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ABSTRACT

The bi-directional dc/dc converter is a very popular and effective tool for
alternative energy applications. One way it can be utilized is to charge and discharge
batteries used in residential solar energy systems. In the day, excess power from the PV
panels is used to charge the batteries. During the night, the charged batteries will power
the dc bus for loads in the house such as home appliances. The dual active bridge (DAB)
converter is very useful because of its high power capability and efficiency. Its
symmetry is effective in transferring power in both directions. However, the DAB
converter has drawbacks in the start-up stage. These drawbacks in boost mode include
high in-rush current during start-up, and the fact that the high side voltage cannot be
lower than the low side voltage. A popular existing method to alleviate this problem is
the use of an active clamp and a flyback transformer in the circuit topology to charge the
high side before the converter is switched into normal boost operation. The active clamp
not only helps eliminate the transient spike caused by the transformer leakage, but also
continues to be used during steady state. However, this method introduces a new current
spike occurring when the converter transitions from start-up mode to boost mode. To
alleviate this new setback, an additional transitional stage is proposed to significantly
reduce the current spike without the use of any additional components. The converter is

current-fed on the low side, and voltage-fed on the high side. A simple phase shif



control is used in buck mode and PWM control is used during the boost mode for
both the start-up mode and the normal boost operation. This thesis discusses the

performance results of a 48-400 V dc/dc converter with 1000 W power output.
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CHAPTER 1: Introduction

1.1 Background

Isolated bi-directional dc/dc converters are widely used for standard applications
such as battery chargers/dischargers, uninterruptible power supplies (UPSs), hybrid
electric vehicle systems (HEVs), and alternative energy systems. These converters can

produce eco-friendly energy, which is used by the applications above on a daily basis.
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Fig. 1.1: Solar energy powered house

The primary application for the isolated bi-directional dc/dc converter is the
charging/discharging of batteries. Figure 1.1 shows a house with attached solar panels
used for some exemplary standard loads, such as home appliances, which can be powered

by the bi-directional converter. In the application illustrated in Figure 1.1, energy



absorbed by photovoltaic (PV) panels is fed into a battery by the converter during the day
with sufficient sunlight; at night, or when there is not enough sunlight, the battery
discharges to supply power to a bus. Figure 1.2 shows the overall system of this bi-
directional dc/dc converter. During the battery charging period, the bi-directional
converter operates in buck mode. In some cases, the additional power from the PV
panels may be provided to the loads in the house through the use of a dc/ac inverter.
During the battery discharging period, the bi-directional converter operates in boost
mode. The stored energy in the batteries is first used to power the 400 V dc bus, and is

then fed into the same inverter to be used by the loads [1 - 3].
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Fig. 1.2: System of this bi-directional dc/dc converter

1.2 Battery Charging Characteristics

The design and implementation of the charging phase of the system requires an
understanding of the technical process of charging a battery. Batteries are devices
composed of electrochemical cells capable of storing chemical energy, which is then

converted into electrical energy. High performance batteries are typically able to hold a
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charge for an extended time, operate safely under high power conditions, and complete
charging and discharging cycles several times over the life of the battery. During most of
a typical charging cycle, batteries charge in constant current (CC) mode. During this
period the current flowing into the battery is constant and the voltage of the battery
slowly rises. In addition, the current sensing must be very accurate to properly charge the
battery, and the voltage level must be monitored. After a certain voltage level (different
depending on the battery) has been reached, the battery charger switches to constant
voltage (CV) mode. During CV charging, the voltage of the battery is kept constant and
the current slowly decreases as the charge of the battery reaches a maximum capacity.
Furthermore, the voltage sensing needs to be accurate and efficient, thereby maintaining
the present charge while preventing overcharging the battery. Figure 1.3 shows the

typical charging profile of a lithium ion (Li-ion) battery [4].
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Fig. 1.3: Battery charging profile of Li-ion cell

As shown in Figure 1.3, the charge current (in blue) is initially steady in the constant

current mode. The charger float voltage (in red) increases until a certain point is reached.



After this point, the charger switches to constant voltage mode where the charger float
voltage is kept steady, and the charge current slowly drops as the charge capacity
increases. During both CC and CV stages, the charge capacity is increasing. Upon the
charge capacity reaching 100%, the charge current drops to zero. The charger is still
operating in constant voltage mode, but the battery is no longer being charged.

In the application of this bi-directional dc/dc converter, the battery can be discharged
completely then recharged to maximum capacity on a daily basis. The most effective
way to do this is to have a system, which provides fast and efficient charging/discharging
characteristics. The isolated bi-directional dc/dc converter is the battery
charger/discharger of many solar energy systems and must accomplish the battery

charging/discharging characteristics described [4].

1.3 Review and Selection of Switching Devices

In terms of switching devices, many options are available for power electronics
applications. The most commonly used switching devices are metal-oxide semiconductor
field-effect transistors (MOSFETS) and insulated-gate bipolar transistors (IGBTs). The
selection of the switching devices is important for the most efficient switching.

Figures 1.4 and 1.5 show the symbols of a n-channel MOSFET and IGBT with anti-
parallel diodes respectively. Both the MOSFET and the IGBT are voltage controlled

devices.



Fig. 1.4: Symbol of MOSFET with anti-parallel diode

(o]

Fig. 1.5: Symbol of IGBT with anti-parallel diode

In typical applications, the MOSFETSs are better suited for high frequency and low
voltage scenarios. Contrarily, IGBTSs are preferred in lower frequency and high voltage
applications due to a tail current that exists during the transition from on to off. The
presence of the tail current also makes IGBT's more favorable for lower duty cycle
operations to avoid switching losses during turn-on [5].

In the case of this isolated bi-directional dc/dc converter, the primary side is low
voltage while the secondary side is high voltage. Because of this, it is best to use
MOSFETSs on the primary side and IGBTs on the secondary side for switching

applications.

1.4 Topology Review and Selection

The selection of the converter topology is one of the most critical aspects of
converter design. For this thesis, the low voltage is 48 V and the high voltage is 400 V;

because of this large difference in voltages, isolation is necessary for power conversion.



The isolated bi-directional dc/dc converter can be realized with several topologies, the
most popular of which are the half-bridge and the full-bridge topologies [31]. Compared
to the full-bridge topology, the half-bridge topology has the benefit of having fewer
components, thus minimizing production costs. Having fewer switching components also
reduces switching loss and simplifies gating controls (depending on operation and control
theory). However, the full-bridge topology is more suitable for high power applications,
despite the increased size and cost. For the purpose of this thesis, the full-bridge
converter appears to be more appropriate, but both topologies will be discussed

thoroughly.

1.4.1 Half-bridge Topology Review
The half-bridge topology is capable of handling lower power conversion (under 500
watts). This converter topology is appealing due to its low cost, small size, and

simplicity.
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Fig. 1.6: Schematics of the half-bridge topology



Figure 1.6 shows a standard half-bridge topology of a uni-directional dc/dc
converter. In order to change the uni-directional topology to bi-directional, the diodes

from the rectifier side must be replaced with active components.
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Fig. 1.7: Half-bridge bi-directional dc/dc converter topology

Figure 1.7 shows the standard half-bridge topology of the bi-directional dc/dc
converter. As illustrated, the diodes on the secondary side of the transformer are replaced
to reflect the primary side for bi-directional operation. This topology uses a total of four
active switching components, and includes a current fed primary side and a voltage-fed
secondary side [6 - 8].

The topology in Figure 1.7 can be used as a base circuit for many different
applications. H. Fan and H. Li [9] combined multiple half-bridge converters in a
cascaded manner to handle higher voltage levels (above 500 watts). This results in the
use of lower voltage handling MOSFET's and a high power low volume solid state
transformer operating in higher frequencies. Although the converter can efficiently
handle high voltage, the cost of many more components, as well as the complexity in
driving all the switching devices simultaneously make the topology of H. Fan and H. Li

[9] inappropriate for the thesis. Another application uses an additional bridge to provide
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the bi-directional converter with additional ports. L. Wang, Z. Wang, and H. Li [10]
study the bi-directional converter with three ports. Having more ports can potentially
make the system more stable in terms of each port having more options for useable
power, but it is also more costly and difficult for control. Choi, Ju, Park, Kim, and Lim
[11] disclose an uninterruptible power source (UPS) system with a half-bridge bi-
directional dc/dc converter, wherein the UPS is used as a back-up power supply instead
of the primary power supply. As a result, the battery would not be charged and
discharged on a daily basis and would consequently prolong the life of the battery.
However, the use of the battery to power the house loads at night is much cheaper in
terms of electricity costs. In another study done by Yang and Liang [12], the transformer
in the converter is removed but the converter still functions in bi-directional manner. As
a result, the overall size and cost of the converter is reduced. However, this converter is
limited in the ability to provide different voltage levels. The isolation requirement is also

not met by Yang and Liang's study.

1.4.2 Full-bridge Topology Review

The full-bridge topology is more appealing than the half-bridge when it comes to
high power applications. Having twice as many switching components also means that
the full-bridge topology can handle twice as much power as the half-bridge topology.
The symmetry of the full bridge dc/dc converter makes this topology a very good choice
with balanced results for both directions of power conversion. Ideally speaking, because

most switching devices such as MOSFETs and IGBTSs have intrinsic anti-parallel body



diodes, an H bridge of these switches in the off state is a rectifier. The gating signals can
be controlled to determine the direction of power flow [13].

However, the full-bridge topology has several drawbacks, among which the most
severe is the high in-rush current during the start-up of the boost mode because the high
side voltage is low. In addition, there is a transient voltage spike due to the leakage
inductance of the transformer [14]. Therefore, to use the full-bridge topology, these

problems must be eliminated.

T S - "

|+

JE} JE}& i i

Fig. 1.8: Schematics of the uni-directional full-bridge topology

Although similar to the half-bridge topology shown in Figure 1.6, the full-bridge
topology shown in Figure 1.8 has twice as many transistors as the half-bridge topology
[15]. In order to change the uni-directional topologies to bi-directional, the diodes from
the rectifier side must be replaced with active switches.

The implementation of the isolated bi-directional dc/dc converter can be done in
several additional different ways. The topology of T. Hirose and H. Matsuo [16-18] in
their study on the bi-directional converter is attractive in terms of the high efficiency and

the active bridges being “superposed”. The superposed topology of the high voltage side
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and the low voltage side means that the high side voltage is always at least the same
voltage as the low side voltage, eliminating the start-up problem. However, while this
superposed strategy solves the start-up problem which is the main vulnerability of the
full-bridge, the superposed converter does not provide the proper isolation that is required
to prevent problems, such as electric shock and noise, caused by the large difference in
voltage levels between the high and low voltage sides.

F. Krismer, J. Biela, and J.W. Kolar [19, 20] disclose several evaluations of
isolated bi-directional dc/dc converters with the full-bridge topology. Figure 1.9 shows
the topologies that were analyzed. Figure 1.9(a) is the standard full-bridge topology, and
is the fundamental circuit for the additional topologies. Figures 1.9(b) incorporates a
resonant block in between the high side and the low side in the form of a capacitor.
Figure 1.9(c) incorporates a voltage regulator is located near the high side bus to help the
performance of the converter under wide output voltage range. Figure 1.9(d)

incorporates both additional circuits for increased performance and functionality.
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High switching frequency is attractive in reducing the transformer size. However,
with increased switching frequency, the switching loss also increases, thus decreasing the
overall efficiency. Thus, the resonant circuit in Figures 1.9(b) [19, 20] is introduced to
achieve soft switching in these high switching frequency operations, reducing the
switching losses and improving overall efficiency. The inclusion of the resonant circuit
has the drawbacks of forming a larger converter with more components and higher cost.
The voltage regulator at the output voltage in Figure 1.9(c) is useful in operations where
"the requirement for the converter to be operated within a wide input and output voltage
range results in operation regions of inefficient switch and transformer utilization.” The
voltage regulator will help in this wide range of voltage at the cost of having extra
components, leading to larger converter size and higher cost. In the application of
interest, the high voltage bus is a constant voltage, thus a voltage regulator is not
necessary. However, the benefits from the resonant circuit block are still considered.

Another implementation of the isolated bi-directional dc/dc converter includes an
additional H bridge attached to the end of the high side of a full-bridge circuit can convert
the power from dc to ac. This simplifies the overall system structure which requires an
inverter to operate. However, for the purpose of this thesis, the inclusion of the
additional H bridge can be used as a future addition [21].

In another study [22 - 24], the converter has three bridge legs instead of two for
use of a three-port, three phase topology. Although this topology is beneficial to
efficiently handle higher power, this operation is more costly than beneficial with the

desired power level of 1 kW. Therefore, a standard full-bridge bi-directional converter
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topology is best for the target if the thesis which converts dc to dc at 1 kW applications
[22 - 24].

Due to the highly attractive advantages of the full-bridge converter, there have
been many efforts to alleviate the start-up problem. The most popular solutions are either
with magnetics or an active clamp branch. With magnetics, the resonant tank is added in
between the high and low side bridges [25, 26]. These resonant tanks are more complex
than the capacitor shown in Figure 1.9(b). The magnetic strategy uses switching
frequency control which reduces the gain during start-up switching frequency and returns
to normal gain during steady state switching frequency. This means the use of frequency
controlled gating signals is a lot more efficient compared to using snubber circuits. The
drawbacks of the strategy are the increased converter size and cost with the inclusion of
the extra resonant block. Additionally, the wide range of frequencies the components in
the converter must be operational in leads to costlier and more complex components [27,
28]. Another solution is the inclusion of a flyback snubber circuit. The flyback snubber
circuit does not require the resonant tank and frequency controlled gating. However, the
snubber circuit decreases the overall efficiency which is important for the purpose of this
thesis [29].

Although primarily used to achieve soft switching, the active clamp switch can be
combined with the full-bridge switches to help eliminate the start-up problem. Most
active clamp circuits involve an extra switching device that is attached to the capacitor
preceding the bridge. The input supply can be current-fed or voltage-fed, with an
additional input inductor for the system to be current-fed for a unique switching control

[30, 31]. The active clamping helps limit the in-rush current as well as the transient

13



voltage spike which results from control and synchronization between the active clamp
and the rest of the circuit. An active clamp can even be combined with the resonant tank;
however, this is not necessary for the purpose of this converter [32]. The additional
clamping capacitor and switching device introduce additional switching loss and cost, but
the control is easier because the system is no longer frequency dependent. This type of
topology, shown in Figure 1.10, is a very common topology and has been used in many

different studies [33 - 36].

Ry _RF A

-

I B <

Fig. 1.10: Bi-directional dc/dc converter with active clamp

The experiment of K. Wang uses an active clamp full-bridge isolated bi-
directional dc/dc converter, similar to the topologies discussed above. This converter
uses the active clamp to limit the transient problems and steady state operations. In the
start-up stage of the boost mode operations, the converter uses the flyback transformer to
power up the high voltage side bus. After the high side voltage is higher than the low side
voltage, the converter operates in normal boost mode operation and the flyback
transformer functions as a simple inductor. The addition of the flyback transformer
reduces the amount of time to power up the high side load because the power is flowing

through the main transformer as well as the flyback transformer instead of just the main
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transformer. The diode connected the low side to the high side ensures that current does
not flow through the flyback transformer in buck mode operations. In this mode, the
flyback transformer also simply functions like an inductor. This proposed converter has a
current-fed low voltage side and a voltage-fed high voltage side. Having the low voltage
side be current-fed lowers the required turns ratio and reduces the leakage of the
transformer, which leads to transient high side voltage. With low switching frequency,
the switching losses are reduced, though at a cost of a larger transformer size. Moreover,
a duty cycle instead of frequency controlled converter operating at low switching
frequency means that the resonant block is no longer necessary for this operation. The
drawback is that the inclusion of the active clamp branch along with the flyback
transformer requires a larger and costlier converter. Figure 1.11 shows the circuit

schematics of the active clamp isolated bi-directional dc/dc converter [14, 37].
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Fig. 1.11: Isolated bi-directional dc/dc converter with active clamp
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1.4.3 Hybrid Topology

A hybrid topology which uses the half-bridge and full-bridge is the L-type half-
bridge and full-bridge converter as illustrated in Figure 1.12 [38]. This topology has low
side L-type half-bridge that is current-fed and high side full-bridge that is voltage-fed.
The figure shows the converter with a passive clamp. Although active clamp here is also
possible, two separate clamping switches are required for operation [38]. This converter
topology has less components than the full-bridge topology overall, but more passive
components. Although cheaper to implement, the efficiency of the L-type half-bridge
converter is not as high as the full-bridge converter (peak 94% full-bridge, 89% L-type

charging; 95% full-bridge, 90% L-type discharging) [38].

DY

Fig. 1.12: L-type low side full-bridge high side topology
Figure 1.12 shows the use of inductors instead of capacitors on the primary side.
This L-type low side full-bridge high side topology also includes the passive clamping

circuit of Rc and C¢ to improve transients caused by the transformer leakage Lk [39,40].
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1.4.4 Topology Selection

After reviewing and comparing several general topologies, it is concluded that there
must be active switches on both sides of a transformer for the bi-directional transfer of
energy. The transformer is needed for isolation and cases where the low side voltage is
significantly different than the high side voltage. To satisfy the conditions of a 48 V to
400 V 1000 W bi-directional converter, the full-bridge topology is most appropriate with
its high efficiency and ability to handle high power. A common problem with the full-
bridge converter is the in-rush current when the converter is operating in boost mode.
This high in-rush current is caused by the uncharged high side capacitor which can
destroy components in the circuit. To solve this problem, the full-bridge converter with
active clamp is selected. The size restriction of the converter is not a necessity here so
low switching operation with the larger transformer and low switching loss is optimal.
The extra space taken by the flyback transformer is also insignificant. The low switching
frequency also means that the resonant block is not necessary. Lastly, the active clamp
branch helps the transient and the start-up time of the converter effectively. The full-
bridge converter with active clamp is similar to K. Wang's converter, but with an
additional transitional control stage for a more smooth start-up. The extra stage
significantly limits current spikes in the start-up stage for full-bridge active clamp
converters without any additional components. Therefore, more appropriate components
can be used instead of costly large high-current handling parts specifically for the start-up

current spikes.
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1.5 Thesis Outline

To effectively use renewable energy for clean energy consumption, the
transformation of solar energy into electrical energy is a very popular topic. As such,
there are several additional goals that must be met for this thesis along with the
designing, building, and testing of a bi-directional dc/dc converter. First, a popular
voltage level for the standard home appliances dc bus is 400 V dc, and a popular voltage
level for large rechargeable batteries is 48 V dc. Therefore, this bi-directional converter
must be able to charge batteries at 48 V and use the charged batteries to power the 400 V
dc bus. The 400 V dc bus is used to power a 240 V ac inverter which is a very common
voltage level for residential applications in the United States. Secondly, the power level
must be high enough to be easily useable for several home appliances simultaneously, but
not high enough to cause potential danger. Thus, the bi-directional converter must be
capable of handling 1 kW for both directions of power transfer. Next, galvanic isolation
is required between the high and low voltage side to ensure the safe use of this bi-
directional converter. In addition, the start-up problem must be solved for safe use of the
converter in boost mode. Although the methods proposed by K. Wang [14, 37] for in-
rush current suppression is successful for his study (12 V - 288 V), higher voltage levels
can increase the transitional current spike in the start-up mode to a devastating degree.
Therefore, a new transitional stage is proposed in this thesis to ensure the functionality of
full-bridge boost converters in a much wider range of voltage levels. Lastly, the bi-
directional converter must be capable of functioning efficiently in steady state modes.
The efficiency is important so that as much as possible of the available power is used to

charge the batteries or power the loads instead of being wasted in the converter itself.
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The six chapters of this thesis describe the research on an improved isolated bi-
directional dc/dc converter for residential applications. The following is the overall
organization of this document.

The first chapter provides the general background of the bi-directional dc/dc
converter. The purpose of this thesis is discussed with the benefits this study can
provide. The common topologies are compared and reviewed along with advantages and
disadvantages.

In the second chapter presents the basic operating principle of the isolated bi-
directional dc/dc converter. The details of how the converter functions in boost and buck
mode are discussed.

In the third chapter, the transient stage is analyzed. Here, the in-rush current
associated with the full-bridge boost topology is discussed and a solution proposed. The
proposed solution is explained in detail and analyzed with computer software to suggest
its practicality.

Merely studying established converter topologies is not enough to develop a new
converter. Therefore, in the fourth chapter, the implementation of the circuit is evaluated.
The converter is designed to work with similar traits as the previous works, but
adjustments must be made to satisfy the goals of this thesis. Therefore, the
implementations must be taken to make this converter operational.

In the fifth chapter, the designed prototype is tested for functionality, and
experimental results are shown and analyzed.

Finally, in the sixth chapter, the conclusions are drawn from the study and

potential future work is proposed as well.
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CHAPTER 2: Operation Principle

The ideal bi-directional dc/dc converter works as a full-bridge converter with
active switches on both sides of the transformer for bi-directional power transfer. First,
the full-bridge converter is discussed; next, both the buck and boost modes are described.
The boost mode is more complex than buck mode for including both start-up and regular
boost mode.

2.1 Full-bridge Operations

In terms of the full-bridge topology, the operation is quite straightforward. The
same figure from Chapter 1.4.1 is now used again to demonstrate the full-bridge topology
in Figure 2.1. As the figure shows, there are four active switches which make an ac
signal that is carried to the transformer T, the signal is transformed on the secondary side

and then rectified by the four diodes into a dc signal again.
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Fig. 2.1: Full-bridge schematics
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Fig. 2.2: First stage of full-bridge topology
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There are two different stages in the phase shift topology; in the first stage, Q1

and Q4 are on while Q2 and Q3 are off. In this stage (illustrated in Figure 2.2), the

current is flowing from Q1 into Q4 and thus into the positive terminal of the transformer

and out of the negative terminal. Here, the current is flowing in the positive direction.
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Fig. 2.3: Second stage of full-bridge topology

In the second stage (illustrated in Figure 2.3), Q2 and Q3 are on while Q1 and Q4 are

off. The current is now flowing from Q3 to Q2, thus into the negative terminal of the

21



transformer and out of the positive terminal. Here, the current is flowing in the negative

direction.
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Fig 2.4: Transformer current with respect to switches Q1-Q4 gating
As can be seen in Figure 2.4, the current flowing through the transformer is
positive when Q1 and Q4 are on, and negative when Q2 and Q3 are on. The current
through the transformer is not a constant dc signal but an ac signal. The ac current is then
rectified on the secondary side by the four diodes. With the positioning of the diodes,
whether the current is positive or negative with respect to the transformer, it becomes
positive with respect to the output. The output then becomes the sum of these currents

which forms a constant dc current.
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Fig. 2.5: Output current, diodes D1-D4 currents, and transformer current
As Figure 2.5 illustrates, after the diode network on the secondary side, the current
flowing to the load is only positive instead of the ac current through the transformer.
This is because the four diodes rectifier network will only allow positive current to flow
through. After the rectifier network the output current is the sum of the diode average
currents and becomes a dc constant current.

The transformer can be used either to amplify or reduce the current flowing
through its primary side and secondary side. The turns ratio (n) is used to determine how
much the current should be amplified or reduced; the equation for the primary and
secondary transformer current is:

I

primary =n=*l

sacondary

2.2 Buck Direction Operations

During the day when the PV panels are absorbing solar energy to convert to

electric energy, the energy will be flowing from high voltage side to low voltage side
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(buck mode). During this stage, the batteries on the low side are charging. The gates of
the high voltage side transistors (Q5-Q8) are controlled according to regular full-bridge
mode whereas the gates of the low voltage side transistors (Qc, Q1-Q4) are all off and
function as anti-parallel diodes. Figure 2.6 shows the buck operation with the selected bi-

directional dc/dc converter topology.
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Fig. 2.6: Bi-directional dc/dc converter in buck mode

The arrow in Figure 2.6 indicates the direction of power flow. The diode (D)
connecting from the flyback transformer to the output is blocking any current from
flowing through, thus the flyback transformer is functioning only as an inductor. The
current is not flowing through the clamping switch because the output load has much less
impedance. Thus, the current will be flowing into the output and so the clamping switch

and capacitor can be ignored as well.
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The gating control operates exactly the same as the regular full-bridge converter
discussed in Chapter 2.1. In addition, some dead time must be introduced to ensure that
shoot through is prevented and zero voltage switching (ZVS) is achieved.

2.3 Boost Direction Operations

When the PV is no longer able to provide energy to the loads, the batteries must
be able to transfer energy from low to high voltage (boost mode). In boost mode
operations, the high side switches (Q5-8) are now all off and functioning as diodes
whereas the low side switches are active. Figure 2.7 shows the schematics of the

converter in boost mode operations.
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Fig. 2.7: Bi-directional dc/dc converter in boost mode

During boost mode, the high side capacitor is initially at zero voltage, and, thus,
the low side sees a short circuit, thereby causing a very high initial current spike. In

order for this converter to function, a start-up mode must be introduced.
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2.3.1 Start-up Mode

The start-up mode takes place before the converter functions in boost mode to
safely charge the output capacitor so when the converter operates in boost mode the
initial current spike problem is eliminated. Kunrong Wang [14, 37] introduces a start-up
method which solves the start-up problem. In the start-up mode, the converter actually
functions as a buck converter, and the energy is transferred to the output with both the
forward-flyback transformer as well as the main transformer. The gating signals for start-

up and boost mode is shown in Figure 2.8.
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oo« I

Q2+Q3

Q Clamp

Q1+Q4

Q2 +Q3
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05T T

Fig. 2.8: Gating signals for start-up and boost mode for Q1-Q4, Qc
As Figure 2.8 shows, in the start-up stage the duty cycle is less than 0.5, and the
converter automatically transitions to boost mode when the duty cycle becomes greater
than 0.5. When the duty is very small, the duty of the clamping switch (Qc) is almost 1.
As the duty cycle increases, the clamping switch's duty cycle decreases eventually
becoming 0 when the main switches (Q1-Q4) reaches duty cycle of 0.5. During the start-

up mode there are 2 different stages, the 2 ON stage and the 4 OFF stage.
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Fig 2.9: Start-up stages schematics
Figure 2.9 shows the schematics of the stages in start-up mode. Inthe 2 ON
stage, either Q1 + Q4 or Q2 + Q3 are on. During this stage, some energy transfers to the
output capacitor though the main transformer, and some energy is stored into the flyback
transformer's primary side inductor. During the 4 OFF stage, switches Q1-Q4 turns off,
the clamping switch turns on and the stored energy in the inductor transfers to the output
through the flyback transformer. The equation for the output voltage with respect to the

input voltage, turns ratios, and duty cycle is:

Here, V, is the output voltage, D is the duty cycle, n; is the flyback transformer

turns ratio, n; is the main transformer turns ratio, and V; is the input voltage.
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If ns is set to be the same as n¢(selected to be 8 in this thesis), the equation

simplifies to be:
V,=2D=ng =V,

2.3.2 Boost Mode

When the duty cycle reaches 0.5, the output capacitor already has voltage across it
that is at least the same as the input voltage and boost mode can safely take place. As
Figure 2.8 shows, the duty cycle of the clamping switch is 1 when the main switches duty
cycle is 0.5, then decreases as the main switches’ duty cycle increases. In boost mode,
there's also 2 stages that take place, the 4 ON stage and the 2 OFF stage. The schematics

of the circuit are shown for both these 2 stages in Figure 2.10.
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Fig. 2.10: Boost stages schematics

As Figure 2.10 illustrates, during the 4 ON stage, all 4 switches are on and the

flyback transformer (now operating as an inductor) charges. During the 2 OFF stage, the
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energy releases into the output through the main transformer. Note that in boost mode,
the flyback transformer is only functions as an inductor and there is no longer any current
flowing into the output from it. The equation for the output voltage with respect to the

input voltage, transformer turns ratio, and duty cycle is:

With the start-up connected to boost mode, the converter is able to avoid the high
initial current spike [41].
2.4 New Problem Introduced

Although the initial current is reduced, a new problem is introduced by the start-
up method that Kunrong Wang developed [14, 37]. The problem occurs when the
converter switches from start-up mode to boost mode. When the duty cycle of the main
switches get close to 0.5, the clamping switch duty cycle is almost 0, and when the main
switches gets to 0.5, the clamping switch duty cycle is almost 1. When the clamping
switch duty cycle is approaching 0, the clamping capacitor is being charged up, and when
the clamping switch duty becomes 1, the charge on the capacitor is released. The fast
change of the duty cycle from 0 to 1 causes a very large current spike which may destroy
components. In order for the bi-directional converter to be fully and safely functional,
this new problem must be solved. Thus, a new transitional stage between Kunrong

Wang's start-up and boost stages is introduced.
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CHAPTER 3: Transitional Stage

3.1 Current Spike Analysis

In order to eliminate the detrimental current spike that occurs when the converter
switches from start-up to boost mode transition, an additional stage is introduced. Inthe
experimental results of Kunrong Wang [14, 37], the current spike of the transformer
reaches as high as about 80 A while the steady state current peak is less than 20 A.
Because this current waveform is on the high voltage (low current) side of the
transformer, with the turns ratio being 12, the current on the low voltage (high current)
side is about 960 A. To verify the presence of this current spike for this bi-directional

converter, a PSIM simulation is shown in Figure 3.1.

Fig. 3.1: Transformer current vs. duty cycle start-up and boost mode simulations
In Figure 3.1, the Vfl and V12 are the duty cycles of the main bridge switches and
I(LK) is the current through the transformer on the primary side (Fig 2.4). The gating

logic of the start-up mode and boost mode mentioned in Section 2.3.1 is used in this
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simulation. The start-up mode duty cycle is represented by Vf1 and boost mode is
represented by Vf2. In this simulation, boost mode occurs when V2 is active. As shown
in Figure 3.1, the two gating schemes do not occur simultaneously. The current spike
occurs when the duty cycle is at 0.5, precisely when the converter switches to boost mode
(V12). As the figure illustrates, the in-rush current at the very beginning is eliminated.
However, the current spike occurring exactly when the transition of start-up and boost
mode is about 400 A which is a devastating problem. This high current spike requires the
use of high current handling devices for safe operations. The use of high current
handling devices for the brief start-up isn't cost effective when the steady state current is
significantly lower. Thus, a method to alleviate the current spike for the use of

appropriate devices is desirable.
3.2 Current Spike Solution

To reduce the transitional current spike, the clamping switch’s duty cycle must be
transitioned gradually from O to 1 after the start-up stage. When the main switches
approach the duty cycle of 0.5, the clamping switch duty cycle is near 0. At the moment
the main switches reach 0.5 duty cycle, the clamping switch duty cycle should slowly
increase to 1 instead of jumping straight to 1 to avoid the large current spike.

The proposed transitional stage occurs right before the main switches reach the
duty cycle of 0.5. The order for proper operation is start-up, transitional, and normal
boost stage. When the transitional stage occurs, the main switches’ duty cycle remain at
0.5. The clamping switch’s duty cycle increases gradually from 0 to 1 instead of jumping
from 0 to 1. During the transitional stage, the output voltage is already be built up, thus

the start-up in-rush current does not occur. With the main switches' duty cycle at 0.5, the
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converter operates with regular full-bridge operation. Therefore, the power continues to
be transferred through the main transformer and not the flyback transformer. The main
power path and the output voltage are not affected by the switching of the clamping
switch. The transitional stage, like the start-up stage, is very brief and therefore, power
losses are insignificant. Figure 3.2 below shows the schematics of the two stages during

the transitional stage.
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Fig. 3.2: Transitional stage schematics

As shown in Figure 3.2, switching the clamping switch connecting to the
clamping capacitor doesn't affect the main power path. The duty cycle of this switch
initially is very low, meaning the 2 ON stage is predominate in each switching period.
Then, the duty cycle increases leading to the 3 ON stage being majority of each switching
period. The purpose of preventing the sudden discharge of the clamping capacitor while
not affecting the main power path of the converter is achieved by this proposed
transitional stage. The converter is therefore, capable of safely transitioning from start-up

to boost mode.
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The converter operates in normal boost mode when the duty cycle of the clamping
switch increases to 1. The transitional stage ensures a smooth transition from start-up to
regular boost with a significantly reduced current spike. Figure 3.3 shows the duty cycles
of switches Q1 + Q4, Q2 + Q3, and Qc from start-up mode to steady state boost mode.
Here, the switching frequency is much lower than actual applications to be visually clear;
the duty cycle of switches Q1 - Q4 in steady state boost mode is arbitrarily selected to

0.55.
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Fig. 3.3: Duty waveforms of switches
The three different stages: start-up (A), transitional (B), and boost (C) is shown in
Figure 3.3. In the start-up stage (A), the main bridge switches (\Vga and Vgb) starts with
low duty cycle which then increases. The clamping switch (Vgc) in contrast starts with
high duty cycle which decreases. When the transitional stage is reached, the duty cycle
of the clamping switch is 0 and for the main switches is 0.5. During the transitional stage
(B), the duty cycle of the main switches remains 0.5 whereas the clamping switch

increases from 0 to 1. When the duty cycle of the clamping switch reaches 1, boost mode
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(C) takes into effect. In boost mode, there is some overlap of the main switches. During
these overlap, the clamping switch is off. Figure 3.4 shows the simulation results of the

transformer current.
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Fig. 3.4: Transformer current vs. duty cycle with transition stage

In Figure 3.4, the duty cycle graph has 3 stages: start-up (red), transitional (blue),
and boost (green). In the start-up stage, the duty cycle rises from 0 to 0.5. Inthe
transitional stage, the duty cycle of the clamping switch is 0 in the beginning (in this
stage, Vf2 shows the comparator signal that makes the duty cycle of the clamping switch
to increase from 0 to 1 as shown in Figure 3.3), then increases (decreases in the graph)
until the duty cycle of the clamping switch is 1 where boost mode kicks in. The current
spike is now reduced to about 100 A which is much lower in comparison to the 400 A
achieved without the transitional stage. Figure 3.5 shows the output voltage and the

voltage stress of the clamping switch.
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Fig 3.5: Output Voltage vs. voltage stress vs. duty
As Figure 3.5 shows, the voltage stress of the clamping switch (VCC) increases to

igh as 150 V when the duty cycle is in the start-up mode. The voltage stress is caused

by the charging of the clamping capacitor as the clamping switch duty cycle approaches

0. The output voltage (Vhigh) is capable of smoothly achieve 400 V without any voltage

spikes. As shown by the simulation results, the converter is able to safely and smoothly

transition from start-up mode to boost mode with the inclusion of the transitional stage.
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CHAPTER 4: Implementation

This chapter includes the discussion of implementations for both buck mode and
boost mode operations. This converter operates at 1000 W power with 400 V on the high
voltage side and 48 VV nominal on the low voltage side. This equates to the current being

2.5 A on the high voltage side and 20.83 A on the low voltage side.

4.1 Buck Mode Implementations

4.1.1 Buck Mode System

For buck mode implementations, the battery charging characteristics discussed in
Section 1.2 are applied. Because the load of a battery is difficult to model, a simple
resistor bank in parallel with a bus capacitor is used. The goal of the bi-directional
converter in buck mode is to provide constant current, then constant voltage to the load.
Although both the current and the voltage levels are arbitrary, the current is set to 20 A
during constant current mode and the voltage at 48 V during constant voltage mode for
this specific converter. The overall system of the bi-directional dc/dc converter operating

in buck mode is shown in Figure 4.1.
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Fig. 4.1: Buck mode system

As Figure 4.1 shows, both current and voltage sensing are required, with only one
mode active at any given instance. The transition from CC and CV mode is programmed
to occur with the achievement of a predetermined voltage level of the load bank. Ideally,
the converter initiates with constant current mode, during which both the voltage and
current sensors are actively monitored. When the load bank reaches the predetermined
voltage level, CV mode occurs where the voltage sensor is monitored. If the voltage
level drops below that threshold, CC mode re-activates to maintain the charge capacity of
the battery.
4.1.2 Buck Mode Controllers

Closed loop controllers are designed to maintain system stability during constant
current and constant voltage mode. For the purpose of this converter, a proportional
integral (PI) controller is appropriate for functionality. Several methods can be used to
design the controller such as modeling and calculations, and trial and error. Although
trial and error is the easiest method, the process can potentially be time consuming
without a good starting point. In contrast, modeling and calculation method can produce

accurate and precise controllers. However, these results may require further tuning for
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actual experimentations. Thus, the selected method for this converter is to first analyze
the frequency response of the system in open loop mode, then select pole(s) and zero(s)
in appropriate locations by trial and error to produce a stable system. Simplis is the
software selected to simulate the frequency response of the system, the schematics in this

software is shown in Figure 4.2.
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Fig. 4.2: Simplis buck mode schematics
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Fig. 4.3: Simplis buck mode simulation results
The simulations result in the bode plots of the system is shown in Figure 4.3. The
data from the Bode plots is then imported to MATLAB Sisotool to create a controller for
the stability of the system in closed loop. Figure 4.4 shows the same data from Figure 4.3

opened in Sisotool.
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Fig. 4.4: Sisotool for buck mode in open loop
As shown in Figure 4.4, there is no bandwidth or phase margin because the gain is
under 0 decibels (dB). The figure also shows a gain margin of 32.3 dB. The goal for a
stable system calls for the gain margin to be at least 10 dB, phase margin that is at least
60°, and bandwidth equal to 2 kHz, an order of magnitude lower than the switching

frequency, which is 20 kHz. Figure 4.5 shows the Bode plot with the controller.
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Fig. 4.5: Sisotool for buck mode with controller
As indicated in Figure 4.5, with the inclusion of the controller, the phase margin
is now 83°, gain margin is 12.8 dB, and crossover frequency is equal to 1.91 kHz
indicating a stable system with appropriate bandwidth. Sisotool gives out the PI
controller transfer function which is produced in PSIM to verify good stability.
However, this set of data is trivial since they change when tuning the PI controller in

actual experimental applications, and thus not included.

4.1.3 Buck Mode Simulations
To verify the functionality of the battery charging system in buck mode,

simulations in PSIM are analyzed. Figure 4.6 shows the schematics of the bi-directional
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dc/dc converter in buck mode, where non-ideal parameters (leakage inductance, etc) are

included to model real experimental results.

Fig. 4.6: PSIM buck mode schematics

As shown in Figure 4.6, the switches on the low voltage side are off and are
represented by diodes. To better see the charging operations of the battery in simulations,
a large capacitor represents the output load instead of a resistor. The overall schematics
representing the system in Figure 4.6 are shown in Figure 4.1. The logic on the lower left
corner of Figure 4.1 is the logic that is used to switch between constant current and
current voltage mode. The gating logic circuits on the lower right of Figure 4.6 are used

to drive the gates with phase shift control. The two Pl controllers on the bottom of this
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same figure are the controllers for constant current and constant voltage mode. The PI
controllers are exactly the same, however, they may potentially be changed to be
compatible with the actual sensing circuitry. Figure 4.7 shows the simulations results of

the schematics shown in Figure 4.6.
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Fig. 4.7: PSIM buck mode simulation results

In Figure 4.7, the output voltage (Vlow), transformer current (I1(Lk)) and output
current (llow) are shown to demonstrate functionality. As the figure suggests, the
converter starts with constant current mode operations where the output current is kept
steady at 20 A (arbitrarily selected to be near full load current). The output voltage is
constantly increasing during this constant current period as the battery is charging. The
point at which the transition from constant current to constant voltage occurs is arbitrarily
selected to be about 39 V. As the results show, when the transition occurs the output
current starts to drop as the output voltage slowly rises to the set voltage reference.

From the transformer current graph, it is shown that the initial current spike is in a safe

operating region. The output current and transformer current becomes 0 when the battery
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is fully charged (here, modeled by the converter reaching voltage reference). The
simulation results suggest a functioning isolated bi-directional dc/dc converter in buck
mode for battery charging.

4.2 Boost Mode Implementations

The boost mode requires the start-up, transitional, and boost stages for
functionality. During start-up and transitional stage, the converter is functioning in open
loop with the gating signals programmed prior to experimentation. After the transitional
stage, the converter operates in closed loop boost operations. This section describes the
implementations of the simulation results for the three stages shown in Chapter 3.

To achieve soft switching for reducing switching losses, the clamping capacitor
must be resonant with the leakage inductance. However, since the clamping capacitor
can resonate with the main transformer leakage inductance or with the flyback
transformer leakage, the selection of the clamping capacitor must be with the worst case.
The resonant period must be longer than half of the switching frequency's period. The

equation below gives the equation for the clamping capacitor design:

c [ 1 1
= mMax
C = . . z . zr . . I o
16+ Ll"rrzns!arzkﬂgs EITE Jf; 16+ LF!_}'bﬂck!sﬁkﬂga W= Jﬂ'

]
The equations relates to the transformer (Lyansieakage) @nd the flyback transformer
(Liybackieakage), as Well as the switching frequency (fs). With both the flyback transformer

as well as the main transformer leakage considered, the clamping capacitor value with the

larger capacitance is selected.
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4.2.1Boost Mode Controller
When the converter enters regular boost mode, it operates in closed loop
operations. For this converter, like in buck mode, a PI controller is appropriate for stable

applications. Figure 4.8 shows the Simplis bode plots of the converter in boost mode.

40 - .r’i‘k
~ 20 —- —
= 3
I 0 Y o
20
A0
[47]
@ 100
@ 200 — - |
- 300 i/
™ 400 J
A
o

10 20 40 100 200 400 1k 2k 4k 10k 20k 40k 100k 400k 1M

freq / Hertz

Fig. 4.8: PSIM boost mode simulation results
Once again, the results are imported into sisotool for PI controller design. This
system is unique and thus the ideal phase margin, gain margin, and bandwidth is difficult
to achieve. Therefore, the ideal parameters are sacrifised and the phase margin is settled
to be 31°, gain margin equal to 10.9 dB, and bandwitch of 465 Hz, as shown in Figure

4.9.
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Fig. 4.10: Output voltage in closed loop
Although the system doesn't have the phase margin, gain margin, and bandwidth

that is ideal, the system is still stable for operations. Figure 4.10 shows the results of the
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output voltage in closed loop. Although the system appears stable,the controller must
later be tuned to work in real experimental applications, similar to buck mode operations.

The tuning and calibrations will be done with coding of the dsp controller.
4.3 Controller

The actual implementation of the closed loop controller as well as the gating
signals shown previously in PSIM is done digitally through the Texas Instruments
TMS320F28335 DSP chip. The voltage and current sensor chips are ACPL-C870 and LEM
LTSR-15NP respectively. The sensor chips gains are tuned while converting from analog to
digital converter (ADC) to communicate with the DSP chip. The gate driver chips are
Si8235 for the high side switches (Q5-Q8) for its shoot-through protection. Si8233 chips are
used for the low side switches (Qc, Q1-Q4), shoot-through protection is not available for this
driver to be compatible with the gating logic designed. The entire implementation is done
through coding in the easyDSP software. The coding includes the PI controllers, the gating
logic for the switching devices, and the gain of the sensors. Digitally programming the PI
controller is a lot easier to tune than its analog equivalent. Therefore, it is preferred to use the
DSP board with ADC rather than analog circuits. The sensing circuitry and gating control
connection in buck mode is shown in Figure 4.1. Here, the sensing includes the low side
voltage and current sensing to fulfill the battery charging characteristics. In boost mode, the
system is similar to that of buck mode, however only the voltage sensing is needed for high

side voltage.
4.4 Flyback and Main Transformer Design

A main portion of the power stage are the transformers, these are required to
properly transform the current and voltage from the high side and the low side of the
bridges. The flyback transformer is not used as often as it only operates during the start-
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up stage, and in the very beginning of the transitional stage of the boost mode operations.
However, the flyback transformer is significant for functioning as an inductor for regular
boost mode, buck mode, and most of the transitional stage operations.

4.4.1 Flyback Transformer Design

The flyback transformer is used to transform energy during the start-up of the
boost mode. Because this transformer's common use is to function as an inductor, the
side of the flyback transformer on the main power path must first be designed as an
appropriate inductor.

In order to create an output LC low pass filter for appropriate ripple current
during buck mode operations, the output bus capacitor is selected to be 20 puF and the
inductor 150 pH. Given ferrite cores, the max flux density (Bmax) is selected to be 0.2 T,
and fraction of core window area (Ku) of 0.5, and maximum current density (Jmax) 0f 150
Alcm?. With the equation below, core area multiplied by core window area (Ac*W,) can

be calculated:

From this equation, an appropriate core size (given the availability in the lab) is
the EE80 ferrite core. The current through the inductor is at 20.83 A at full load,
therefore, an appropriate wire (given availability in the lab) is the gauge 10 round litz
wires. On the secondary side of the flyback transformer, the current flow is brief and
reaches peak of just 5 A. Therefore, the appropriate wire (given availability in the lab) is
the gauge 16 round litz wire. The gauge 10 wire has 8 turns, and the gauge 16 wire has

about 70 turns to satisfy the turn ratio of 8.33. The constructed flyback transformer has
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magnetizing inductance of 150 pH and leakage inductance of 4 pH. When the flyback
transformer is operating as an inductor, the sum of the magnetizing and leakage
inductance equates to the inductance of the inductor. Figure 4.11 below shows the results

of this flyback transformer attached to a waveform generator [42].
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Fig. 4.11: Flyback transformer waveform
As Figure 4.11 shows, the frequency is much higher than the converter's operating
frequency of 20 kHz. The high switching frequency is chosen to reduce the voltage
spikes generated by the open load. The voltage levels are approximately the same, with
the blue curve slightly higher. The yellow curve is 10 V/div whereas the blue is 1 V/div,

therefore, the turn ratio is a little less than 10 which is near the goal of 8.33.
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4.4.2 Main Transformer Design

The main transformer is responsible for transforming the current and voltage from
the low and high sides of the bridges during all stages operations. With the low side
nominal voltage of 48 V and high side of 400 V, the current is about 20.83 A at the high
current side and about 2.5 A on the low current side. Similar to the flyback transformer
design, using ferrite cores, the Bmax is selected to be 0.2 T, and Ku of 0.5, and Jyax 0f 150
Alcm?. The duty cycle is selected to be 0.5, Vg is 48 V, switching frequency is 20 kHz,
and current is about 21 A. Using the equation below, the appropriate core size can be

designed:

From this equation, an appropriate core size (given the availability in the lab) is
the EEG5 core. Given the current parameters above, the high current side needs to handle
the same amount of current as the high current side of the flyback transformer.

Therefore, the high current side of the transformer is once again using the gauge 10 round
litz wire. The low current side has regular current flow, but the current is lower than the
low current side of the flyback transformer. The appropriate wire (given availability in
the lab) is the gauge 18 round litz wire. The gauge 10 wire has 6 turns, and the gauge 18
wire has 50 turns to satisfy the 8.33 turn ratio. The constructed transformer has the
magnetizing inductance of 140 uH and leakage inductance of 2 uH. Figure 4.12 shows

the results of this transformer [8].
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Fig. 4.12: main transformer waveform

As Figure 4.12 illustrates, the frequency is again much higher than the converter's
operating frequency to eliminate spikes caused by the open load. The waveforms are
nearly identical with the red curve a little larger. The blue curve is 10 times larger per
division; therefore, the turns ratio is slightly less than 10 which verifies the functionality

of the designed turn ratio as well as the transformer.
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CHAPTER 5: Experimental Results

5.1 Buck Mode Experimental Results
The buck mode experimental results for battery charging is difficult to capture on
the oscilloscope due to the slow charging and discharging characteristics of a battery or
large capacitor. Therefore, the simulation results shown in Figure 4.7 are used to verify
the functionality of the battery charging.
5.1.1 Buck Mode Zero Voltage Switching
In order to reduce switching losses, zero voltage switching (ZVS) is preferred for
high efficiency. ZVS is confirmed by measuring the gating signal Vgs as well as the
switch's Vps. ZVS is achieved if Vps falls to zero before Vs turns on the switch. Figure
5.1 shows the schematics of the buck mode operations with the measured switches

circled.
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Fig. 5.1: Buck mode schematics with tested switches for ZVS
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As Figure 5.1 shows, the bottom switch for both the leading and the lagging legs
(Q6 and Q8) are measured. The bottom switches are measured because non-isolated
voltage scopes are used for this experiment. Figures 5.2 and 5.3 below show Vps and

Vs for the two switches.
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Fig 5.2: Vps and Vs for leading leg bottom switch
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Fig. 5.3: Vps and Vgs for lagging leg bottom switch
As the Figures 5.2 and 5.3 show, the Vps (shown in green) reaches 0 before Vgs
(shown in blue) turns on, therefore, achieving ZVS.
5.1.2 Buck Mode Start-up
To verify that the active clamp also reduces the current spike in buck mode, the
transient characteristics are tested. From the simulation results in Figure 4.7, it is
concluded that the transient current and voltage spikes are insignificant. Figure 5.4

below shows the experimental results of the transient testing.
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Fig. 5.4: Buck mode transient testing
As Figure 5.4 shows, the current spike (shown in yellow) reaches a peak of about
70 A which is not detrimental to the switches. The voltage spike (shown in blue) is also
small and therefore, buck mode is safe for operation. The voltage spike is present
because the load used is a resistive load. However, if the output load is a large capacitor
or a battery, the voltage spike would be eliminated completely as the voltage would rise
slowly as the current is kept constant to charge the battery. The waveforms in Figure 5.4

show that the converter is operational during the transient of the buck mode operations.

55



5.1.3 Buck Mode Steady State

Figure 5.5 below shows the steady state operation of the converter in buck mode

at 100% load.
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Fig. 5.5: Buck mode steady state testing
As Figure 5.5 shows, the Vps of a main switch (in blue) is shown with the
transformer current (in yellow) and the bridge voltage of the low voltage side (in red).
The waveforms show a functional converter in buck mode.
With the steady state working with ZVS, the efficiency is measured and shown in

Figure 5.6 below.
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Fig. 5.6: Buck mode efficiency
The majority of the losses lay within the conduction loss because synchronous
rectification is not used. The equation of conduction loss for the diodes on the low side
is:
Poonduction = 2% 1 * Vegrorg
Here, the Vsowarg IS the forward voltage drop of the rectifying diodes. Typical
Vioward OF diodes are about 1.2V; however, the voltage drop increases exponentially as the
current flowing through it increases. The voltage drop is also lower if the temperature is
increased. Therefore, under low load, the Vsowarg iIs much lower compared to heavier
load. This explains why the efficiency of the converter in heavier load is lower than

lighter load due to the conduction losses.
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5.2 Boost Mode Experimental Results

The boost mode experiments include the start-up as well as for the steady state
results. Because the battery is variable between 45 V to 55 V with nominal of 48 V, all
three conditions are tested and verified for functionality.

5.2.1 Boost Mode Soft Switching

Similar with the ZVS switching in buck mode, soft switching is also attainable in
boost mode. Given the transformer leakages of 2 uH and 4 pH, the proper clamping
capacitor is selected to be 70 pF. The calculation for this capacitance can be found in
Chapter 4.2. The bridge voltage and current on the low side are analyzed for soft

switching. Figure 5.7 shows the schematics of where the scopes are measuring.
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Fig. 5.7: Boost mode soft switching testing schematics
As shown in Figure 5.7, the primary current (Ip) is measured along with the
voltage across the points of A and B. Figure 5.8 and 5.9 below show the waveform

results of the tested points in Figure 5.7
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In Figures 5.8 and 5.9, the bridge voltage is in red and the bridge current is in
green. As these Figures show, when the voltage goes from 0 to high, the current is
flowing in the negative direction. This indicates that the circuit is attaining zero current
switching (ZCS) for turn-on.

However, the figures acquired are not clear enough to verify ZVS, therefore, the
same technique used for buck mode are used for boost mode. Once again the bottom
switch of both the leading and lagging legs are measured (Q2 and Q4), the schematics for

the circuit tested are shown below in Figure 5.10.
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Fig. 5.10: Boost mode schematics with tested switches for ZVS

Figures 5.11 and 5.12 below show the Vps and Vs for the tested switches to

verify ZVS switching.
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Fig. 5.12: Vps and Vgs for lagging leg bottom switch
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As Figures 5.11 and 5.12 show, the Vps of the switches reaches 0 before the Vs
of the devices turn on, verifying that ZVS is achieved. With these figures, it can be
concluded that the converter is operating with soft switching achieving ZVS and ZCS
turn on.

5.2.2 Boost Mode Start-up

As discussed, the start-up is a huge problem for the full-bridge converter in boost
mode. The transitional stage to eliminate the current spike proposed in Chapter 3 is
tested for functionality.

As Figure 3.5 suggests, the clamping switch and capacitor have a voltage stress of
150V across it when the duty cycle reaches 0.5. Although achievable, the switches and
capacitor selected (with availability) are rated for 100 V. Therefore, additional
implementations must be included for the transitional stage to be operational with the
components selected. Because the voltage stress increases as the duty cycle approaches
0.5 during start-up mode (where the duty cycle of the clamping switch is approaching 0),
lower duty cycle corresponds to lower voltage stress. When the duty cycle reaches 0.35,
the voltage stress across the clamping switch is just under 100 V; therefore, a small jump
is made for the converter to go into the transitional stage when the duty cycle reaches
0.35 instead of 0.5. Because the jump of duty cycle is not significant, the original result
in Figure 3.3 (duty waveforms of switches) is not altered considerably. Figure 5.13 and
5.14 below show the simulations of the duty cycle, the transformer current, the output

voltage, and the voltage stress of the clamping switch for the converter in boost mode.
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Fig. 5.14: Output voltage vs. voltage stress vs. duty cycle of used start-up
As shown in Figures 5.13 and 5.14, the transitional stage occurs when the duty
cycle in the start-up reaches 0.35 instead of 0.5. The transformer current spike is actually
reduced slightly as compared to when the transitional stage occurred at 0.5 duty cycle.
This is because when the transitional switch occurs, the voltage stress of the clamping
switch is lower meaning there isn't as much voltage across the clamping capacitor when

the transitional stage occurs. However, the amount of current spike reduction is
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insignificant. Having the converter enter transitional stage sooner causes higher voltage
spike as the duty cycle jump creates a very fast voltage change. Therefore, it is not
necessarily better to have the transitional stage occur earlier. Since the voltage stress is
reduced significantly, the selected components can be used for experimentations.

Figure 5.15 below shows the experimental results of the converter during the

start-up, transitional, and boost stages with 48 V input.
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Fig. 5.15: Start-up testing for 48 V input
In Figure 5.15, the gating signals (blue) is used to trigger the scope for capturing,
the output voltage (red) transitions from start-up mode to transitional stage then to regular
boost mode. The current of the transformer (green) peaks at about 80 A as predicted

from the simulation results.
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Figure 5.16 and 5.17 shows the same start-up testing for 45 V and 55 V input

respectively.
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Fig. 5.16: Start-up testing for 45 V input
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Fig. 5.17: Start-up testing for 55 V input

As suggested in Figures 5.14 through 5.16, the current spike is under 100 A even
at the worst case of 55 V input. These experimental results show that by including the
transitional stage, it is much safer for the converter to transition from start-up mode to
boost mode as the current spike is significantly reduced. At nominal input voltage, the
current spike is reduced from the simulated 400 A (this result could not be verified as the
switching devices are destroyed in the process) to about 80 A, which is a considerably

lower current level for devices.
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5.2.3 Boost Mode Steady State

The steady state waveforms are shown below in Figure 5.18; here, the bridge

voltage (before the active switches), Vps for an arbitrary switch, and the transformer

current are shown.
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Fig. 5.18: Boost mode bridge voltage vs. transformer current vs. Vps
In Figure 5.18, the bridge voltage is in red, Vps is in blue, and the transformer

current is in yellow. Figure 5.19 shows the efficiency of this converter in boost mode

during steady state.
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Fig. 5.19: Boost mode efficiency
As Figure 5.19 shows, the efficiency is generally higher with higher load. This is
opposite of the buck mode operation because the conduction losses from the rectifying
diodes are significantly smaller with the lower current on the high voltage side.
Therefore, there is not significant of losses due to conduction at full load. However, extra

switching losses are introducted by the extra clamping switch which is not present during

buck mode operations.
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Fig. 5.20 Constructed bi-directional dc/dc converter

The overall converter is shown in Figure 5.20. Both the high side and the low

side printed circuit board (PCB) is less than 25 inches? in area.
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Fig. 5.21: Constructed bi-directional dc/dc converter in top view

Figure 5.21 shows the top view of the constructed bi-directional dc/dc converter
with a pen for comparison. As the Figure suggests, the complete converter does not take
a lot of space. The low voltage side board is a 4 layer PCB board and its area is larger
than the high voltage side board's as it needs more copper area to handle the high current.
Similarly, the transformer winding wires are thicker on the low voltage side for the same

purpose of current handling.
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Fig. 5.22: Test setup of bi-directional dc/dc converter

Figure 5.22 shows the overall setup during experimental testing of the bi-
directional converter. As the Figure suggests, oscilloscopes, power supplies, DSP board,
and multimeters are used to test and capture the functionality of this isolated bi-

directional dc/dc converter. The following table shows the components used for this

project.

Component Name Part Number

Qs, Q1-Q4 IPBO25N10N3

Q5-Q8 IKWA40N65F5

D APT30DQ100

Cc Electronic Concept 5MC29 (50uF, 20uF)
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CHAPTER 6: Conclusion

In conclusion, an isolated bi-directional dc/dc converter using the full-bridge with
active clamp topology and smooth transitioning is designed and tested in this thesis. The
bi-directional dc/dc converter is very commonly used for its usefulness in battery
charging and discharging. The start-up in boost mode has always been a problem for
full-bridge topology. However, the full-bridge topology is very useful for high power
applications and, thus, the start-up problem must be solved. Although a start-up solution
was proposed before, the transition from start-up to boost mode still presents a problem
with a large current spike from the fast discharge of the clamping capacitor. The
proposed transitional stage does not change the topology or the previous start-up and
boost stage. Instead, a transitional stage is included that requires nothing more but extra
gating logic which is be done very easily with the DSP board. This transitional stage
significantly reduces the current spike caused by the fast discharge of the clamping
capacitor by having a more gradual discharge while not interrupting the main power path
flow. Moreover, the transitional stage does not affect the steady state operations of the

originally designed bi-directional dc/dc converter.

6.1 Future Work

Although successful, there are some potential future work that can improve the
overall converter performance. The first suggestion for future work is to introduce
synchronous rectification to reduce conduction losses of the rectifying diode bridge.
Reducing the conduction losses will significantly increase the buck mode efficiency
during higher loads.
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Another action to improve the design is to change the packaging of the low
voltage switches (Qc, Q1-Q4). For availability, TO-263-7 MOSFETSs are used. These
MOSFETS are surface mount devices, therefore, extra copper area as well as a unique
heat sink attachment is introduced. The footprint (on the top layer) is connected to the
heat sink (clamped to the bottom of the board) with via-pads and thermal pads. Because
of the different heat sink attachment, the heat sink capability isn't nominal. Instead, TO-
220 or TO-247 through-hole packaging can be used as their main device area can be
attached directly to the heat sink. The clamping of the device area to the heat sink can
improve the heat transferring of the MOSFETs. TO-247 and TO-220 also have a larger
area, which means they allow more current. There are also have more types of MOSETSs
available in either of these packages than in the TO-263-7 package.

The last suggestion for improvements to the design is to redesign the main
transformer core to be more suitable for the developed prototype (48 V - 400 V). When
observing the converter through the thermal camera in buck mode, the items with the
highest temperature are the low voltage side switches (due to conduction losses) and the
main transformer core. This suggests that the transformer could be designed better for
the operating parameters. Redesigning the transformer was not an option due to time
restraints, but a better transformer can reduce core and winding losses and improve the
overall converter efficiency. Although still fully functional, these future work can

significantly improve the overall converter performance.
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