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Abstract

In response to the high voltage stress issue in the secondary components
of the DC/DC converter caused by increasing the electric vehicle charging
system from 400V to 800V, a low-voltage seamless charging switching
technique is proposed, a low-voltage seamless charging switching technique
is proposed. Building upon the optimized design of the 400V DC to DC
Converter, this technique utilizes the Battery Selection Circuit (BSC) to
enable charging of 800V high-voltage batteries. The topology is described,
along with a simple modulation scheme, providing a detailed explanation
of how the BSC circuit achieves seamless and dead-time-free charging for
two 400V batteries. This enhances the reliability of the converter, reducing
grid load fluctuations caused by the charging of a considerable number of
electric vehicles. The lower voltage stress on the converter components and
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the separate design of the BSC circuit’s switching frequency result in overall
lower losses and improved efficiency and energy utilization on demand side
of the system. Finally, an experimental prototype is built to further validate
the feasibility of the proposed technique.

Keywords: 800V battery, battery selection circuit (BSC), zero dead zone,
seamless switching technology.

1 Introduction

As the smart grid continues to evolve, the integration of a large amount of
renewable energy into the power system and the injection of massive and
uncertain non-regulatable power pose increasingly severe challenges to the
regulation capability. To maintain system stability, real-time power balance is
crucial. Electric vehicles (EVs), as a typical source of non-regulatable power,
exhibit highly random charging and discharging characteristics after grid
connection. When a large number of EVs simultaneously charge, it inevitably
increases the system’s load demand. A well-designed EV charging strategy
can mutually enhance load-side response, improving the performance and
efficiency of the power system. This enables better alignment between charg-
ing demand and grid supply, providing strong support for the widespread
adoption and sustainable development of electric vehicles.

In pure electric vehicles, both the powertrain system and auxiliary com-
ponents are powered by a high-voltage battery. Nowadays, most pure electric
vehicles have a battery configuration with a DC voltage range of 150450V,
which is commonly referred to as a 400V system. The existing 400V charging
technology has limitations in charging speed, failing to meet users’ demands
for rapid charging. Moreover, as electric vehicle power increases, the tradi-
tional 400V system faces challenges in heat dissipation, cable size, and cost.
With the aim of achieving longer range and faster charging speeds, it is antic-
ipated that electric vehicles will rapidly transition towards 800V systems
in the coming years. This upgraded system will have a DC voltage range
of approximately 550-930V. The introduction of 800V charging technology
aims to overcome these constraints by offering faster charging rates and
higher energy efficiency. By the years 2027-2030, it is projected that over
90% of electric vehicles may be equipped with 800V battery systems. The
On-Board Charger (OBC), a pivotal and integral element within the Electric
Vehicle’s (EV) charging infrastructure, proficiently manages the energy pro-
curement from an external grid via direct galvanic connection or inductive



Seamless Switching Technology for Low Voltage Charging 1099

coupling mechanisms. This process is critical for the vehicular propulsion
subsystem, as it facilitates the proficient conversion and storage of AC elec-
trical energy into the high-density traction battery pack through a series of
sophisticated power electronics stages. The OBC’s operational efficiency and
performance are paramount, significantly influencing the charging velocity
of the EV. A standard OBC configuration typically comprises a Power Factor
Correction (PFC) stage, which optimizes the AC input power quality by
reducing harmonic distortions and enhancing the power factor to near unity.
Subsequently, a DC/DC conversion stage follows, designed to step down
the high-voltage DC input to a suitable level for battery charging, ensuring
optimal energy transfer and storage efficiency. As the system charging voltage
increases from 400V to 800V, if the DC/DC part adopts devices with higher
withstand voltage level to meet the higher system charging voltage output
demand, the cost will increase.

Currently, the majority of high-power DC charging stations in the market
operate at 500V, primarily designed for the 400V platform. However, in
order to be compatible with the 400V platform while accommodating the
800V electric vehicle system, a low-voltage charging converter is proposed in
reference [1]. This converter utilizes previously designed and optimized 400V
platform DC/DC converters for charging the batteries in the 800V system.
The converter divides the 800V battery into two 400V battery modules
and employs a Battery Selection Circuit (BSC) to alternately charge one
module at a time, enabling the transition from a 400V voltage system to
an 800V voltage system. However, the secondary BSC circuit proposed in
reference [1] presents certain challenges. Due to the presence of a switching
dead zone, the primary DC/DC converter must be stopped during the dead
time to prevent short circuits, which hinders the seamless transition between
charging modes. Additionally, frequent start-stop operations of the converter
can impact the battery and reduce its lifespan, thereby compromising the
reliability of the converter. The frequent switching on and off of the converter
results in significant power losses, leading to reduced charging efficiency.

In response to the issues identified in the aforementioned converter, this
study proposes a low-voltage charging seamless switching converter that
addresses the dead-time problem in the BSC circuit. During the charging
process, there is no need to stop the primary DC/DC converter, enabling peri-
odic complementary charging for the 800V battery. This ensures a smoother
charging process, reduces instantaneous power fluctuations, optimizes power
demand, and enhances grid load balance, thereby improving grid stability.
Additionally, the proposed converter reduces switching losses, minimizing
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energy losses during the charging process and improving charging efficiency.
This contributes to enhancing the overall energy utilization efficiency of the
entire power system. Furthermore, it also reduces the voltage stress on the
transformer’s secondary circuit, resulting in lower converter costs.

2 Operational Principle and Analysis

2.1 Topology of Low Voltage Charging Seamless Switching
Converter

The topology of the low-voltage charging converter is shown in Figure 1.
The front stage consists of DC/DC converters that have been optimized in
previous designs. The back stage of the converter shown in Figure 1(a)
utilizes a BSC circuit with switch dead-time as proposed in reference [1]. The
back stage of the converter shown in Fig 1(b) is the proposed BSC circuit in
this paper, which has no switch dead-time. Two inductors (L; and Lg) are
connected to the midpoint of the BSC full bridge. Where Vs represents the
voltage on the DC side. Va1 and Viateo are the charging voltages of battery
1 and battery 2 respectively.
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(b)Seamless switching BSC circuit

Figure 1 Low-voltage charging seamless switching converter topology.
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2.2 Working Principle of Low Voltage Charging Seamless
Switching Converter

To reduce the voltage across the secondary winding of the transformer, the
BSC circuit is used to alternate between charging battery 1 and battery 2. The
converter operates in two modes: battery charging mode and switching mode.
We will make the ensuing postulates: (1) Disregard all unlisted parasitic
elements that are not shown in Figure 2. (2) Vypat, which represents the
battery voltage, stays unchanged during the entire switching cycle.

(1) Charging mode

During the charging mode, the circuit’s equivalent model is illustrated in
Figure 2(a) and 2(b), where Is represents the current input to the BSC circuit
from the front stage.

When Qj is conducting and Qg is turned off, the circuit’s equivalent
representation, depicted in Figure 2(a) is established. The current flows
through Qa, sequentially passing through inductor L, capacitor C1, Vpatt1,
diode D1, and D4, completing the charging of battery 1. When the current
through Q4 is Is, based on the static characteristics curve of the IGBT, the
conducting voltage Ugga of the IGBT (Q4 )at this time can be obtained. By
referring to the current-voltage characteristics curve of diode D4, the current
flowing through diode D4 at this time is I4. Based on the above, the charging
voltage of battery 1 at this time is:

dls+1a

Viarr1 = U —[—= 1
battl GEA 1 (D

When Q4 is turned off and Qp is conducting, the circuit’s equivalent
representation, depicted in Figure 2(b), is established. The current flows
through Qg, sequentially passing through diode Dg, diode Dg1, capacitor Ca,
and inductor Lo, completing the charging of battery 2. Similarly, the charging
process for battery 2 is symmetric to that of battery 1. Therefore, the charging
voltage of battery 2 can be obtained as:

dls + Ip

Viariz = Uapp — Ly =28 2
batt2 GEB T ()

(2) Switching mode

The innovation points of seamless switching technology in the 800V charging
domain primarily focus on enhancing the continuity of the charging process
and improving user experience. This technology allows electric vehicles to
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Figure 2 Equivalent circuit diagram in charging mode.

undergo seamless transitions during BSC circuit charging, reducing waiting
times and enhancing the convenience of charging for users. When transition-
ing from charging battery 1 to charging battery 2, the converter operates
in switching mode. The improved BSC converter allows for simultaneous
conduction of Q4 and Qp switches without the need for a dead-time setting.
It operates in the overlapping region, as shown in Figure 2(c). During this
time, the current rate of change is limited by the current-limiting inductor and
stray inductances. The current is sustained by diodes D and Dp, facilitating
a seamless transition from charging battery 1 to charging battery 2. The 400V
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DC/DC converter in the front stage does not need to be turned off. The voltage
stress on the secondary side diodes (D1—D4) remains at Vy,/2, as shown
in Figure 3. This resolves the issue of frequent start-stop cycles in the 400V
DC/DC converter caused by the switch dead-time in the BSC, thus improving
charging reliability and energy utilization efficiency.

3 Control Strategy

In order to validate the feasibility of the proposed BSC circuit seamless
switching technology, we have chosen a phase-shifted full bridge converter
as the front-stage DC/DC converter, as shown in Figure 3. The phase-shifted
full bridge converter has a stable output voltage and flexible control strategies,
making it widely used in DC/DC converters for electric vehicles.

The low-voltage charging seamless switching converter adopts a dual-
modulation scheme based on a sawtooth carrier wave, as shown in Figure 4.
Q1-Qq represent the drive signals used to control the insulated gate bipolar
transistors (IGBTs) in the corresponding H-bridge. The switching period Ts
of the IGBTs is twice the carrier period Tc. The drive signals Q4 and Qp for
the rear-end BSC have a much longer switching period than Ts.

Let |d| be the duty cycle of the converter. Then, d, and d,, can be
expressed as

dp, =0.5+0.5 x |d
dpm =05—-05x1|d] (0<dgn <1) 3)
d = dgp, sin(1007t)
The phase-shift time can be expressed as:
1

tp = §Ts(1 —d) “4)
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Figure 3 Low voltage charging seamless switching converter.
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Figure 4 Dual modulation wave modulation based on sawtooth.

Controlling the phase-shift time to adjust the output voltage and achieve
a stable battery charging voltage is a common control strategy. In the low-
voltage charging seamless switching converter, the main waveforms are
shown in Figure 4.

4 Key Parameter Design

Due to the hard-switching nature of the Q4 and Qp switches in the BSC
circuit, their frequencies need to be designed independently of the main
switches Q;—Q4 in order to minimize switch losses. Despite Q4 and Qp
operating at a switch frequency fp, it has no bearing on the balance of the
charging process of the batteries over the whole time period during which
charging occurs, The distinction between Vi1 and Viaieo within the BSC
switching period increases as the switch frequency fg decreases. Therefore,
during the battery charging process, in crafting the design for the switch
frequency, denoted as fg, due consideration must be given to preventing
over-discharge of the battery’s initial State of Charge (SOC) when under
operational load conditions.

Figure 5 shows the battery SOC based on the switching of Qa and Qp
when the battery is being charged. At the initial moment T, the SOC values
of Vpatt1 and Vyaieo are the same. During the time period Tp, Qa conducts
and charges Vypai1, causing its SOC to increase while Vi,io maintains
its original SOC. In the time period Ty, Qp conducts and charges Vyai2,
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Figure 5 Battery SOC based on Qa and Qg exchange.

causing its SOC to increase while Vi, maintains its original SOC. The
alternating charging of Vy,tt1 and Vypateo achieves SOC balance.

Beyond the previously outlined factors, the formulation of switch fre-
quencies for Q4 and Qp must also incorporate the Depth of Discharge (DOD)
of the battery, a metric reflecting the proportion of total capacity discharged.
Typically, a reduced DOD contributes to a prolonged battery life, whereas
a greater DOD shortens it. A decrease in fB amplifies the DOD, thereby
diminishing battery longevity, as the disparity between Vi,tt1 and Vpateo
intensifies over the charging duration during the discharge phase. Therefore,
when determining the appropriate switch frequency, it is necessary to balance
the circuit’s power consumption and the battery’s lifespan.

5 Loss Analysis

First, let me analyze the power losses of the components in the BSC circuit
at a rated power of 1kW, and explain the theoretical calculation process.

The comprehensive switching operation of the IGBT demonstrates inher-
ently non-linear behavior. The research on the switching losses of the IGBT
mainly involves establishing the physical model of the IGBT or deriving
formulas to calculate the losses. In this paper, we shall employ the loss
computation methodology as graciously provided by Infineon’s authoritative
online platform. The losses of the IGBT in the BSC circuit mainly consist
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of switching losses (Psy) and conduction losses (Pcon). Since the switching
frequency of Qa and Qg is low, the power losses of Q4 and Qg are primarily
conduction losses. The conduction losses of the IGBT can be calculated as

follows:
N [ldTs

PconT = 7 (uCEiC(t) +rc- Z2C (t))dt (5)
Ts Jo

ucg signifies the the voltage across the collector and emitter terminals of the
IGBT when in the conductive state; r. denotes the forward resistance during
conduction bridging the collector-emitter junction points; i. is the current
coursing through the collector-emitter path; N represents the tally of IGBT
units employed.

One may locate the collector-emitter voltage within the technical specifi-
cations of the IGW60T120 IGBT model. The same method can also be used
to analyze the anti parallel diodes of all IGBTs in Figure 3, as illustrated
subsequently:

N [1—d|Ts

PconD = 7
Ts Jo

(upoip(t) +rp - i3 (t))dt (6)

The losses of the diode can be divided into conduction loss (Pg), recovery
loss (Py,), and switching loss (Pg), which can be calculated using the following
formulas:

1 T
Pi= / Vi () Ip(t)dt )
0
Py =V, x Iy 3
1
Ps = Pon +Po = 5 X IF(AV) X (VFR — VF) X Iff?“/Ts
1
+Z X VRR X IRRM X tb/Ts (9)

Where I (av) represents the average current, Vrg is the reverse recovery
voltage, Vr is the mean current-induced forward voltage decrement, and
IrrMm is the maximum reverse recovery current. The aggregate diode loss
can be articulated as:

Pp =Py + P, + Ps (10)

The losses of the output filter capacitor are mainly caused by the fluctuat-
ing current traversing the capacitor’s equivalent series resistance (ESR). This
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Drive signal Transformer

Figure 6 Experimental prototype.

Table 1 System parameter
Parameter  Numeric Description
Vs 400 V DC input voltage
Vbatt1 400 V Battery 1 charging voltage
Viatt2 400 V Battery 1 charging voltage
N 18:17 Transformer ratio
f 10kHz  PSFB switching frequency
fB 10 Hz BSC circuit switching frequency
Co 20 uF Filter capacitor
L. 3uH Resonant Inductor
Ln 1 mH Filter Inductor

1107

converter employs an MKP-C4BT type filter capacitor with a capacitance
of 20uF. In the datasheet, the ESR is given as 1.7x 1073 Q. Therefore, the
calculation for the filter capacitor (Pc) loss can be expressed as:

Po = (ALip—max)? x ESR

1D

The losses of the output inductor are mainly caused by the DC resistance
(DCR) and the AC resistance (ACR) of the inductor coil. For a filter induc-
tance with a value of 1mH and a switching frequency of 10Hz, with a DCR
of 6.28x 1072 Q, the loss of the filter inductor (Py,) can be calculated as:

Pp =1%, x DCR

(12)
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The total power loss (Pjoss) in the BSC circuit can be represented as:

Ploss: conT+PconD+PD+PC+PL (13)

6 Experimental Verification

To validate the feasibility and superiority of the proposed 800V low-voltage
seamless switching technology, an experimental prototype was constructed as
shown in Figure 6. The main parameters of the prototype are listed in Table 1.

In the charging mode, the measured shapes of the charging voltage and
current waveforms for battery 1 and battery 2 are shown in Figure 7(a).
It can be observed that battery 1 and battery 2 achieve seamless alternating
charging. As shown in Figure 7(b) and 7(c), during the charging process of
the 400V and 800V batteries, the voltage across the secondary-side diodes is
clamped to Vy,tt/2. There is no need to set a dead time during the transition
from charging battery 1 to charging battery 2, which improves the reliability
of the charging process. Moreover, this converter exhibits reduced voltage
stress across all DC/DC and BSC components, leading to a decrease in
conduction losses.

By comparing the power losses between the BSC circuit with dead time
from reference [1] and the BSC circuit without dead time proposed in this
paper, the efficiency curves are obtained as shown in Figure 8. It can be
observed that, under different voltage charging powers, regardless of whether
it is under 800V or 400V voltage conditions, the efficiency of the topology

98
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Figure 8 Comparison of efficiency curves.
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presented in this paper is higher than the efficiency of the topology in
reference [1].

7 Conclusion

A fresh approach to low-voltage charging seamless switching technique is
presented in this document that addresses the dead-time issue in the BSC
circuit mentioned in reference [1], enabling seamless switching for high-
voltage battery charging. By eliminating the dead-time in the secondary stage,
the overall conduction losses of the converter are reduced. Additionally,
decoupling the switching frequency of the BSC circuit from the primary
DC/DC converter helps minimize the switching losses in the BSC circuit.
Compared to traditional converters, this converter exhibits lower voltage
stress on the secondary side components, resulting in reduced conduction
losses and improved efficiency. The seamless charging mode ensures a
smoother charging process, reducing instantaneous power fluctuations. This
optimization aids in balancing power demand and enhances grid stability.
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