be
smaller than 1% of Aip for achieving an approximate steady
state. Then, when the control period 7 is larger than the settling
time 74, the DAB-based two-stage dc—dc converter can return to
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TABLE I
CIRCUIT PARAMETERS OF THE DAB-BASED TWO-STAGE DC-DC CONVERTER

SYSTEM

L 10 uH f 20 kHz

L, 100 uH 7 BBmax 98%

n 1 Req 0.1Q

Cy 120 uF R. 0.05Q

U 300 V d> 0.51

U, 588V t 6.1 ms

iy -30 to 30 A T. 10 ms

300 Two-Stage Converter Single DAB Converter
200 |300 V=300 V—~Any V. 11.8 kW 300 V—~1000 V, 11.8 kW
1 SR A R o
i R Y =
-100 Single DAB Convener—l |
300 V5838 V, 11.8 kW

200 ‘ |

0.03516  0.03518 0.0352

-300 -
0.0351 0.03512  0.03514

Fig. 18.  Simulation results of iz,; with DAB-based two-stage converter and
single DAB converter (iz,1: A; time: s).

the steady-state condition during the control period, making the
general stability analysis no longer required. So, the stability of
the presented linear current-control-based control scheme can
be ensured for realizing the control requirements of EV battery.
Besides, because the current change Air in a control period is
very small, there will be no current and voltage shoots by using
the presented method.

V. VERIFICATION

In this section, the simulation model and the experimental
platform are built to verify the effectiveness of the proposed
control methods, and the main parameters of this DAB-based
two-stage EV charging converter system are shown in Table 1.

A. Simulation Results

Based on Simulink, the simulation model of the DAB-based
two-stage dc—dc converter and the DAB dc—dc converter are
built. With the same circuit parameters, simulation results of
the inductance current of the DAB-based two-stage converter
and the single DAB converter can be shown in Fig. 18, and
the minimum peak-current modulation is applied to the single
DAB converter [21]. As shown in Fig. 18, when the required
output voltage is 588 or 1000 V, the peak current of the single
DAB converter is four times more than that of the two-stage
converter, and when the voltage difference is bigger, the peak
current of the single DAB converter for the same power will be
larger.

Moreover, when the DAB-based two-stage dc—dc converter
is connected to the lithium-ion battery in Simulink, Fig. 19
shows the simulation results during the change between the
constant-current mode and the constant-voltage mode. As shown
in Fig. 19(c), the converter system is working at constant-current
mode first, and the desired charging current ¢} is 50 A. Then,
the charging mode is switched to constant-voltage mode, and the
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150

(b)
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| =50 A>U =593 V |
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20| i~=50 A
ol [
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
(©
600 — - T . T
| =50 A>U' =593 V |
598 [« > < »><€ >
596 & | 1,

594 * | !
21 C(u=s93v|

590 ' -
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Fig.19.  Simulation results during the change of the constant-current mode and
the constant-voltage mode. (ir,1: Ajir2: Aiy: A; Uy Vi time: s). (a) Inductance
currentiz,q. (b) Inductance current iz,2. (¢) Output current i,,. (d) Output Voltage
U,.

desired charging voltage U is 593 V. As shown in Fig. 19(d), the
required charging voltage can be obtained. Besides, as shown in
Fig. 19(a)—(d), there are not any current spike and voltage spike
during the transient process.

B. Experimental Results

An experiment platform of the DAB-based two-stage dc—
dc converter is built to verify the proposed soft start-up
method, the proposed linear current-control-based inner loop
technique, and the soft shutdown method. The KEYSIGHT
RP7972A is employed to act as the battery, and the REGATRON
TC.GSS.32.500is used as the input power supply. Moreover, the
constant current charging is selected to verify the effectiveness of
the proposed linear current-control-based inner loop technique.
In addition, the picture of the platform is shown in Fig. 20.

Based on the proposed soft start-up method, the experimental
results of the charger converter system can be acquired, as shown
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Fig. 20.  Photograph of the platform.

. N
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[?Z'aycd - The connection of -
N f=: battery -

i

3.89s -

Fig. 21.
Uap, Ucd, and U,: 300 V/div; ip1: 50 A/div; ipe and i,: 30 A/div; ¢: 4 s/div).

Uo\
l/m\

(b)

Fig. 22.  Experimental results under different 7. (Uin, Ugap, Ucd, and U,:
300 V/div; iz1: 100 A/div; if2 and i,: 30 A/div; t: 4 s/div). (a) T, = 5 ms.
(b) T, = 10 ms.

in Fig. 21, where d; = 1 and d» = 0.51. When the output voltage
varies from 0 to 588 V, the settling time is 3.89 s. Besides, the
peak value of the ac inductance current i1 is smaller than 20 A,
and the dc inductance current iz is exceedingly small during
the start-up process. Moreover, when the output terminal of the
charger converter is connected to the battery, the spike value of
the output current is about 5 A. Therefore, based on the proposed
method, the soft connection of the charger converter and the
battery can be achieved.

Experiment results under the proposed soft start-up method (Ui,
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Air:10 Afs

Fig. 23.  Experiment results under the proposed linear current-control-based
inner loop technique for constant current charging (Uin, Ugp, Ucq, and U,:
300 V/div; ifq: 50 A/div; ifo and i,: 30 A/div; ¢ 4 s/div).

U~. ' [20A U [-20 Af
Um\ Uin\
3 - I?X \IT"“_W _ » l.,,% I A/ia Ai
Ui | e o i
S /Uui ——
1 U= Uar 1
'/ B *7__- —
iy . ir .
FEEEEEC
(a)
Uy, ~y * [Aiz:10 A/s
Ui

Y i, .
Uea =

Fig. 24.  Experiment results under the proposed linear current-control-based
inner loop technique for bidirectional operation (Uin, Ugp, Ugd, and U,:
300 V/div; ip1: 50 A/div; ifs and i,: 30 A/div; t: 4 s/div). (a) i, = 20 A.
(b) i, = —20 A. (c) Transient process of bidirectional operation.

. _‘
AUS2Y -

Unwa

Up i

Fig. 25. Experiment results when the output voltage is changed (Uin, Ugp,
and U.q4: 300 V/div; U,: 100 V/div; iy1: 100 A/div; if2 and i,: 30 A/div; t: 4
s/div).

When the control period 7. is smaller or bigger than the
settling time ?,, the experimental results under the presented
linear current-control-based inner loop technique can be shown
in Fig. 22. As shown in Fig. 22(a), when the control period
T. is smaller than the settling time 7, the accumulated current
overshoot can be observed at the end of the transient process.
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Fig. 26.  Experiment results under the proposed soft shutdown method (Uiy,
Uqap, Ueg, and U,: 300 V/div; ig1: 50 A/div; iz and i,: 30 A/div; t: 4 s/div).

Besides, as shown in Fig. 22(b), when the control period T is
bigger than the settling time #,, there is not any obvious current
overshoot during the transient process.

Furthermore, the experimental results of the constant current
charging can be acquired, as shown in Fig. 23, where the chang-
ing rate of the transferred current i 7 is 10 A/s. When the output
current varies from O to 20 A or 20 to 5 A, the changing rate of
the output current is constant, and there is no current overshoot.

Similarly, based on the proposed linear current-control-based
inner loop technique, the experimental results of the bidirec-
tional operation can be acquired, as shown in Fig. 24, where the
changing rate of the transferred current i is 10A/s. As shown
in Fig. 24(a) and (b), the zoom-in waveforms when i, = 20 A or
i, = —20 A can be obtained. Moreover, as shown in Fig. 24(c),
when the output current changes from 20 to —20 A, the changing
rate of the output current is constant, and there is no current
overshoot. Besides, when the output current is close to zero,
there is a little change in the changing rate, which should be
caused by the due time of switching signals.

Besides, when there is a sudden change of the output voltage
to 2 V because of the change of battery’s stage of charge, the
experimental result can be shown in Fig. 25. As shown in Fig. 25,
the output current can be maintained at its desired value, so
the robustness of the proposed method can be ensured under
output-voltage variation.

Finally, based on the proposed soft shutdown method, the
experimental results of the charger converter system can be
acquired, as shown in Fig. 26. First, the charging current is
controlled to zero, which can realize the discharging of the
ac inductance and the dc inductance. Moreover, the battery is
disconnected to the charger converter, and the output capacitor
voltage is consumed by the conduction resistor of the three-level
buck—boost converter. When the output voltage becomes zero,
the shutdown process is implemented. The total time of the
shutdown process is 16 s, which can be reduced by adding a
paralleled resistor for the output capacitor. Then, the charger
converter system can wait for the next charging mission.

VI. CONCLUSION

In this article, control techniques with a low computational
burden for a DAB-based two-stage dc—dc converter system
are proposed for realizing the charging requirements for EV
batteries. First, a soft start-up method is proposed for realizing
a soft connection between the converter system and the bat-
tery. Then, based on a natural transient-behavior-based control
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theory, a linear current-control-based inner loop technique is
presented for realizing the charging requirements of the EV
battery. Moreover, a soft shutdown method is proposed for
realizing the soft shutdown of the charger converter system. The
conducted studies are summarized as follows.

1) Based on the soft start-up method, the required output
voltage can be pre-charged for the soft connection of the
battery. During the start-up process, the peak values of the
inductances are minuscule. Moreover, when the charger
converter system is connected to the battery, the output-
current spike is also diminutive.

2) Based on the linear current-control-based inner loop tech-
nique, the changing rate of the charging current can remain
constant, which is friendly to the battery. Moreover, during
the transient process between different charging modes,
there are no current and voltage spikes. Therefore, the
reliability of the charger system can be enhanced, and
the current and voltage margins of components such as
inductance and switch can be reduced.

3) Based on the proposed soft shutdown method, the dis-
charging of the inductance and the capacitor in the con-
verter system can be realized. Then, the charger converter
system can wait for the next charging mission.

4) With the transferred current as the sharing value, the pro-
posed linear current-control-based inner loop technique
can be easily employed in the paralleled system of the
adopted DAB-based two-stage dc—dc converter system for
higher charging power.
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