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Abstract: Renewable energy needs are steadily on the rise. Bidirectional DC/DC converters are
essential in charging and discharging various storage batteries, such as PV/ESS (photovoltaic/energy
storage system). A dual active bridge (DAB) converter, in particular, transfers power in both directions
by phase shift using a soiled state transformer (SST). To reduce switching inrush current in batteries
under high voltages, a soft start-up is demonstrated during the initial switching operation. When a
supercapacitor (5C) is used as a battery, the reverse power caused by the inrush current appears under
high voltage at the DC-link side. This causes serious electrical damage to the PV/ESS’ boost converter
and inverter. To suppress peak overshoot voltage and stabilize soft start-up transients, we propose a
three-step soft start-up controller and algorithm for bidirectional DAB converter implementation at
virtual ESS and UPS. The step-by-step control strategy by OLDC (open loop duty control), OLPSC
(open loop phase shift control), and OLFC (open loop frequency control) provides a stable soft start-up
operation. In the initial stage of the OLDC, the duty ratio is gradually increased by the PWM (Pulse
width modulation) signal. In the middle stage, a phase difference is seen as per the voltage of the SC.
The OLPSC is performed to reduce the phase difference. In the final stage, the OLFC is performed to
smoothly control the small phase difference. The overshoot or inrush current is drastically suppressed
toward the DC-link and SC module. Consequently, we demonstrate a proposed controller and
algorithm with prototype 5 kW DAB converter.

Keywords: 3-step soft start-up operation; dual active bridge (DAB) converter; photovoltaic/energy
storage system (PV/ESS); supercapacitor (SC); phase shift

1. Introduction

The demand for PV/ESS has steadily been increasing in recent decades [1]. PV/ESS has many
requirements in terms of efficiency, size, and cost. Stable PV/ESS used in homes, buildings, and large
power plants is of great importance. The system requires high-power quality and sustainable
stability [2]. For stable power conversion, PV/ESS includes a power conversion system (PCS), which is
commonly used to convert PV power into commercial power and battery power. It can also provide
stable power to batteries and power systems based on various voltage sources, loads, and battery
conditions. If this device fails to start or is out of control, it can cause equipment or system damage [3-5].
Thus, these devices require various and complex controllers to protect sensitive devices. As shown
in Figure 1, a typical PCS applied to this system consists of a boost converter, a bidirectional DC/DC
converter, a battery, and a DC/AC inverter. A bidirectional DC/DC converter is required to charge
and discharge the battery [6]. In addition, bidirectional DC/DC converters for battery charging and
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discharging require high efficiency, comprehensive load range operations, wide input and output
voltages, and simple circuit topology [7].
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Figure 1. Configuration of PCS (power conversion system) in PV/ESS (photovoltaic/energy
storage system).

A Dbi-directional H-bridge converter was suggested with high frequency isolation for PV/ESS.
Dual active bridge (DAB) converters have been widely used in various renewable devices with
high efficiency, high performance, galvanic isolation, and an inherent soft switching function [8,9].
There are two H-bridges in a DAB converter and a single transformer operating in high frequency.
One of the H-bridges converts the DC voltage input to high-frequency AC voltage and the other
H-bridge converts back the square wave of high-frequency AC voltage to the output DC voltage.
The high-frequency transformer with high frequency switching devices has some merits—volume
reduction and lightweight passive magnetic devices [10]. Apart from galvanic isolation, there is
also an amount of leakage inductance in the high-frequency transformer, in both the primary and
second windings [11]. Soft switching is another advantage that is gained by leakage inductance.
In addition, power flow of the DAB converter is controlled by changing the phase shift between two
H-bridges [12-15]. The phase change of this manner can adjust the voltage throughout a transformer
leakage inductance. The amount of transferring power and the direction of power flow is controlled.
From the lagging bridge, power is transferred to the leading bridge. In this regard, the DAB converter
is useful in battery application systems such as PV/ESS, UPS, and auxiliary supplies of power for
hybrid electric or electric vehicles [16-18]. PV/ESS with a DAB converter can also be used for peak load
offsets. In regard to energy storage materials, a supercapacitor (SC), also known as an electric double
layer capacitor or an ultracapacitor, has attracted considerable attention due to its unique advantages
in certain fields compared to the original lithium ion battery [19,20]. SC has developed rapidly in
recent years owing to its high electrical stability, high power density, high charge and discharge rate,
high conversion efficiency, no chemical reaction, and convenient control [21]. Another merit of SC is
their achievement durability. The number of repetitive reversible charges and discharge cycles that
they can sustain before performance decay are typically 1000,000 or more. Hence, supercapacitors
(SC) can provide a higher power density with respect to batteries [22]. In this case, SC is used in
place of lithium-ion batteries that limit instantaneous high power [23,24]. SC has a small capacity,
but it has the merits to control high power output [25-27]. Therefore, SC is suitable for peak load
offsets. IGBT (Insulated gate bipolar transistor) and MOSFET (Metal Oxide Semiconductor FET)
components are often damaged due to the high voltage applied to the DAB converter. This problem
can be solved by increasing the duty ratio gradually from 0 up to 50% at the initial soft start-up
operation of the DAB converter [28,29]. When the SC module is charged and discharged by a DAB
converter, it initially performs a soft start-up operation to maintain a stable PWM switching [30].
Unlike lithium-ion batteries, the SC module has a large potential difference during charging and
discharging. Unidirectional DC/DC converters such as LLC resonant converters, boost converters,
and buck converters are unavailable to transfer power to the DC-link side, depending on frequency
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and SC module voltage [31-33]. However, the bidirectional DAB converter is available to transfer
power from the SC module to the DC-link side during the initial soft start-up operation. When the
voltage on the DC-link side is rapidly increased, it can cause serious damage to the boost converter
and DC/AC inverter [34]. After the soft start-up is over, an excessive phase shift occurs on transition
from the transient state to the steady state [35]. Induced inrush currents appear from the IGBTs and
MOSEET switches and the SC module [36]. Although it is only for a few seconds, it can cause severe
damage to the entire PV/ESS, including the grid and loads [37]. Furthermore, in PV/ESS applications,
special technique is needed to increase the stability of the DC-link side, adding the DAB converter
at the PCS. In particular, the PCS driven at a high voltage causes a lot of errors in transient state.
Therefore, we need to control the reverse power transfer and improve the stability of the transient state.
Thus, improved soft start-up controller and algorithm are required to minimize the reverse power
transfer and instability of transient state in the DAB converter implementing in PV/ESS application.

In this study, we propose an optimal controller for soft start-up operation in a DAB converter with
an SC module. The proposed controller can minimize the inrush current and move voltage forward to
the DC-link side. We demonstrate this situation in various operating modes with a 5 kW prototype
DAB converter and SC. The concept of soft start-up for a DAB converter are reviewed in Section 2.
The proposed soft start-up controller and algorithm are presented in Section 3. Section 4 presents the
DAB converter design. Section 5 presents the simulation results. Section 6 presents the experimental
setup. Section 7 presents the experimental results and discussion. Finally, the conclusion is given in
Section 8.

2. Concept of Soft Start-up for DAB Converter

A DAB converter with two H-bridges circuits is connected to the isolation transformer Tr; and a
coupling inductor L1, as shown in Figure 2. The H-bridge on the left side is connected to the DC-link
and the H-bridge on the right side is connected to the battery. Each bridge is controlled to provide
the DC-link square wave voltage. The two square waves can be suitably phase-shifted with respect
to each other to control the power flow from a DC-link to another. The magnitude of the current is
determined by the inductance of the coupling inductor. In buck mode, the phase of the V,, square
wave is shifted by the phase of the V; square wave. Thus, bidirectional power flow is enabled through
the transformer and inductor. The power always flows from the bridge of the leading square wave to
the other bridge.
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Figure 2. Circuit configuration of the DAB (Dual Active Bridge) converter.
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In charging mode, the peak to peak change in a coupling inductor current can be found by
analyzing the voltage across a coupling inductor L; over a half cycle. The difference in voltage between
the two H-bridges appears across the coupling inductor and the coupling inductor current and voltage
changes with constant interval. Expressions are derived for the coupling inductor current at the
switching instants Ip and I ; as follows:

T
Ip = ﬁ[vbattery(zci -1+ nVDC—’i"k] @

where, Ip is the peak point of inductor current, T; is the switching period, L is the leakage inductance,
d is the phase difference, 1 is the transformer ratio, Vi, is the voltage of battery, Vpcyiu is the voltage
of DC-link.

In a similar manner, I} ; is found to be:

T
I = 77 [1Voein(2d = 1) + Viatery| k)

where, I1 is the second peak point of inductor current.

In order to find the average SC current, an expression is required for the interval tg. The time
taken for iy to fall from Ip to zero following the V,, switching instant. From Equations (1) and (2),
we can simply derive an expression for tg:

, Ts [”VDC,ink + Viattery(2d = 1)]
B p—
4(nVDC[ink + Vbuttery)

®)

where, tp is the interval from peak current to 0 at coupling inductor.
Using the above equations, the average output current and power at the battery in charging mode

is expressed as follows:

TanDC in
Ibattery,avg = T[k (d - dz) 4

where, Iystery,avg 1S the average current of battery.

B TS n VDClink Vbattery

2
P, = oL (d_d) ®)

where, P, is the output power of battery.

Equation (4) shows the variation of the normalized average output current with duty ratio.

It can be observed from Equation (5) that maximum power transfer is achieved at the phase shift
of 90°. Therefore, the maximum average output current occurs at a duty ratio of 0.5.

The transfer energy proceeds from one H-bridge to the other. It can be involved from two different
parts: First, the referred high voltage side to the low voltage side from the H-bridge itself. Second,
from the coupling inductor, which is in flow of carrying the power and connecting both bridges.

Equations (6) and (7) represent these two parts, respectively:

tB
Eqs= fo Ve tinLat (©)
1
E; = ELI;M 7)

where, E; is the coupling inductor energy, I,,,i, is the minimum coupling inductor current.
It replaces this expression in the integral above and derives the increment of the voltage of SCs:

‘s duvCs
E;= j(; Vbc—linkzcs _dt dt = ZVIIDC—linkaﬂftWyCS ®)
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where, C; is the snubber capacitance.

The initial operation sequence of the conventional DAB converter is to use a fixed duty ratio.
When voltage of the DC-link and batteries is low, a fixed duty ratio does not cause stress on the
switching module. However, the DC-link in PV/ESS occurs at high voltage and directly transfers power
to the SCs. It causes inrush current and power loss. To address the problem of damage to the switching
module, the DAB converter performs a soft start-up operation before charging or discharging operation.
In general, the PWM signal generated in the digital signal processor (DSP) board increases from 0%
to 50% duty ratio. In this case, it is possible for the soft start-up operation to reduce inrush current
and power loss at the switching module. In PV/ESS, the SC module has a high potential difference for
each module. When the voltage of the SC module is low during soft start-up operation, the phase
difference between the V,;, and V4 is decreased. Therefore, power flow is suppressed by the phase
difference. However, at a high voltage of SC module, reverse power occurs at the final stage of the
soft start-up operation through a coupling inductor and fast recover diode (FRD). As the DC-link has
low capacitance, it leads to a sharp increase in voltage. Figure 3 shows a current flow diagram and
the voltage increase of DC-link at the soft start-up operation. As the initial duty ratio rises quickly,
the coupling inductor current and the DC-link voltage sharply increases. There are ways to increase
the capacitance of the DC-link stage to suppress the voltage rise, but high inrush currents occur early
in the system.
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Figure 3. Current flow diagram and voltage increase of the DC-link at the soft start-up operation.

This is not only in charge mode, but also in discharge mode. In discharge mode, a constant high
DC-link voltage should be maintained at the soft start-up operation. If the SC module has a high
voltage and the DC-link side has a low load or no-load, it could induce a sharp voltage increase in the
DC-link. Likewise, when the SC module has a high voltage and the DC-link side has a high load, a low
voltage of DC-link could occur, less than that of the reference voltage. Figure 4 shows the DC-link
voltage according to load factor and SC module voltage during the soft start-up operation. It shows
that the converted voltage may not be reached at reference voltage. This means that optimal controller
and algorithm are required to obtain the reference DC-link voltage.
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Figure 4. The DC-link voltage according to load factor and SC module voltage at soft start-up operation.

3. Proposed Controller and Algorithm

3.1. Proposed 3-Step Soft Start-up Operation

To address the problems of the DC-link voltage increase during the soft start-up operation,
improved soft start-up controller and algorithm are proposed. In general, the open loop duty control
(OLDC) is applied to reduce the initial inrush current. When the OLDC starts in low SC voltage
state, the DC-link voltage stably follows the reference voltage. As a result, there is no power loss.
However, due to the high SC voltage, the DC-link voltage may not maintain the reference voltage.
Therefore, to suppress the DC-link voltage increase, an open loop phase shift control (OLPSC) is
required. The OLPSC is performed with an initial soft start-up operation to suppress DC-link voltage
rise and reach the reference power smoothly. However, at the final stage of the soft start-up operation,
a slight duty increase in the switching signal causes a large phase shift. In this stage, the DC-link
voltage, which applied the OLPSC, is unstable. This is because the phase shift control, as a result of the
OLPSC, is unfollowable in an instant.

To reduce the phase difference between the primary and secondary bridges, the open loop
frequency control (OLFC) is proposed. Equation (5) confirms that the power of the DAB converter
is determined by phase shift and frequency control. The additional frequency control regulates the
DC-link voltage by reducing the small phase difference in the final stage. The 3-step (OLDC, OLPSC,
OLFC) soft start-up algorithm helps reach the reference voltage of the DC-link. Figure 5 shows the
proposed 3-step soft start-up algorithm principle. In the initial stage of the OLDC, the duty ratio is
gradually increased by the PWM signal. In the middle stage, the phase difference is shown according
to the voltage of the SC. The OLPSC is performed to reduce the phase difference. In the final stage,
the OLFC is performed to smoothly control the small phase difference. Improved soft start-up operation
takes place in few seconds. This 3-step soft start-up sequence decreases the reverse power and helps
achieve the required reference voltage and current at the DC-link. In addition, PI controllers are
designed in the OLPSC and OLFC to achieve a proper phase shift gap and switching frequency. During
the operation of the OLDC mode, from the point where reverse power occurs, the current PI controller
achieves the reference current with the OLPSC.
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Figure 5. The process of the proposed 3-step soft start-up algorithm: (a) The open loop duty control
(OLDC) in the initial stage; (b) The open loop phase shift control (OLPSC) in the middle stage;
(c) The open loop frequency control (OLFC) in the final stage.

The required phase shift value is generated by an additional feedback signal, which helps follow
the reference current value smoothly and reduces the burden on the controller from the SC voltage
value. During the OLPSC operation, the current PI controller that receives a feedback signal from the
SC voltage value is expressed as follows:

k1d5+k‘1d
d;:vsc+—p : -

(iDclink = Ipciine) ©)
where s is the SC voltage, ipcyink is the DC-link current, d; is the phase shift of primary and secondary
square wave. By controlling the DC-link current in grid or stand-alone mode, the DC-link voltage is
regulated by the vs. value, which rapidly reduces the current error. As a result, the initial transient
response characteristics can be improved.

In the OLFC operation, the DC-link voltage PI control is performed by changing the frequency.
This operation is a command to suppress the DC-link voltage rise due to the phase shift rapidly
occurring at the final stage. The voltage controller was constructed by reinforcing a compensator of
the DC-link current variation to the previous PI controller. The voltage PI controller that receives a
feedback signal from the DC-link current variation value is expressed as follows:

. . kyvacs + kivac
fs = Aipclipk + —————

UDClink = Ypclink) (10)
where Aipcyin is DC-link current variation value, vpciyk is the DC-link voltage, f; is the switching
frequency. The frequency control value is added by the current variation value and it smoothly follows
the DC-link voltage reference. The above two equations contribute to the stable control of the rapidly
increasing DC-link voltage. The proposed 3-step soft start-up algorithm is continuously maintained
until the operation of charge or discharge mode in the DAB converter. The voltage and current PI
controller block diagram for the 3-step soft start-up algorithm is shown in Figure 6.

The PI controller switchover occurs when the soft start-up is completed and the DAB converter
is switched to charge or discharge mode. In the charge mode, the CP-CV (constant power-constant



Energies 2020, 13, 4083 8 of 18

voltage) controller operates to draw the maximum power point of solar panel. Moreover, the current
and voltage reference for SC charging are set by the equal 3-step soft start-up algorithm. Therefore,
transient state problems, such as the current and voltage fluctuation, are reduced. Consequently,
fast transient and smooth steady state operation is achieved.

lPl)c‘,link
DC-link Dual active bridge SC
_ Voc_iink . converter ’ | module

PWM PWM
phase frequency

I | Ve di £

Ldac_tink
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Figure 6. The voltage and current PI controller block diagram for the 3-step algorithm.

3.2. Designed 3-Step Soft Start-up Algorithm for DAB Converter

Figure 7 presents a flow chart of the proposed 3-step soft start-up algorithm for the DAB converter.
The soft start-up process is started before commencing the charging or discharging operation when
the system is first activated. First of all, the voltage and current value of the DC-link and SC module
are sensed by the ADC (analog to digital converters) and fed to the DSP controller through isolated
sensing circuits. When the overvoltage and overcurrent is checked at both sides, the DAB converter is
protected by blocking the OLDC signal. If the DC-link current exceeds the reference value during the
OLDC, the OLPSC that follows the reference current by phase shift is performed with the current PI
controller. Nevertheless, when the reference current cannot be controlled by the OLPSC, the OLFC that
follows the reference voltage by frequency is additionally performed with the voltage PI controller.
Since this process takes place in a few seconds, if the voltage control of the DC-link is not possible
even in OLFC mode, it is recognized as being out of the control range and the PWM signal is stopped.
In addition, if the output of normal duty rate is not possible or soft start-up fails, the PWM signal is
definitely limited. In this case, a reboot is manually required by an external signal. After the 3-step soft
start-up operation is carried out perfectly, it is switched to charge mode, discharge mode, and standby
mode according to the load power and PV power. When the PV array power is much higher than the
load power, the DAB converter operates in charge mode (Ppy > Pjy;4). On the other hand, when the PV
array output is lower than the load power, it operates in the discharge mode (Pj,,q > Ppy). If the PV
array power and load power have the same value, it is switched to standby mode (Pjy,7 = Ppy).

In the operating mode, the PI controller for CP mode is applied to perform the MPPT (maximum
power point tracking) to maximize the output power of the PV array for continuous charging and
discharging of the SC. When the SC is charged more than 80%, it switches from CP mode to CV mode
to charge the surplus power. In addition, while operating in CV mode, the surplus power flows to the
grid side to achieve the MPPT control. The charging power to the SC is sensed and compared with the
reference power generated by the MPPT to perform PI control. The reference power is charged using
the phase shift as the derived control value. Charging the supercapacitor should be given priority over
the power generated by the solar panel rather than being consumed by the grid or load. For this reason,
it operates in CP mode when charging the SC. Conversely, in discharge mode, it is required to control
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the DC-link voltage to 380 V because it is operated when the power of the solar panel is zero. During
normal operation status, this process occurs automatically, and step-by-step action is not required in
user intervention. In the discharge mode, the DC-link voltage is tracked and the output current is
controlled through the DAB converter. In this case, since the PV array power is insufficient compared
to the required load power, additional power is introduced from the grid side and this amount power
is output from the DAB converter. On the other hand, in the standby mode, where the load power and
the PV array power are the same value, no power flow occurs through phase shift control. During
normal operation state, this process occurs automatically, and step-by-step action is not required in
user intervention. Figure 8 shows the PI controller for CP-CV mode in charging and discharging of
the SC.

Start
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Inciink * DG inks OV shutdown [+
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Figure 7. The proposed 3-step soft start up algorithm flow chart.
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Figure 8. The PI controller for CP-CV mode in charging and discharging of the SC.
4. The DAB Converter Design

Specifications of the designed DAB converter are listed in Table 1. The input voltage is set at
330 to 380 VDC to perform the grid-connected of the inverter, and the turn ratio of the transformer is
designed to 3.1:1 to operate the appropriate charging voltage of the SC. In the H-bridge, a SiC MOSFET
that can reduce loss and minimize circuit size is applied. The switching frequency is set to 20 kHz,
which reduces the burden of high frequency switching and lowers the possibility of switching noise
due to low frequencies. In addition, the inductor value was designed and applied to the transformer
secondary in order to adjust the inductance value of 17 uH. When the charging voltage of the SC is
120V, it is possible to achieve 5 kW capacity with 0.4 duty ratio. When the charging voltage is the
highest at 200 V, the minimum value of phase shift has 0.17 duty ratio, enough to operate a 5 kW DAB
converter. Figure 9 shows an output power graph with regards to change of SC voltage and each
H-bridge phase shift.
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Table 1. Specifications of the designed DAB converter.

Parameter Value
Power 5 kW
Input voltage 380 VDC
Output voltage 120 V~200 VDC

Switching frequency 20~50 kHz

Leakage inductance 17 uH
Transformer turn ratio 3.1:1

Input capacitance 990 uF
Output capacitance 990 uF

5. Simulation Results

The proposed circuit was verified by simulation using PSIM. In order to verify reliable simulation
results, the parameters (Table 1) of the devices and data codes were applied without discrimination.
Figure 10 presents the schematic diagram of the simulation model for the DAB converter.
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Figure 10. Schematic diagram of the simulation model.

Figure 11 shows the simulation waveforms of a soft start-up operation in the DAB converter,
(a) without proposed 3-step soft start-up, (b) with proposed 3-step soft start-up in the condition that
the DC-link voltage is 380 V and initial SC voltage is 160 V. The first waveform in Figure 11a shows the
voltage of both V; and V. The second and third waveforms show the coupling inductor current and
SC current. The last waveform shows the DC-link voltage. As the soft start-up is operated step by
step as the OLDC mode, due to the high voltage on the secondary side, the phase shift with a fixed
switching frequency of 20 kHz occurs rapidly. Thereby, the high current flows to the DC-link side via
the coupling inductor, causing a voltage increase constantly. The maximum coupling inductor current
and SC current is captured at I} =49.7 A, Isc.yms = 16.5 A. The maximum DC-link voltage is recorded
at Vpc_jink = 408.3 V. Thus, after the soft start-up is finished, the operating mode has to be activated
normally, but it leads to an abnormal error and is finally out of control.

On the other hand, these results are changed as the proposed 3-step soft start-up algorithm is
applied. Initially, when the OLDC mode starts smoothly, the OLPSC mode is operated to control the
large current flowing to the DC-link. As a result, the coupling inductor current is significantly lowered.
However, as the duty cycle expands, the inductor current and the DC-link current increase gradually.
In order to suppress the increase in voltage with reverse current flow, the OLFC is applied to control
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and maintain the coupling inductor current to 0.2 A or less. As the OLFC mode proceeds from the
half-sequence, the variation of frequency occurs periodically, as shown in Figure 11b. The suppressed
reverse current close to zero ampere appears in the third graph and the DC-link voltage controlled
by 380 V appears in the fourth graph. After the proposed 3 step soft start-up ends, it is switched to
standby mode for charging or discharging of the SC.
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Figure 11. The simulation waveforms of soft start-up operation (a) without the proposed 3-step soft
start-up; (b) with the proposed 3-step soft start-up.

6. Experimental Setup

Figure 12 shows the designed DAB converter and experimental devices. The primary side of
the DAB converter is connected to the DC power supply and power resistors instead of DC-link
and grid-connected. The secondary side is connected to the SC module. The input voltage of the
DAB converter was a 380 V fixed DC source, which was obtained from the DC-link with capacitors,
990 uF. The designed 5 kW DAB converter was controlled by an advanced digital microcontroller,
DSP TMS320F28335.

Five SC (165 F, 53 Wh) modules for 48 V were connected in series to form a battery system with
capacities of 240 V, 33 F, and 265 Wh. Figure 13 and Table 2 show the SC modules and specifications
used in this experiment. Several experiments were conducted to confirm the reproducibility of the
proposed system. First, a reverse power event was verified by applying a conventional soft start-up
operation in a setting with high SC voltage. Second, improved operating characteristics were verified by
applying the proposed controller and algorithm at the same high SC voltage. Third, the characteristics
of the transient state performed after the soft start-up operation in the discharge mode were confirmed
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and improved. Finally, an experiment was performed to check the smooth switching of charge and
discharge operations in the operating mode.

i = -l’
nsfofmer

(b)

Figure 12. The designed DAB converter and experimental devices. (a) Experimental setup captured;
(b) The 5 kW DAB converter prototype.

Figure 13. The SC module (BMOD0165-P048-C01) manufactured by Maxwell Co., Ltd. (San Diego,
California, USA).

Table 2. Specifications of the SC modules.

Parameter Value
Rated voltage 45V
Capacitance 165 F
Maximum ESR 6.0 mQ)
Stored energy 53 Wh
Maximum current 1900 A
Duty cycles Up to 100,000 cycles

7. Results and Discussion

The five supercapacitor modules (265 Wh) were connected to secondary DAB converter side.
First, the experiment was conducted without a 3-step soft start-up algorithm. Figure 14a shows the
experimental waveforms of general soft start-up operation in the DAB converter. A typical DAB
converter performs a command to generate the initial PWM signal to each bridge. This is the OLDC
mode and the duty rate increases steadily. It is confirmed that the phase shift between the two
H-bridges is caused by the potential difference when the soft start-up operation is enacted. Due to
this condition, the DC-link voltage and coupling inductor current gradually increase from the middle
stage to final stage. This means that the absence of an algorithm to control the phase difference cannot
suppress the increase in DC-link voltage. When the DC-link voltage exceeds the allowable range



Energies 2020, 13, 4083 14 of 18

of 500 V in the fault-check section, the PWM signal is cut off by the automatic shutdown sequence.
Figure 14b shows the soft start-up zoom-in waveform before the PWM signal cut off.
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Figure 14. The experimental waveforms of general soft start-up operation in the DAB converter
(a) without the 3-step soft start-up controller and algorithm; (b) the initial soft start-up zoom-in before
the PWM signal cut off.

Figure 15 shows the waveforms of the proposed 3-step soft start-up operation at the DAB converter.
In the entire section, the coupling inductor current is suppressed by phase shift and frequency transition
and the DC-link voltage is constant at 380 V. After soft start-up ends in a few seconds, it is switched to
charge mode smoothly, which verifies that the CP-CV controller follows the control value. When the
SC module voltage reaches the limit value of 200 V, the DC-link voltage increases in a few milliseconds;
however, on rapidly controlling it, only the rising sphere is suppressed as much as possible.
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Figure 15. The experimental waveforms of the proposed 3-step soft start-up operation in the DAB
converter. (a) At a low voltage of SC module with the CP-CV controller; (b) at a high voltage of SC
module with the CP-CV controller.

The soft start-up operation of the DAB converter has to be performed even when the voltage of
the DC-link is zero. This is because the voltage of the DC-link has to be maintained with the power of
the SC when no voltage is output from the PV panel. In this case, after the soft start-up operation ends,
the operating state is immediately switched to the discharge mode; the process is shown in Figure 16.
First, when the soft start-up operation is started, the DC-link voltage is run to 380 V. If no proposed
controller is applied, the DC-link voltage is temporarily reduced at the end stage. Then, the voltage is
recovered as the discharge mode controller starts. In this transient state, the proposed controller and
algorithm are applied to smoothly enable a mode situation, as shown in Figure 16b.

Figure 17 shows the initial charge mode waveforms after the soft start-up operation. The graph
on the top left shows the voltage of the DC-link side, the graph on the right shows the current of the
DC-link side, and the bottom graph shows the voltage of the SC. In the CP-CV mode, the voltage of
the SC increases steadily. In addition, the voltage and current of the DC-link smoothly follows the
reference value by the designed controller.
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Figure 16. The experimental waveforms of soft start-up operation in discharge mode (a) without the

3-step soft start-up operation; (b) with the 3-step soft start-up operation.
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Figure 17. The experimental waveforms of initial charge mode after soft start-up (Vpc jink, Isc, Vsc)-
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Figure 18 shows the initial discharge waveform of the SC. The graph on the top left shows the
voltage of the DC-link side, the graph on the right shows the current of the DC-link side, and the bottom
graph shows the voltage of the SC. In the CV mode, the voltage of the SC decreases steadily. In addition,
the DC-link voltage and current smoothly follow the reference value with the designed controller.
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Figure 18. The experimental waveforms of the initial discharge mode after soft start-up (Vpc jink,
ISC/ VSC)'

Figure 19 shows the mode switching section of the SC during charging and discharging of the SC
modules. First, the discharge is started in a state where the initial voltage of the SC is high and the
charging is switched when the PV power increases with regards to the reference value. According to
the designed algorithm, continuous charging and discharging are activated. Stable operation at each
switching mode section is confirmed.
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Figure 19. Switching section between charge and discharge.
8. Conclusions

We propose an enhanced 3-step soft start-up controller and algorithm for the DAB converter with
a supercapacitor. Our proposed controller and algorithm are provided to suppress the reverse current
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caused by the wide voltage range of the SC. To ensure an optimal control sequence through the 3-step
of OLSC, OLPSC, and OLFC, the simulations and experiments were performed with five SC (165 F,
53 Wh) modules. As a result, the DC-link voltage maintains constant value in spite of a high SC voltage.
The quick switching mode is available without a transient state even after the soft start-up operation
ends. In addition, the moment of mode switching from the charge mode to the discharge mode or
otherwise, and the overshoot or inrush current is drastically suppressed toward the DC-link and SC
module side. Our prototype 5 kW DAB converter has been designed and fabricated to demonstrate the
3-step soft start-up controller and algorithm.
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