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SUMMARY

As research on renewable energy and the electrification of transportation
accelerates, high-power bi-directional dc/dc converters are increasingly required in
energy storage and PHEV/EV applications. In scaling the power levels of converters,
mitigating a converter system’s parasitic components is important to realize high
efficiency and high-power density. Hence, this dissertation proposes developing a
converter to use the converter system’s parasitic components effectively.

The objective of the research is to develop a cost-effective high-power bi-
directional dc/dc converter with low total-device ratings, reduced system parasitic effects,
and a wide input/output range. Additional objectives of the research are to develop a
small-signal model and control methods, and to present performance characterizations.

Device stresses in the proposed topology are controlled to maintain minimal
levels by varying the duty ratio and phase-shift angle between the primary and the
secondary bridges, which results in a low total-device rating, when compared to
conventional bi-directional dc/dc topologies.

In the proposed topology, soft switching, which reduces power loss, can be
realized under specific operating conditions. When the condition that causes minimal
device stress is satisfied, zero-voltage switching (ZVS) can be obtained. In the research,
ZVS capability is explored for a wide range of voltage conditions as well as for the
minimal device-stress condition. The performance characterization includes verifying the

soft-switching regions and power-loss estimation.

Xiii



Another part of the thesis is the controller design of the converter. Small-signal
models and feedback controllers are developed, and the controllers are experimentally
validated.

Because in the isolated high-frequency converters, transformer saturation is an
important issue, a method to prevent transformer saturation is proposed and

experimentally validated.
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CHAPTER 1

INTRODUCTION

Global-climate change and the depletion of fossil-fuel reserves are driving society’s
quest for a sustainable-energy infrastructure. Currently, societal interest seems to point in
two directions. The first is to use existing energy infrastructure intelligently and
efficiently. The second is to develop renewable-energy sources and integrate them into
the existing energy infrastructure.

The past decade has seen a tremendous increase in renewable energy and the
transit-electrification research. In both of these fields, power electronics is a key
technology in linking energy sources to various loads and power systems. For example,
many renewable energy and plug-in-hybrid/electric vehicles (PHEV/EV) require energy-
storage systems in which dc/dc converters with bi-directional power-flow capability are
essential components.

As there was little need for bi-directional high-power conversions in the past,
most of the existing dc/dc converters are targeted at uni-directional and low (or medium)
power applications. The growth of PHEV/EVs, renewable energy, and energy-storage
applications is expected to accelerate the need for high power bi-directional dc/dc
converters.

Currently envisioned for high-power bi-directional dc/dc converters are the
following applications:

® Utility-scale energy storage
® DC grid with various energy sources

® Electric or plug-in-hybrid electric vehicle (EV/PHEV)



@® Back-to-back ac/dc/dc/ac systems
Figure 1.1 shows a possible architecture of a PHEV-drive train. The arrows in
Figure 1.1show the directions of the power flow. The energy-storage battery is charged
and discharged depending on the drive train’s power demand. In this architecture, the bi-

directional dc/dc converter controls the direction and the magnitude of the power flow.

Bidirectional power flow
> -+

A

Vbatter

Bidirectional
dc/dc
converter

Inverter

]'—Jl.—-il.—:ll.

Charger

rl_—ll-lA

Plug

Figure 1.1. A dc/dc converter applied in a PHEV.

The bi-directional dc/dc converter controls the power to charge and discharge the
battery. The output voltage of the battery charger can be converted to the Vpaery by the
bi-directional dc/dc converter during the charging mode. When the battery is loaded, the
bi-directional converter can supply power to the motor through the inverter, as shown in
Figure 1.1.

Another possible application of a high-power bi-directional dc/dc converter is for

the energy-storage system [1, 2] in a utility level, as shown in Figure 1.2. In the energy-



storage system in a utility scale, high-power density is a benefit derived from the usage of
the isolated bi-directional dc/dc converter. Because the isolated bi-directional dc/dc
converter is operated at a high-switching frequency, the volume of the isolation
transformer can be reduced in comparison with that of a transformer designed for 60 Hz

excitation.

Energy storage AC grid
(battery)
Vdc

1:N
ﬂz e[| e [Joone

High—frequency transformer

60Hz transformer
1:N

DC/AC

Figure 1.2. Energy-storage systems in a utility scale.
(a)With a bi-directional dc/dc converter,
(b) Without a bi-directional dc/dc converter.

Figure 1.2(b) shows an energy-storage system using a dc/ac inverter and an
isolation transformer. In this architecture, the design of the isolation transformer is based
on the line frequency of 60 Hz, which requires a large volume of the magnetic core.

Another application of a bi-directional dc/dc converter is for the dc grid with
various energy sources. When multiple dc sources are connected to a bus, the bus voltage
can experience large variations from variations in load power. A battery and a fuel cell

are examples in which the bus voltage varies within a wide range.



Another possible application of bi-directional dc/dc converters is back-to-back
ac/dc/dc/ac conversion using a bi-directional dc/dc converter and inverter/rectifier. An
electronic transformer [2] was proposed using the back-to-back system.

The design of high-power dc/dc converters has several requirements, including
high-power density, high efficiency, and low total-device rating, which is related to the
manufacturing cost. The ratings of the switching devices and the capacitors make up a
large portion of the manufacturing cost of the power converters. For this reason, the
rating of the switching device should be considered in the design and selection of the
power-converter topology.

As a general requirement for high-power dc/dc converters, the performance of the
converter must meet the various conditions of the targeted applications. If the converter is
to be used in energy-storage applications, the converter is expected to operate under wide
variations in input and output conditions. The terminal voltage of the energy storage has
large variations that depend on the load conditions. Another important issue in a high-
power converter is how to deal with converter’s parasitics. The converter’s parasitic
elements significantly influence the performance of high-power converters. The parasitic
inductances generally cause many problems, limiting the power levels and efficiency.

The primary contribution of this thesis is that it develops a high-power bi-
directional dc/dc converter (Dual-Active Bridge Buck-Boost (DAB®) converter) with
controlled device stresses for a wide input/output range.

The second contribution of the thesis is its characterization of the proposed

converter. The thesis analyzes soft-switching capability, and develops parametric loss



estimation for the converter. Through these characterizations, the benefits that can be
obtained in the DAB® concept are justified.

The third contribution of the thesis is a small-signal model of the topology. The
DAB? converter can be controlled by two separate variables such as the duty ratio and the
phase-shift angle. The transfer functions from the small-signal models are derived and
analyzed in stability.

The fourth contribution in the thesis is development of the control method. The
basic function of the controller for the proposed converter is to regulate the voltage
outputs. With the basic controller, a method which prevents dc currents in the transformer
is developed because the dc saturation of the isolation transformer is often observed in
the dual-active switching mode. Finally, experiments are conducted to validate the
proposed converter with feedback controllers which regulate the output voltages.
Experiments are also performed to validate the method to prevent dc current in the
transformer. The implementation of the digital-control algorithm is based on an FPGA
(Field-Programmable-Gate Array), which is used to realize the low propagation delays in

the control loop.



CHAPTER 2

BI-DIRECTIONAL HIGH-POWER DC/DC CONVERTERS

2.1. Introduction

In the design of high-power bi-directional dc/dc converters, the main trade-offs
are between the power density and the power efficiency. Since the 1970s, the power
density of the power-electronic converters has rapidly increased, owing to the
advancement of the power-semiconductor technology. With the more advanced power
semiconductors, a high(er)-switching frequency has been realized for switch-mode
power-electronic converters. Hence, the volumes of the magnetic devices can be
decreased.

In general, switch-mode dc/dc converters are composed of switching devices,
magnetic components (inductors and transformers), capacitors, and heat-dissipation
components, etc. Increasing the switching frequency can reduce the geometric
dimensions of a magnetic component, such as an inductor and a transformer. However,
operation of the power converter in a higher-switching frequency causes a higher-
switching loss (lower power efficiency) in hard-switching conditions and may increase
the volumes of heat-dissipation components.

Since a bi-directional dc/dc converter is a combination of two uni-directional
dc/dc topologies, a discussion of the origin of problems can start with the uni-directional
high-power dc/dc topologies. In the late 1970s, a high-power resonant-dc/dc converter
was introduced for a traction motor by [3], as shown in Figure 2.1. In general, resonant-

dc/dc converters have a very low-switching loss at a high-switching frequency since they



use zero-voltage (ZVS) and zero-current switching (ZCS) techniques. As a result, the
volume of heat sinks and magnetic cores can be reduced in resonant dc/dc topologies,
thereby reducing the manufacturing cost and increasing the power density. Furthermore,

the transformer’s leakage inductance (Lieakage) Was effectively utilized in series-resonant

converters (SRC).
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Figure 2.1. A simplified twin-bridge series-resonant converter presented in [3].

The main disadvantage of a series-resonant converter (SRC) is that the resonance
between an inductor (L,) and a capacitor (C;) can cause very high-peak currents, resulting

in high total-device ratings (TDR). The definition of a total-device rating (TDR) given by
Equation (1) is the sum of the ratings of each device. In Equation (1), V"**¥, I”** and P,

denotes the peak voltage, the peak current of each device and the output power,

respectively.

2{Ll(vipeak><I§:\eak)

Stotal (TDR) =

(P.U.) where, P,= output power (W) (1)



In general, the output power of an SRC topology can be controlled by varying the
switching frequency or the duty ratio. For wide input/output ranges, the converter should
be operated in a wide range of switching frequencies, which requires a complicated

optimization in the circuit design.

2.2. Literature Survey

In the resonant-converter topology in Section 2.1, high-power density is achieved
by increasing the switching frequency. Despite the benefits of high-power density, the
major limitation of this topology is the high total-device ratings as resonant currents flow
in the devices, and these resonant currents are responsible for the high conduction losses.
Against the limitations of resonant topologies, the next generation of power converters
was introduced [4-6]. These had low total-device ratings (TDR). After the resonant-dc/dc
topology for high-power applications, full-bridge converters and a Dual-Active Bridge

converter (DAB converter) were developed.

2.2.1. Full-bridge converters

Full-bridge topologies are introduced for uni-directional applications, and are
widely used due to their reliability, simple structures and high efficiency. Many
variations [4-9] of the full-bridge topologies have been introduced. Generally, full-bridge
topologies are divided into two types — the voltage-fed and current-fed, as shown in
Figure 2.2. The current-fed topology is composed of an H-bridge, a filter inductor and
auxiliary circuits such as active/passive-clamp circuits to deal with high-voltage stresses
on the source side. A diode bridge and a filter capacitor are located on the load side, and

an isolation transformer is located between the H-bridge and the diode bridge.
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Figure 2.2. Schematic of full-bridge converters.

Ideally, a full-bridge dc/dc topology should present low total-device ratings
(TDRs) because a square-wave voltage drives an ideal transformer to power the load.
However, the leakage inductance of the transformer increases device ratings. The leakage
inductance of the isolation transformer causes high-voltage stresses across the switching
devices because of the mismatch between the energy in the leakage inductance of the
transformer and the filter inductor. For this reason, the current-fed full bridge converter

requires auxiliary circuits such as active-or passive-clamp circuits to mitigate the voltage



stress. Furthermore, the active-clamp circuit also causes high-current peaks, a problem
discussed in Section 2.2.2. A further impact of the leakage inductance is that it decreases
the power throughput from the source to the load. Hence, more winding turns are
required to transfer the rated load power. Hence, the current level on the source side
increases, and the conduction loss on the source side increases as well.

Reverse-recovery currents, parasitic capacitances of diodes and parasitic
inductances in the power stage cause EMI problems. Hence, clamping circuits are

required to reduce the EMI effects.

2.2.2. Converters using dual H-bridges

Since the introduction of the Dual-Active Bridge (DAB) converter [4, 10], many
authors have proposed the DAB topology for many high-power applications [1, 2, 11-14]
such as automotive and energy-storage systems.

In the DAB converter, the leakage inductance (L), which is shown in Figure 2.3
(@), is used as a main power-transfer element. Figure 2.3 (b) represents the simplified
equivalent circuit of the DAB converter, which is described by the leakage inductance
and two ac-voltage sources. The phase-shift between the two ac-voltage sources drives
the current and power to the load. The ac-voltage sources can be generated by the
modulation of the gating signals of two H-bridges. DAB offers a “minimal” topology,
using two semiconductor bridges, two dc-side capacitors and an isolation transformer, as
shown in Figure 2.3. Major parasitic elements of the system such as the leakage
inductances of the isolation transformer, and the parasitic capacitances of the switching

devices, are purposely used in the power transfer and in the switching transitions,
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respectively. The parasitic elements (Ls and C,, i=1,2,...,8) make quasi-resonant
transitions during the switch-turn-on and-off, which mitigates voltage spikes across the

switching devices.
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Figure 2.3. Dual-Active Bridge (DAB) converter.

System control is affected by switching both bridges in a square-wave mode,
thereby realizing the power-flow control by varying the phase angle between the two

sguare waves, as shown in Figure 2.4. The power equation is given by

_Nv;Vv,

TtwLg

Po (—0? + @) where, w=2xfs. (2)
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Figure 2.4. Important waveforms of DAB converter.
(a) Voltage waveforms V4, (b) Voltage waveforms NV,
(c) Transformer current.

In Equation (2), the output power is a function of the phase-shift angle (@), the
source voltage (V1=V;), the output voltage (V) and the turn-ratio (N), the switching
frequency (fs), and the leakage inductance (Ls).

Under ideal operating conditions (i.e., when the input and reflected-output
voltages are equal), the current stresses in the devices are minimized, as the transformer

current has a flat top. In the ideal case, assuming sufficiently small-leakage inductance,
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the minimum total-device rating (TDR) would be 8xP, (P, is the output power), as would
be the case for an ideal voltage-source full-bridge dc/dc converter. Under more realistic
conditions ( i.e. when the input or output voltage varies over a wider range), the current
stresses, and hence, the device ratings for the DAB converter, become very high. High-
current stresses both increase the device losses dramatically and reduce the efficiency of
the converter in such applications. As most applications will have some level of dc-bus
variation, this has been a significant limitation of the DAB topology. Figure 2.4 shows
the transformer voltage and current waveforms in Bridge 1 and Bridge 2. When V; does
not equal NV, the slope of the transformer current becomes high as shown in Figure

2.4(c). The slope of the current on the primary side during @ < 6 < m — @ depends on

% = —(Vl_SXVZ). As the difference, V1-NV; becomes larger, the slope, % becomes higher

for a constant value of L.

Modulation of switching signals has been proposed in [11, 15] to limit the level of
peak currents in the DAB topology. The current and voltage waveforms of the isolation
transformer are illustrated in Figure 2.5 under the conditions, Vi>NV, and Vi< NV,
respectively. In the modulation schemes, the switching modulation generates positive and
negative slopes either in trapezoidal or triangular waveforms. The objective of the
modulation schemes is to limit the peak value of the transformer current when V; does
not equal NV,. Despite these schemes, the slope of the current depends on the voltage
difference, V1-NV,, resulting in high-peak currents when applied to wide input/output
voltage applications. As shown in Figure 2.5 (a) and (b), transformer currents reset to
zero when zero voltage interval is applied to V\,’, which enables switching at the zero

current levels in Bridge 2. However, a triangular modulation is available only when
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V1>>NV, is satisfied. Furthermore, these schemes require the computation of duty
cycles, based on the output power, so that the computation complexity increases when

compared with the conventional DAB and full- bridge converters.
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I ltrd
| <" 1A N
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Figure 2.5. Key waveforms of modulation schemes (V2’=NV,)
(a) Trapezoidal method, (b) Triangular method

The ZVS range is extended in [16] for a wider range of input/output voltages in

comparison with that of the original DAB converter. When V; is significantly larger than
NVy, the large % of the transformer current can cause I or I, in Figure 2.4 to become

negative in the original-DAB converter. In this condition, ZVS is not available and
results in high-switching loss. Modulating the switching signals can extend the ZVS
region, as shown in Figure 2.6. However, when this topology is applied to a wide-

input/output range, the slope of the current can be high.
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Figure 2.6. Extending ZVS region by switching-modulation schemes.

As a bi-directional power-flow is required in many applications, the uni-
directional full-bridge topologies have been modified as shown in Figure 2.7. The
topology has been introduced for an energy-storage application for fuel-cell systems [8,
17]. The uni-directional full-bridges, shown in Figure 2.2, are modified to achieve a bi-
directional power flow. When the power flows from Vsto R, it is denoted as being in
“boost mode”. When the power flows in the opposite direction, it is denoted as being in

“buck mode”.
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(b) Gating signals (g1-g4,2.), top-node voltage in Bridge 1, filter-inductor(Ly)
current and transformer-current waveform.

Figure 2.7. Bi-directional full-bridge converter.

In the boost mode, only the active switches in Bridge 1 are gated, while only anti-
parallel diodes are used to rectify ac waveforms in Bridge 2. The operation of the

converter is same as the actively-clamped current-fed full-bridge converter. The topology
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looks similar to the proposed topology in the thesis. The main difference is that this
topology in Figure 2.7 has single ended excitations. Switch S; and a capacitor C.
composes an active clamper to mitigate the high-voltage spikes across the switching
devices.

Figure 2.7 also shows important waveforms of the boost operation. The
transformer current essentially has high peaks and resets to zero. The slope of the
transformer current depends on the leakage inductance of the transformer, duty ratio,
“D”, and the voltage difference between the clamp-capacitor voltage, V. and the output

voltage, Vo’ (=NXV,). The peak current value, Iy peak Can be represented by Equation (3).

V=NV,
|tr_peak = (ec-NVo) Lo ) (D x TS) (3)

Ideally, V. and NV, should be the same; however, when a diode bridge is used,
the leakage inductance decreases the power throughput, which makes the voltage across
the leakage inductance (=V.-NV,) a non-zero value. The peak current can become high,
depending on Ls and the voltage difference, V. -NV,. This high peak current increases
total-device rating (TDR).

In the past [18, 19], some variants have been introduced, using dual H-bridges and
a duty-cycle control. In such topologies, some variants of clamp circuits (RCD or
resonant) are used to increase efficiency; however, a larger number of devices are
needed, which introduced higher costs and volumes. When high power and current
applications are considered for wide input/output ranges, the topology in [18] has high

conduction losses which are caused by high-circulation currents in the transformer. The
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circulating current decreases the efficiency of the converter, which is the main

disadvantage of this topology.

2.2.3. Dual-Active Half Bridge converters

A half-bridge topology is widely used for its low total-device ratings and
reliability. However, the original half-bridge topology has limitations in the magnitude of
the device currents when the source voltage varies widely.

Some authors have modified a half-bridge topology to obtain a bi-directional
capability and to reduce current stresses over wide-input/output conditions. Among the
modified topologies, the modified Dual-Active-Half Bridge (M-DAB) topology in Figure
2.8 seems to be a possible topology for high-power applications, since it effectively uses
the parasitic components and has low a total-device rating for a wide source-voltage

range.
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Figure 2.8. Schematic of the M-DAB topology.

The device ratings of this topology, which are estimated for the 50% duty ratio,

are reported to be quite low from the literature in [20]. However, the authors did not

18



discuss the availability for high-power applications with wide input/output ranges. In
[21], the topology was experimentally proven to have low device ratings for wide
operating ranges.

In Figure 2.8, V; represents a voltage source that has wide variations. V,
represents the dc-bus voltage, which is maintained at a relatively constant value. VVoltage
levels across the capacitors (C;-C,4) are defined as Vi-Vy, respectively. During the time
interval, DXTs in Figure 2.9, the gating signal of the switch, S,, is in the “on” state. The

relationship between the source voltage Vs and Vg; (=V1+V,) is given by (4).

Vs

o= Ve =itV (4)

During the operation of the converter, the duty ratio, D, controls the source-to-Vg;
ratio, while the phase-shift angle (@) between Bridge 1 and Bridge 2 controls the power
to the output load. Figure 2.9 shows ideal waveforms of the M-DAB converter. It is seen
that when the conditions V;=NV3 and V,=NV, are satisfied, the current waveform is
“flat-topped,” resulting in minimal-current stresses. Tracking this condition by using a
control strategy is the main objective, which presents low total-device ratings. Equations
(5)-(7) show the transformer current peaks in the steady state and the power equation
when the “flat top” condition is maintained. The power equation indicates that the output
power can be regulated by controlling the phase-shift angle,@, and the duty cycle, D,
which, is controlled like a boost converter to maintain the voltage, Vg;, at the desired

value.
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Where,

Ls = series ac inductance including the leakage inductance (H)
w= 2tf (rad/sec)

fs = switching frequency (H,)

V= source voltage (V).

The phase-shift angle is controlled to transfer the required output power. In other
words, the output voltage is controlled with the phase-shift angle. As the voltage (V)
changes over the desired range (ex. 2:1), the duty cycle is varied to maintain a constant
voltage, Vg1 = NV,. Again, the phase-shift angle is varied to maintain the output voltage.
The advantage of this topology is the low total-device rating (TDR) when compared to
the TDR of the DAB topology. The main disadvantage of this topology is the very high
current ratings (Arwms) of dc-energy-storage capacitors. This characteristic is inherent in a
half-bridge topology.

Figure 2.10 (a) shows the current waveforms of the switching devices and the

capacitors of Bridge 1. Figure 2.10 (b) illustrates the device currents (lss, lss4, lc3, lcs) OF
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Bridge 2 indicating that the RMS values of the capacitor currents seem to be high. Using
the waveforms in Figure 2.10 and Equation (7), the current-ripple ratings of the

capacitors can be derived analytically, and the results are listed in Appendix A.
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Figure 2.9. Important waveforms of the M-DAB converter.
(a) Voltage in the primary side (Vr1),
(b) Voltage in the secondary side, (Vy),
(c) Transformer current.
The main advantage of the M-DAB converter is that it provides flat-top
transformer currents for wide input/output ranges. When the TDR of M-DAB is

compared with that of DAB, the difference is significant. A comparison of the TDRs is

presented in
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Table 1 indicates that the M-DAB topology shows a very small TDR when

compared to that of the DAB, ideal PWM full-bridge, and bi-directional full-bridge

topologies. An ideal PWM full-bridge has 8 p.u. of the TDR as an ideal value. However,

the bi-directional configuration using this topology requires two converters. Hence, the

resulting TDR will be a total of 16 (p.u.). Furthermore, the parasitic component, such as

the leakage inductance, increases the device ratings. The bi-directional full-bridge

topology has 26 p.u. as a total-device rating, which is obtained from the simulation. Since

the leakage inductance of the transformer causes high-current peaks, this topology has a

higher total-device rating than the M-DAB topology. As discussed, the M-DAB topology

has disadvantages in the current-ripple ratings of the dc-energy-storage capacitors. This

value is so large that it limits the use of this topology for high-power applications.
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Figure 2.10. Current waveforms of switching devices and capacitors.
(a) current waveforms in Bridge 1, (b) current waveforms in Bridge 2.
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Table 1. Comparison of topologies in total-device ratings.
(Vin = 300-600 and P, = 20kW, Ppase=Po.)

Ideal PWM voltage Bi-directional
DAB source full-bridge M-DAB full-bridge
TDR 44 p.u. 16 p.u. 21.6 p.u. 26 p.u.

2.3. Chapter Summary

This chapter has presented a literature survey on high-power bi-directional dc/dc
topologies. The challenges identified in high-power bi-directional dc/dc converters
include efficiency, power density, and device ratings.

In resonant topologies, operation at a high frequency is possible with zero-voltage
and zero-current switching. Hence, converter design at a high-power density is possible
in resonant converters; however, a high total-device rating is a main disadvantage. For
high-power applications, the full-bridge, Dual-Active Bridge, and modified Dual-Active
Half Bridge converters are presented in the literature survey. Each topology has problems
to be resolved.

In summary, the full-bridge converter has problems related to the system’s
parasitic elements. The Dual-Active Bridge converter has problems in total-device ratings
when the source or output voltages vary widely. Although the modified Dual-Active Half
Bridge (M-DAB) topology was shown to result in lower total-device ratings for wide
voltage ranges, its ratings for dc-energy-storage capacitors are high. These limitations of
the conventional topologies require that a novel concept be developed for high-power

applications.
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CHAPTER 3

DUAL-ACTIVE BRIDGE BUCK-BOOST CONVERTER

3.1. Introduction

Given the attractive attributes of the DAB converter, there have been several
attempts [12, 15, 20, 22-25] with DAB and half-bridge converters to achieve low device
stresses. One example is the M-DAB converter [20], which uses four active switches and
four dc-energy-storage capacitors, using the duty-cycle and the phase-angle control to
achieve a bi-directional power flow as well as controlled current stresses.

Other attempts to achieve low-current stresses or extend the ranges of zero-
voltage switching, have used switching-signal modulations [12, 15, 25]. However, these
efforts still seem to have only a limited effect. Among bi-directional full-bridge
topologies, a modified full-bridge converter [17, 18] adopts the dual-active switching but
has only duty-ratio control, which results in soft commutation of the primary switches
and ZVS in a voltage-source bridge. However, this topology does not use a phase-shift
angle as a control variable, which results in high-RMS currents during the shoot-through
interval. Another drawback of the modified full-bridge converter is that the peak-current
stress is not controllable for wide-load ranges.

This chapter proposes a Dual-Active Bridge Buck-Boost (DAB®) converter, which
achieves minimum-current stresses for a wide input-voltage range, thus realizing
minimum TDR. The proposed converter achieves bi-directional power-flow capability by

using both the phase-shift angle between two active bridges (H-bridges) and the duty-
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cycle control. In the proposed converter, system-parasitic components are effectively

utilized, which makes the topology suitable for high-power applications.

3.2.  Principle of Operation

The schematic of the DAB? converter is shown in Figure 3.1. The topology is
similar to the bi-directional full-bridge topology; however, significant differences will be
derived from the dual-active switching and the unique-control objectives that enable the

control of the device stresses in the topology.

L Bridge 1 Bridge 2

Ds[Ss Ds [Se
L L

S7; Des | Se

DlL DL

Figure 3.1. Dual-Active Bridge Buck-Boost (DAB®) converter.

The topology in Figure 3.1 has two H-bridges (Bridge 1 and Bridge 2) along with
an active-clamp circuit, which consists of a switch (S¢) and a capacitor (C;). An input-
filter inductor (Ly) is used in the topology to boost the source voltage (Vs). A major-
control objective is to have the voltage across the clamp capacitor (V) follow the
(primary referred) output voltage NxV, (with an N:1 isolation transformer) by adjusting

the duty ratio (D) and the phase-shift angle (@). The switches Scand D, the capacitor Ce,
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the filter inductor Lt and all the switching devices in Bridge 1, which operate between all
switches ON and two switches OFF, can function similarly to a boost converter.

The simplified circuits in Figure 3.2 explain how Bridge 1 operates during a
switching period. Bridge 1 has mainly three states, notated as (a), (b) and (c) in Figure
3.2. When all of the switches in Bridge 1 are set to the “on” state as in (a), the slope of
the filter-inductor current is positive, and the current increases. This interval is defined as
a shoot-through (SH) interval. When either set of switch devices between {S;, Sy, Sc} or
{Ss, S4, Sc} is “on,” as in (b) and (c), the slope of the filter-inductor current is negative,

and the current ramps down, supplying current to the load.
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(a) (S1,5,,53,S4) are ON state.
L.
Ls
Vs Ve Vi Vio
s _
(b) (S1,52,S¢) are ON state.
L+ - 3
Vs Ve Vi Vio
L _

() (S3,54,S.) are ON state.

Figure 3.2. Equivalent circuits for Bridge 1.
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By switching the H-bridge to three states, the voltage output of Bridge 1 converts
a dc source, Vg, into square ac waves. In Bridge 1, the role of the control signal is to vary
the duty ratio (D). During the duty interval, the non-zero part of the square wave is seen
in the terminal voltage (V1) of the transformer as shown in Figure 3.2. The switch set of
{S1, Sz, Sc} produces the voltage level Vi while the set of {Ss, S4, Sc} produces -V in the
transformer input. The set of {Sy, Sy, S, S4} produces the zero level of the voltage in the
transformer input.

Transformer-voltage waveforms are plotted against angle in units of radians in
Figure 3.3. The relationship between Vs and V. is given by Equation (8). V. is controlled
by the duty ratio (D) of Bridge 1. During the interval, §(= 2ntD), a clamp switch, S,

remains turned on.

Vs _
TG (8)

At the same time, the phase-shift angle (@) between Bridge land Bridge 2 is
varied to control the power flow between Bridge 1 and Bridge 2. The value of the duty
ratio (D) that is used for Bridge 2 is the same as the one used for Bridge 1. If the shoot-
through (SH) interval is defined in Bridge 1, a zero-voltage (ZV) interval is defined in
Bridge 2. In Figure 3.4, equivalent circuits are illustrated for the subintervals during the
switching frequency. During the ZV interval, only upper (Ss and Sg) or lower switching

devices (Sg and Sy) are in the “on” state.
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|
|
|
:IZ = ltransformer ((11-0)/2)
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V1<NV, Vo

V=NV, I3 = liransformer ((m+6)/2)

A

Itransfor er

(c)

—_——— -3 ——-—

0=wt

I1 = Itransformer (-(11:—6)/2+ ‘P)
_|l

Figure 3.3. Ideal transformer-voltages and -current waveforms.
(@) Vi1, (b) Vi2, (c) transformer current.

The control objective concerning the duty ratio (D) is to make an operating point
become “V; = NXV,” for a source voltage (Vs). If the condition, “V; = NXV,” is
maintained over an entire operating point, the transformer current can be controlled to
achieve low device stresses. As shown in the black-colored waveform of (c) in Figure
3.3, when the condition of V1= NXxV; is satisfied, the slope of the transformer becomes

zero and causes minimum device stress.
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Figure 3.4. Equivalent circuits in Bridge 2 for a switching period.
k=0,1,2,...

Piecewise-linear equations for the transformer current can be derived based on the

current waveforms. In the derivation, w = 2xfs is defined.

_ NV, m—3 foro, <6<06, (9
I(e)_st(e+ - ) I
V ) f 11
1(6) = 1 (e_ﬂ )+11 oro; <6 <06, (11)
wLg 2
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foro, <6 <06 (12)

1(9)=<V1_NV2)(9 m—8

- - I
wLg 2 (D) T

With the initial conditions, Iy, I, I3 can be obtained.

L=y =2 v (13)
17 2wLg ' 2wLg 2
(20 - 8) 8 (14)
=———2V, + ——NV,
L2 2wLg Lt 2wLg 2
8 20— 8 (15)
= NV.
I3 2wLg Vit 2wLg 2

When the condition, V1=NV,, is satisfied, I3, I, 13 becomes simple.

=0, 1, = [3= w‘is v, (16)
When the phase-shift angle (@) is greater than 85, the waveform of the transformer
current changes its shape. Hence, a new set of equations should be derived. In Figure 3.5,
transformer voltages and currents are illustrated for @ > 65. Equations (17)-(20) are

transformer equations when @ > 65.
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Figure 3.5. Ideal transformer-voltages and-current waveforms for a large phase-

shift angle, @ > 63 (= 2nD).
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With the initial conditions, lip, lop, l3n, 14p Can be obtained.

iy = 220V, 4 2NV, 1)
Ly = 2052 Vs + 20 NV, 22)
Lsp = 52 Vi + 2o NV, (23)
= o Vi + N, 24)

3.3. Characteristics of the DAB® Converter

The transformer current has been analytically modeled using linear equations as
shown in Equations (9)-(24). As can been seen in Figure 3.3 and Figure 3.5, the
transformer current changes its form when the phase-shift angle (@) reaches a critical
angle (@, = m-2nD). The change of the current equations indicates the change of the
output-power characteristics.

In Figure 3.6, output power is plotted for the control variables, D and @. The
phase-shifted voltages (V1,Vy2) across the leakage inductance (L) drive the transformer
current. Phase-shift angle, @, controls the direction and the magnitude of the power flow,

which is made possible through the active switching in both H-bridges.
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Figure 3.6. Plot of output power (P, (p.u.)) with the conditions V1= NV, (N=1).
D (duty ratio) = -, (0:0 <@ <m—2mD, ~:m—2mD <P <3).

1 (2 .
Po=Pin = — [, vr1(8) X i(6)d8 fore, <0 <8,
- V1XNV, (—Q)Z + 41TD®)de for0 < @ <m-2nD (25)
2mwLg

- VXNV, (_(@ _ 2)2 4+ T[:Z _ 21.[2 (D _ %)2) for n-2nD < Q) <m/2 (26)

TtwLg

The steady-state power equations in (25) and (26) show that the transferred output
power is a function of the duty cycle (D) and the phase-shift angle (@). By increasing the
phase angle, the output power increases until the phase angle reaches a boundary value
(m — 2mD), at which point the trajectory changes to a different equation; however, the
two equations, (25) and (26), are continuous in the boundary points. The output power is
monotonic with the phase-shift angle (@) and the duty cycle (D). This fact indicates that

the output power can be controlled using negative feedback.
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From Equations (25) and (26), the operating points which transfer the maximum

power from the input to the output can be obtained. The output power reaches a
maximum point when one of the conditions, Z—; =0or Z—; = 0, is satisfied, in which case

the following Equations (27)-(30) are obtained.
9p _ VaxNVy — for0< @ < m-2nD 27
aD 2mwLg (41T(Z)) =0 ( )

9p _VixNVa o 42 (p_ 1)y = - < I 28
oD Tm)LS(4T[ (D 2))_0 for m 21TD<®_2 (28)

9p _ VixNV, . _ for0<® < m—2nD 29
% = o (20 +41D) = 0 (29)
dp _ VixNVy [ _m\ _ form—2nD <@ < T (30)
0 molg ( Z(Q) 2))_0 2

From Equations (27) and (28), the maximum power can be transferred at D = 0.5.
In Equations (29) and (30), the phase angle @ gives the maximum output power at @ =

27D if @ is less than m-2mD. When @ is greater than m-2zD but less than g the

maximum power transfers at @ = =

>

Equations (13)-(26) can be used to estimate peak currents of the transformer for a
wide-power range. In the estimation, the conditions and parameters used are Ls= 8 uH
and fs= 35 kHz. Other parameters are normalized for given base units, V,= V3 and Zp =
2nwls. In Figure 3.7 and Figure 3.8, the maximum (peak) values of the transformer

currents are plotted. The minimum- peak current is obtained at d (= NV2/V;) = 1, which

is the flat-top condition.
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Figure 3.7.Peak-transformer current when D (duty ratio) = 0.4.
Vb: V1, Zb: 21'[(1)LS’ Pb = Vblb, LSZ 8 uH.
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Figure 3.8. Peak-transformer current when P,=1.2282 (P.U.).
Vb=V, Zp=2nwl, Ls=8 uH.

In Figure 3.9, the total-device rating is plotted for a wide range of clamp/output
voltages and wide duty-ratio ranges. Figure 3.9 indicates that at the flat-top condition

(d=1), the lowest total-device ratings are obtained in the DAB? concept.
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Figure 3.9. TDR for wide ranges of duty ratio (D) and d (=NV,/V1) when P, =P, =
10 kw.

3.4. Proof of Concept

The simulations of the DAB?® converter, shown in Figure 3.10, prove that the
transformer current can be controlled to have a flat top. The conditions and parameters in
the simulations are Vs= 900, 600 V, Ls=4 uH (a series ac inductor), L = 100 uH (a dc
filter inductor), fs= 20 kHz (the switching frequency), V,= 1000 V (the dc-link voltage in
Bridge 2), and P, = 100 kW (the load power). In both cases (Vs = 900 and 600 V), a
clamp-capacitor voltage, V., is controlled to track NV,.

A proof of concept was built and tested preliminarily with an output power of 180
W. The results are presented in Figure 3.11. The experimental circuit was operated at 40
kHz. A 100 uH filter inductor (Lf) was used, while the series inductance was kept at 8
uH. The turn ratio of the isolation transformer was 1:1. In Figure 3.11(a) and (b), the
pink-colored curve shows the measured current of the transformer in Bridge 1. The
green-and red-colored waveforms are the input-and output-terminal voltages of the

transformer (V1 and V,,), respectively. Figure 3.11(a) shows the plots when the source
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voltage, Vs equals 30 V, and Figure 3.11(b) shows the plots when the source voltage, Vs
equals 50 V. In both figures, the output voltages in blue have a constant value of 60 V.

The current waveforms in the transformer have flat tops in both cases.
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00+
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o L S
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< 004
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(a) (tO )Voa Vsa (mlddle) Vrla Vr29 (bOttom) Itransformer when Vs =900 V, Vo =1000 Va
Graph B
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(b) (top) V., Vs, (middle) V.1, V,,, (bottom) Lyanstormer When V=600 V, V,=1000 V.
Figure 3.10. Simulation results with P, = 100 kW.
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Figure 3.11. Experimental result with P, = 180 W.

3.5.  Comparison of Topologies

In this section, the DAB? converter is compared with conventional topologies over

several metrics, such as the total-device ratings (TDR), the capacitor-current ratings, the
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transformer ratings, and the number of devices, etc. Comparisons are based on analytical
equations with respect to the peak and RMS values of the device currents. The peak and
RMS values are used to obtain the TDR of the switching devices, the current-ripple
ratings (Arms) Of the capacitors, and the transformer ratings. For the comparison, the
conditions and parameters are selected: V= 900~600 V, Ls= 4 uH, Ly = 100 uH, Fg, =
20 kHz, V, =333 V, P, =100 kW, transformer turn ratio = 1000 : 333.

For the Dual-Active Bridge converter, analytical expressions of an output power
(Po) and peak-current points (I ; and I, as shown in Figure 3.12) are given in Equations

(31)-(33).

N, (31)
P, = — (—0° + nd)
v m, NV, T (32)
=g (0-3) oL @
33
L2 = m(mﬁ + NV, (20 — m)) (33)
where,

fs (H,) = the switching frequency with w= 2tf,

@ = the phase shift angle (in radian),

_ number of primary turns

" number of secondary turns
V1 = dc-link voltage in Bridge 1
V, = dc-link voltage in Bridge 2
In Table 2, the current stresses of the transformers are compared. The DAB
converter shows a very high current (1050 A) when the condition is Vs= 600 V, and V, =

333 V (Vi =900 V). The fact that the voltage difference, AV = V;-NV,, across the
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inductor (Ls=4 uH) is as large as 300 V over the time interval of 0.5x T - % X Ts causes

high current slopes in the DAB converter. Figure 3.12 (a) illustrates the transformer

current of the DAB topology when V1 is not equal to NxV,. Figure 3.12(a) also indicates

that the DAB topology can have the best performance when Vi = NV3.

(@)

(b)

(©)

ILi | Vi<NVy — — -
|transformer /\ . ,\LZ l\ . /\ V1—NV2
. V>NV, — - —
N
A\l
\' 0=wt
\

lo
|transformerT
-

O=wt
Vi is controlled to equal NDV,

|transformerT
-
0 0=wt
Vi (V¢) is controlled to equal NV, (V,)

Figure 3.12. Transformer current waveforms.
(a) DAB, (b) M-DAB, (c) DAB®.

Increasing L can decrease the slopes of the transformer currents; however, a

higher inductance, Lsrequires a higher magnitude of the phase-shift angle, which results

in an increase of RMS values of device currents. The peak currents of M-DAB and DAB?

are relatively low when the flat-top conditions are obtained, as illustrated in Figure

3.12(b) and (c), by controlling the duty ratio and the phase-shift angle. The DAB’
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converter has only 170.5 Amperes as the peak current of a device for the given condition

when the flat-top condition is satisfied (V.= 3XV, = 1000 V). Current stresses in the

switching devices of the M-DAB converter are calculated based on analytical derivations

in Appendix A. The peak-device current is calculated as 504 A on the primary (Bridge 1)

side. The data in Table 3 is used to calculate the TDR for each topology, which is shown

in Table 4. DAB® has an extremely low TDR in wide-input/output conditions when

compared with other topologies. The M-DAB converter has a lower TDR than the DAB

converter, but has a greater TDR than the DAB? topology.

Table 2.Comparison of transformer current stresses.
Ls=4 uH, Fy, =20 kHz, P, =100 kW.(considered only in Bridge 1.)

DAB(3:1 turn ratio)

M-DAB(3.6:1)

DAB(900:333)

V4(900~600 V) [ V(333 V)

V4(=900~600 V) [ V(333 V)

V,(900~600 V) [ V,(333V)

Amps | 170.5A (600V, D=0.3) 174A (600V, D=0.5) 1050A (600V, D=0.5)
111A (900V, D=0.45) 365A (900V, D=0.25) 113.16A(900V,D=0.5)
Table 3. Comparison of peak currents of switching devices.
DAB®(3:1 turn ratio) M-DAB(3.6:1) DAB(900:333)
V4(900~600 V), V(333 V) | V4(900~600 V), V(333 V) V4(900~600 V),
V(333 V)
Amps | Bridgel 170.5 A 504 A 1050 A
Bridge2 5115 A 1313 A 2837 A
Table 4. Comparison of total-device ratings (TDR) with P,=P,.
DAB®(3:1 turns ratio) M-DAB(3.6:1) DAB(900:333)
TDR V4(900~600 V), V(333 V) Vs(900~600 V), Vs(900~600 V),
V(333 V) V(333 V)
15P.U. 20.85 P.U. 75.6 P.U.

Table 5 shows the current-ripple ratings (Arms) of the capacitors which are used

in the topologies. The DAB?® converter requires a low rated (20 Agws) active-clamp

capacitor, and a high-rated (250 Arms) output capacitor (C,) in Bridge 2. The rating of

C,, which is high, is caused by the zero-voltage intervals during which the transformer
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current circulates. During this interval, power is not transferred from the source to the
load. The output capacitor (C,) supplies the current required for the load. The DAB
converter uses output/input-filter capacitors, which have low current ratings in the flat-
top conditions; however, when the difference between the input and output voltages
becomes large, the rating of an output capacitor should become very high. Table 5 also
shows that the M-DAB converter requires four energy-storage capacitors, which have

high-current ratings. This fact is the main limitation of the M-DAB topology.

Table 5. Comparison of capacitor-current ratings.

CONVERTER(capacitors), (turns ratio) RATING (Arwms)
DAB(C,/Cjy), (3:1) Very High
M-DAB (C4/C,/C3/Cy), (3.6:1) High55/200/250/569 Arms
DAB? (C./C,), (900:333) Low/High (20 Arms/250 Arwms)

In Table 6, transformer [KVA] ratings are estimated and compared between
DAB? and M-DAB topologies under the same conditions. The transformer [KVA] ratings

are defined in Equation (34).

Table 6. Comparison of transformer currents, voltages, and ratings.

DAB®(3:1 turn ratio) M-DAB(3.6:1 turn ratio)
V=900V V=600V V=900V V=600V
Ampere in RMS 106 131 204 172
Volt in RMS 948 774 520 600
[KVA]T 2.0134%P, 2.03%xP, 2.1253x%P, 2.0649%P,
1
[KVAJr =~ (Vrms_pri X Irms_pri + Vrms_sec X Irms_sec) (34)

The transformer rating of the DAB? topology is almost close to the rating of the
M-DAB topology. The transformer-current rating of the M-DAB topology is higher than

that of the DAB® topology; however, the energy-storage capacitors divide the output
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voltage. Hence, the transformer-voltage rating of the M-DAB topology is much smaller
than that of the DAB? topology.

Table 7 summarizes the number of components that are required. All of the DAB,
M-DAB, and DAB? converters use leakage or series inductance as an energy-transfer
element. The DAB® and M-DAB converters require a dc-filter inductor, which is used to
boost a voltage source (Vs), whereas the DAB converter does not require any dc-filter
inductor, which results in a minimal number of devices; however, extremely high

currents can be observed when the DAB converter is operated over a wide-input/output

range.
Table 7. Comparisons of required components.
DAB’® M-DAB DAB
Switching Devices 9 4 8
Capacitor 1/(2) 4/(2) (2)
Inductor { filter /(leakage)} 1/(1) 1/(1) (1)

In this section, the DAB® and M-DAB topologies have been compared with the
DAB topology. All three topologies use system parasitic components effectively. Both
M-DAB and DAB? have a reasonably low TDR. The DAB? topology has shown the main
advantages in the TDR (p.u.) and the RMS-current ratings of the capacitors (Arms) When

compared to the M-DAB converter for wide-input/output range conditions.

3.6. Chapter Summary

This chapter proposes a converter concept (the DAB® converter) which has
controlled device stresses. In the converter, the parasitic elements such as the leakage

inductance and parasitic capacitors are effectively used. The leakage inductance is used
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to transfer the power. Hence, the converter has very reduced-voltage stresses during the
switching transitions. The full-bridge converters require additional circuits such as active-
or passive-clamp circuits to deal with the high-voltage stresses that are caused by the
system’s parasitic elements.

The benefit of the DAB® concept is low total-device ratings. In the DAB? topology,
the capacitor voltage (V.) in the active-clamp circuit is regulated by the duty-cycle
control. The load power or voltage (V,) is controlled by the phase-shift angle (@(t))
between Bridgel and Bridge 2. The controller for the clamp-capacitor voltage, V. can be
set so that V. can track to NV,. At this operating point, the minimum device rating can be
obtained.

Finally in this chapter, the DAB® converter is compared with the conventional
topologies. Through this comparison, the DAB? topology is seen to have advantages in

total-device ratings, capacitor ratings, and transformer ratings.
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CHAPTER 4

PERFORMANCE CHARACTERIZATION

4.1. Introduction

In the previous chapter, the device-current stresses in the DAB® converter were
shown to be minimized for a wide operating range. This chapter describes another benefit
of the DAB® concept. Maintaining the condition, V. = NV,, achieves not only the
minimum total-device rating (TDR), but also zero-voltage switching (ZVS), which
reduces switching loss. Sometimes the condition “V. = NV,” may not be available;
however, ZVS is available in non flat-top but in limited conditions with the DAB?
switching strategy. Hence, the ZVS operating region needs to be analyzed. The slope of
the transformer current is determined by the voltage levels of the clamp and output
capacitors, C. and C, respectively. Hence, ZVS depends on the voltage conditions of the
capacitors across the leakage inductance of the transformer. This chapter examines and
specifies the conditions for ZVS.

This chapter also discusses power-loss estimation. The power loss in the converter
originates mainly from the switching devices, the magnetic devices, and the parasitic
resistances of the capacitor banks. Based on simulation results, the minimum switching
loss occurs under the flat-top condition. This simulation result supports operation under
the flat-top condition. Finally, this chapter analyzes the total power loss for the minimum

loss designs and estimates the resulting volumes of the devices.

45



4.2. Zero-Voltage Switching of the DAB® Converter

Figure 4.1 illustrates the ideal current and voltage waveforms of the switching
devices when the flat-top condition (V1 = NV,) is achieved. In Bridge 1, the current
(lctlamp) N the active-clamp circuit starts to flow in the anti-parallel diode (D) and
reverses its direction to flow through the IGBT device (Sc). When current starts to flow
through the IGBT device, the voltage level across the device is zero if the threshold
voltage is neglected. Hence, the turn-on loss for ZVS can be neglected. This process is
called zero-voltage switching (ZVS).

ZVS is also available in other switching devices, as well as in Bridges 1 and 2.
Over limited operating conditions, all of the switching devices in Bridge 2 can be turned
on under ZVS conditions. When V1 is not equal to NV,, some of the switching devices
may not realize ZVS. However, low-switching loss can be obtained if V. and V, are
carefully controlled. Figure 4.2 illustrates the current waveforms of the isolation
transformer and the switching devices in Bridge 2 in boost mode, with power flowing
from Bridge 1 to Bridge 2. This shows that Sg and Sg can realize ZVS only when V; <
NV,. However, Ss and S; can realize ZVS over wider operating conditions. The ZVS
conditions for the switch devices Ss and S; can be analyzed with respect to the control
inputs ( D and @ ) and the voltage ratio (d= NV,/V3).

Figure 4.3 illustrates the current waveforms in buck mode, with power flowing
from Bridge 2 to Bridge 1. The current waveforms in buck mode are different than boost
mode. From Figure 4.2 and Figure 4.3, the ZVS conditions can be derived for the

switching devices. Table 8 summarizes the ZVS conditions for the switching devices.
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mode when V; = NxV; is satisfied.
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Figure 4.2. Transformer current and switch current waveforms of Bridge 2 in boost
mode under three conditions: V; less than, equal to, and greater than NV,
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Figure 4.3. Transformer and switch current waveforms of Bridge 2 in buck mode
under three conditions: V; less than, equal to, and greater than NV,.

Table 8. ZVS conditions for the switching devices.

Direction of Phase-angle S S S
power flow conditions 1234 57 08
0<0<0, =X (Is-l) <0 1,50 1,50
B, to B, I
0 =0, 5 X(Is-lLsp) <0 125>0 115>0
0<0<0, ~X(ls-15) <0 1,<0 15>0
B, to B; T
0= 0. 5 X(ILaw-1s) <0 ILap>0 IL3p>0
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In Figure 4.4, the ZVS regions of the output-power curve are shown for Bridge 1.

The blue points are in the hard-switching region whereas the red points are in the ZVS

region. The term d is the voltage ratio, d = % In the simulation, the power curves are

1

plotted for a duty ratio (D) of 0.4.

= | | | | |
0 10 20 30 40 50 60 70 80 90
Phase angle ( Degree)

Figure 4.4. Power plots as a function of @ for the switches in
Bridge 1, with red points in the ZVS region and
blue points in the hard-switching region.
0:0<@Pp<m—2mD, X:T—2nD < P < g), d = NVo/V4, Vp= V1, Zp = 21twL,
D=0.4.

All of the switching devices in Bridge 1 are guaranteed to turn on under ZVS if
the flat-top condition is satisfied (d=1). When d is not equal to 1, the slope of the
transformer current is not equal to zero, as illustrated in Figure 4.2. For the condition NV,
< V; (d <1), all switching devices in Bridge 1 can turn on under the ZVS conditions. On
the other hand, for the condition NV, > V; (d>1), the switching devices in Bridge 1 may
turn on under hard-switching. Here, the switching devices in Bridge 1 are represented by

S1-S4. Sc is neglected since S¢ has ZVS for 0.6 <d < 1.3 in boost mode.
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Figure 4.5 and Figure 4.6 show the ZVS regions for Bridge 2 with respect to the
power curves. In the figures, the ZVS region for Ss and Sy is larger than the ZVS region
for Sg and Sg. As shown in Figure 4.2, Ss and S; turn on with anti-parallel diodes when 1,

is greater than 0. On the other hand, Sg and Sg turn on in ZVS when |, is greater than 0.

| 1 | | |
0 10 20 30 40 50 60 70 80 90
Phase angle (Degree)

Figure 4.5. Power plots as a function of @ (degree) for switches Ss and S7, with red
points in the ZVS region and blue points in the hard-switching region.
(0:0< @ <m—2mD, x:m—2mwD < P <=),d=NVo/Vy, Vp= Vi, Zy= 2wl

Figure 4.7 and Figure 4.8 specify the ZVS regions of the devices able to realize
ZVS. In Figure 4.7, the ZVS regions of the switching devices are plotted on the plane
defined by output power and phase-shift angle. In Figure 4.8, the ZVS regions are plotted
on the plane defined by the voltage ratio (d=NV,/V;) and load current (l,). Region A is
the ZVS region common to all switching devices. To operate in region A, the DAB®

converter must operate with d equal to or slightly greater than one.
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Figure 4.6. Power plots as a function of @(degree) for switches Sg and Sg, with red
points in the ZVS region and blue points in the hard-switching region
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Figure 4.7. The ZVS regions of the DAB®converter (P, v.s. phase angle).

Region A: the ZVS region common to all of the switching devices.

Region B: the ZVS region for the switching devices in Bridge 1 and Ss and S-.
Region C: the ZVS region for switching devices Sz-Sg.

Region D: the ZVS region for Bridge 1.

(Blue:0 < @ <t —2mD, Red: m— 21D < @ < g), d = NVo/Vy, Vp= V4, Zy = 21wl
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region D

% 1 2 3 4 5

lo(p.u.)
Figure 4.8. The ZVS region of the DAB® converter. (d v.s. I,)
Region A: the ZVS region common for all of the switching devices.
Region B: the ZVS region for the switching devices in Bridge 1 and Ss and S-.
Region C: the ZVS region for switching devices Sz-Ss.
Region D: the ZVS region for Bridge 1
(Blue: 0 < @ < m—2mD, Red: m— 21D < @ < 7),d = NVo/Vy, V= Vy, Z,= 21wl

The completion of ZVS depends on the energy in the reactive components such as
inductors and capacitors. Figure 4.9 illustrates the voltages and currents in the switching
devices during the switching transitions. The completion of ZVS can be discussed with
the resonant pole in Figure 4.10. Figure 4.9(a) shows the waveforms for the completed
ZV'S, whereas Figure 4.9(b) shows the waveforms for the uncompleted ZVS. When a
switching device is under hard switching or uncompleted-ZVS conditions, power loss
increases due to the losses of the parasitic or snubber capacitors across the switching
device as shown in Figure 4.10. To ensure the completion of ZVS, the energy in the
inductor should be sufficient when compared to the energy in the capacitors. In switching
intervals, the current from the resonant pole, as shown in Figure 4.9, is calculated to be

Equation (35).
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dv,
[Ls=1p=2C— 2 (35)
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(a) Switching example where the energy in the series inductance is enough to
complete the natural ZVS.
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(b) Switching example where the energy in the series inductance is not enough to
complete the natural ZVS.

Figure 4.9. Switch voltage and current transitions.
(T1: interval for S; conducting, T,: dead time, Tj: interval for Ss conducting.)
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Figure 4.10. A resonant pole in Bridge 2,

The energy stored in the series inductor, E(L), is derived in Equation (36). The
minimum current required for natural ZVS is derived using Equations (36-38) and shown

in Equation (39).

E(Ly) = Lyl (36)

1 t1 V

3 Ls Thin= Jy Vi(OlLs(Ode = 2C, X 5 X Vg (37)
1 38

ILZ = ZwLS (T[Vl + NV2 (2@ - T[)) ( )

’ 39
|min:2\ﬁ—zx % ( )

Equation (39) shows that the snubber or parasitic capacitance of the switching
device, C,, is related to the minimum current, Imin which is required for the completion of

ZVS. If Inin is normalized by given base uints, Z,=wLs, and Vp=V=V3, the minimum
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required current in the leakage inductance to complete ZVS in Bridge 2 is given in

Equation (40).

Imin(p.U.)= ZZb\/% (40)

4.3. Parametric Loss Estimation

Since power-electronic converters consist of many non ideal components, power
loss occurs in each device. The losses result in heating which can endanger the system’s
safety and increase the system cost and volume. Hence, designing power converters
requires estimating power loss. The power losses are generally classified based on the
type of converter component. The main losses in power converters occur from
semiconductor switching devices. Power losses also occur in magnetic devices,
capacitors, and snubber circuits.

This section estimates the power losses and the volumes of the converter
components. The power loss of the devices depends on the operating conditions and
parameters, such as the operating frequency and the circuit parameters. The power loss
also depends on the design of the components such as volumes of devices and the length
of cables. Hence, the converter loss can be examined for various operating conditions and
parameters. Component designs for the estimation are based on the conditions in Table 9.

Table 9. Conditions used for the loss estimation. (N=1.5)
Vs V. | d(=NV,/Vy) Vo Transformer- Po R
turns ratio

210- [300V | 0.7~1.3 | V,=dV./N 3:2(=N:1) 10KW | (Vo)?/(Po).
270V
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4.3.1. Semiconductor-device loss

In semiconductor switching devices, power loss occurs both as conduction loss and
switching loss. The switching loss occurs during the turn-on and-off transitions, which
can have a duration of hundreds of nanoseconds to microseconds. The energy loss
depends on the voltage and current variations during the turn-on and-off transitions.
Since the voltage and current curves of a switching device are dependent on the gate-
driving signals, the switching-loss mechanism is generally considered together with the
gate-emitter voltage (Vge). Figure 4.11 illustrates the voltages and currents of an IGBT

device during the transitions.

1:off

Figure 4.11. Turn on and off transitions of IGBT devices.
(Left) Turn on, (Right) Turn off

The switching loss that occurs in the turn-on transition is represented as

1 fts+ton

el Ve (DI (t)dt. As shown in Figure 4.11, the turn-on transition of the switching

device is caused by the delay in charging the gate-collector and the gate-emitter
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capacitance in the switching process. Switching loss also occurs when the switching
device turns off. The illustration on the right of Figure 4.11 shows the turn-off transition
of an IGBT device. In the illustration, the slope of the current abruptly decreases during
falling time t; The falling time is required to discharge the gate-to-emitter capacitance to
a threshold value. Following the discharge of the gate-to-emitter capacitance, current still
flows during the tailing time, tw;, which is caused by a recombination of minority charges
in the n- region. The tailing currents cause high turn-off losses in the actual IGBT
devices. Reverse-recovery loss of an anti-parallel diode is also categorized as one of the
causes of power loss in the IGBT module. The reverse-recovery process is caused by a
recombination of excess carriers in the drift region, resulting in significant loss.

In the DAB? converter, ZVS is available for the turn-on transition of the switches,
whereas the turn-off loss cannot be avoided because of the current-tailing phenomenon
for the IGBT devices or reverse-recovery loss for the anti-parallel diodes. Hence, zero
turn-on loss is assumed for a soft turn-on of the IGBT device when the anti-parallel diode
conducts prior to the IGBT device. The IGBT turn-off is considered hard switching since
the snubber capacitors are neglected in the estimation. When d (= NV./V) does not equal
1, some of the switching devices may turn off with the reverse biasing of anti-parallel
diodes.

The classification of an event as a turn-on event or a turn-off event is based on the
polarity of the current when the semiconductor device is switching. For example, a
positive current in collector to emitter current (le) direction at the switching instant is
considered IGBT switching. A negative current at the switching instant is considered

diode switching. Generally, the manufacturers of power semiconductors provide the data

58



plots of the switching energy. For the loss estimation, the data from the FUJI
2MBI100TAO060A-50 are used. Figure 4.12 shows the turn-on and -off loss (Eon, and Eqf)
of the IGBT device and the reverse-recovery loss (E,) of the diode in the FUJI

2MBI100TA060A-50 module.

[ Inverter ]
Switching loss vs. Caollector curment (hyp.)
Vec=300V, VGE=+-15V, Rg=33ohm

Eon{125C)

/
Vot
Zam

- B ———1 Em{ 126C)

Switching loss : Eon, Eoff, Em | mJ/pulse |

1 Em{25C}

100 200

Collector current @ o [A]

Figure 4.12. Switching loss obtained with 300 V across the device in [26].

The switching loss can be calculated based on the currents and voltages at the
switching instant. The analytical values of the switch currents at the switching instant can
be derived by the analytical equations of the transformer and filter-inductor currents
given in Equations (9)-(24). Figure 4.13 presents the switching-loss estimation process.
The energy-loss data in Figure 4.12, is used to proportionally estimate the energy-loss
data at other voltage conditions (i.e. Eon at 200 V= 2/3E,, at 300 V). The extended
energy-loss data are used to estimate the switching loss at the operating condition of the

converter.
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Table 10 defines the types of switching loss for current polarities. When the turn-
on current is negative, the turn-on loss is neglected. When the turn-on current is positive,
the turn-on loss is a non-zero value obtained from the E,, data. When the turn-off current
IS positive, Eq data from Figure 4.12 are used. When the turn-off current is negative, E,

data in Figure 4.12 are used.

I (current)A Turn-off
4
V>NV, current ;'5
ol | . I
lsws E lswz ,'," t
Turn—on current
Current at Turn—-off—»| LOOk=up—table Switch turn—off
Switch turn—off — wer loss
Current at Turn-on —— » Loqk—up—table Switch turn-on
Voltage at Turn—on —»| Switch turn—on power loss
energy loss

Figure 4.13. Block diagram of the switching-loss estimation process.

Table 10. Definition of switching loss for current polarity.

At turn-on At turn-off
>0 Eon by hard switching Eot by hard switching
<0 ZV/'S (energy loss=0) E. by reverse biasing of diode

The conduction loss of the semiconductor device is also a significant factor in

semiconductor loss. The conduction loss of the IGBT device is caused by effective
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channel resistance. The channel resistance of the anti-parallel diode has different
characteristics from the IGBT’s. Hence, the parameters for both the IGBT and for the
anti-parallel diode should be obtained.

The parameters (Ron, Ve on) for the IGBT can be extracted from Figure 4.14,
while the parameters (Rp, V4 on) for the anti-parallel diode can be extracted from Figure
4.15. The non-linear curves can be approximated as piecewise-linear equations (41), (42)

on the operating point.

Vee = RonXice + Vce_on (41)

VE= RpXiec + Vg on (42)

Collector current ve. Collector-Emitter voltage

200 Ti=125C (typ.)

< 200
: / T
= S / D
— i e
B
3 /) / v
" /
E 100 .r'f/ /
8 ) //
]
e BV
=i
Dn 1 I 2 3 4 5

Collector - Emitter voltage - VCE [W]

Figure 4.14. Collector current vs. collector-emitter voltage in [26].
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Forward current vs. Forward on voltage (typ.)
200

T=128C__T=2C | |
— /
: /
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g Iy
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.z/’ i
e /
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O 1 2 3

Forward on woltage @ VF [V]

Figure 4.15. Forward current (Ig) vs. forward voltage (Vg) of the anti-parallel diode
in [26].

Figure 4.16 illustrates the conduction-loss switch model of an IGBT module. The
model uses ideal diodes and an ideal switch. Ideal diodes and switches selectively pass
currents so current flows only in the desired direction. Figure 4.17 illustrates a current
waveform flowing in the Ss-Ds IGBT module. When the switching device is turned on
under ZVS conditions, the current initially flow in the anti-parallel diode. As the
direction of the current is reversed, the current starts to flow in the IGBT device.

The conduction loss of the Ss-Ds IGBT module can be estimated by Equation
(43), which is derived using the conduction-loss switch model of the IGBT module. Since
the conduction-loss model consists of the voltage source and resistances, Equation (43) is

simplified using Equations (41) and (42) so conduction loss is based on RMS and average

currents.
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Figure 4.16. Conduction-loss model of an IGBT module.
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Figure 4.17. lllustration of the current in the Ss-Ds module of the DAB?® converter.

(n+1)Tg

Conduction loss in SgDs = T (ics (D)X Ve (1)) dt

s “nTg

5 b nTg+ty 5
= 1ec5_RMS X RD + _f |1ec5 (t)ldt + 1ceS_RMS X Ron
S /nTg+tg

(43)

VCe on nTS+tf .
4 Lo f [(iees (O]t
n

TS Ts+ty
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As shown in Chapter 3, the main advantage of maintaining flat-top currents in the
transformer is minimization of TDR. Another benefit of flat-top currents is low power
loss of the switching devices. Figure 4.18 shows the estimated switching and conduction

losses of the switching devices.

The power losses are plotted as a function of a normalized output voltage, d = %

1

As the value of d deviates from 1, the slope of the transformer current becomes high.
Hence, some of the switching devices experience ZVS, while other devices experience
hard-switching. When d equals 1, the slope of the transformer current is set to zero and
the converter has minimum-device stresses and switching loss in a ZVS condition

The snubber losses are not included in the switch-loss estimation because
switching devices are assumed to have no snubber capacitors. For values of d less than 1,
the switching devices of Sg and Sgturn-on with hard switching. For values of d greater
than 1, S; - S4 turn on with hard switching. Hence, in Figure 4.18, the slope of the
switching loss curve for d>1 is higher than the slope for d < 1. In summary, keeping the
condition, d=1, presents advantages with respect to both the power loss and the total-
device ratings.

In Figure 4.19 and Figure 4.20, the switching device losses are plotted as a
function of switching frequency, with the flat-top condition satisfied. The plot in Figure
4.19 is for the duty ratio D = 0.35, while the plot in Figure 4.20 is for D = 0.45. As the
switching frequency varies from 15 kHz to 45 kHz, the switching loss increases
proportionally to the frequency. Since, the conduction loss is independent of the
switching frequency, the total-semiconductor-device loss increases as the switching

frequency increases.
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Figure 4.18. Estimated power loss in the switching devices as a function of d, where
0 represents switching loss. A represents conduction loss, and * represents total-

semiconductor device loss. P,=10kW, D(duty ratio)=0.35, (d = %), switching
1
frequency (fs) = 35 kH, V=300 V, N = 1.5.

The power loss from the switching devices appears as heat. Heat-management
devices are generally used to ensure the temperatures of the power semiconductors are
below the maximum-temperature ratings. The power stage heatsink occupies a large
portion of the overall volume. Therefore, low semiconductor loss is required to reduce
volume. Figure 4.19 shows the estimated junction temperature between the
semiconductor module and the heatsink. A heatsink thermal resistance of 0.08°C/W with
forced convection is assumed for the estimation. The maximum temperature rating of
junction of the IGBT device is 150°C. In Figure 4.19, the estimated junction temperature
is less than 150°C for the given frequency ranges. Hence, a smaller heatsink may be used
for the optimal design. In this estimation, the volume of the heatsink which is used for the
estimation is 4.78 x 9.5 x 5.25 (inch®) (=3906.7 cm?®). Decreasing the switching

frequency can reduce the volume of the heatsink, but this would increase the volume of
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magnetic devices. Hence, there is a trade-off between the switching frequency and

volume of the power converter.

95 2 25 3 35 4 45
f(H2) x 10*
Figure 4.19. Estimated power loss and junction temperature of switching devices

when d = NV/V,, D =0.35, P,=10 kW, VV; =300 V,V,=200 VV, N = 1.5.
(upper) *: conduction loss, o:switching loss, [: total-semiconductor device loss ,
(lower) Estimated-junction temperature.

s 2 25 3 35 4 45
f(H2) x 10*

Figure 4.20. Estimated power loss and junction temperature of the switching devices
whend =NV/V, =1, D =0.45.
(upper) *: Conduction loss, 0: Switching loss, [J: total-semiconductor device loss,
(lower) Estimated junction temperature
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4.3.2. Power-loss estimation of the transformer

A coaxial high-frequency transformer has been proposed for high-frequency
power-electronic applications [27-29]. The coaxial transformer is known to have a
controllable leakage inductance, a uniform-leakage field, and high efficiency. In the
power loss estimation of the DAB® converter, the coaxial transformer is considered, and
is estimated in efficiency, and its volume is presented. Figure 4.21 shows the coaxial
transformer used for the estimation. The transformer is designed to have turns ratio of 3

to 2.

Ferrite core

(a) An axial view.

(b) A side view.

Figure 4.21. Coaxial transformer.
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The inner windings are realized by three turns of Litz wires. The outer windings
for the secondary side are built with copper tubes. The two turns are implemented by
splitting the copper tube into two segments. The magnetic core is made by stacking
multiple toroidal-ferrite cores to ensure the required cross-sectional area for the operating
flux density. The dimensions of the unit core, wire gauge, and dimensions of the copper
tube are predetermined in order to decrease the degrees of freedom in the estimation.
Table 11 shows the components that are used for the power loss and volume estimation

of the coaxial transformer.

Table 11. Components for the coaxial transformer.

Component Part information Manufacturer Description
Core material 44932TC (F-perm) Mag-Inc Toroidal ferrite
Inner winding N32-30E_+00003-0 New Engla_nd Wire Litz cable

Type 2 Litz Technologies
- Width = 1.57xskin
Outer winding | Copper tube depth
0.020" PFA JACKET TO
Insulation 1 0.213"+0.007"/-0.014" PFA
OD TRANSLUCENT
Insulation 2 Polyolefin, 7864K28 N/A Heat-shrink tube

In the power-loss estimation, the design of the transformer is changed to reflect the
effect of switching frequency. For a given switching frequency, multiple designs of the
transformer are performed for different values of the maximum-flux density (Bm). The
resulting designs have different volumes of the magnetic cores and different core losses.
The design which causes the minimum loss at a given frequency is finally chosen for the
estimation.

The power losses in the magnetic devices are generally explained by core and

copper losses. The core loss occurs in the magnetic-core materials, while the copper loss
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occurs in the winding conductors. The core loss is explained by hysteresis loss and eddy-
current loss.
In a B-H characteristic of a magnetic material, energy loss is represented as the

area inside the B-H loop, which is shown in Figure 4.22.

Flux Density
o

- 0 o H
Magnetizing Force

Figure 4.22. B-H characteristics of magnetic-core material.

Let’s consider a ferromagnetic core with coil windings, which is excited by an ac
source. To reverse the magnetic flux in a ferromagnetic material periodically, energy is
required in this process. A fraction of this energy is dissipated as heat, and the rest of the
energy is returned to the coil and to the ac source. The resulting power equation can be

simplified as shown in Equation (44).

I:)H = (f) (Aclm) fone cycle HdB (W) (44)
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where

Py: Hysteresis loss (W)

B: Magnetic-flux density (Tesla)
f: Operating frequency (H,)

A.: Cross sectional area (m)

Im: Length of the core (m).

Another cause of core loss is eddy-current loss. When an ac magnetic field flows
through a magnetic material, electrical-eddy currents flow in the magnetic material. The
illustration in Figure 4.23 shows how the eddy current flows in a magnetic material. Eddy
currents are induced to oppose the time-varying flux. The eddy currents and the
resistance of the magnetic material cause I°R loss. Hence, a core 10ss (Pere) includes both

hysteresis (Pn) and eddy-current 10ss (Peddy)-

Eddy current
Figure 4.23. Eddy currents in core material.
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Core manufacturers provide data sheets quantifying the core loss. Core loss can
also be expressed by the Steinmetz’s equation, shown in Equation (45). The parameters
of the equation can be fitted by the experimental-data plots of manufacturers. For the
estimation, Equation (45) is fitted to the core-loss curve of the F-perm material of Mag-

Inc., which is described in Appendix A.

Pte = Kre(AB)PA Ly, (W), (45)

where
AB: Ripple of magnetic flux density (T)
A.: Cross sectional area that is linked by flux (m?)
Ly Core length (m).
The transformer can be designed by Faraday’s law using square-wave excitation,
as described in Equation (46). From this equation, it can be known that By, A¢ and fs can
be free variables for fixed values of Vs and N. In the estimation, the transformer design

is optimized at each switching frequency by varying the free variables, B, and A,

parametrically.

Vims=4NBnAf (46)
where

N: Number of turns
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Bmn: Maximum value of magnetic-flux density (Tesla)
A Total cross-sectional area that is linked by flux (m?)

f: Operating frequency (H,).

Another loss factor in the magnetic device is copper loss. High-frequency currents
increase the ac resistance, since the current is redistributed by the skin and proximity
effects. Hence, the conductors in which high-frequency currents flow experience
significant copper losses. The current distribution in a copper tube can be derived from
Equations (47)-(50), which is known as Bessel’s differential equation of order of zero and
which has been previously solved for the coaxial transformer in [27, 28, 30]. In Equation
(47), J; is the current density in a cylindrical coordinate, and r is the radial distance from
the axis of symmetry.

For a copper tube split into N segments, the approximated solution for the power

loss is given in Equations (49) and (50).

d? 1d wp? 47
JZZ+—£—J'—“IZ=0 (47)
dr r dr p

o 20 (48)
J, = Cly |—e#| + DKo |— €2
o )
o r2m
e =5 [ [ 120 prasdrw/m] (49)
Iy 0
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Pave = 525 [(1iB? + oB)F1 (R) — (4BoByy/rire)F2 (R)]W/m]  (50)
0

N= Number of segments

r; = Tube inner radius, r,= Tube outer radius

_ (ro—r11) o_ - — p
R= 5 &= Skin depth= s

p=17%x10-7, u, = 4n X 1077, fs = Switching frequency (Hz)

B: = Holnet_i B. = Holnet_o
j == =92

1 o

2mr 271rg

Ihet i = Net RMS current enclosed by the circle at r;

Ihet 0 = Net RMS current enclosed by the circle at r,

sinh(2x)+sin (2x)
cosh(2x)—cos (2x)’

sinh(x)cos (x)+cosh (x)sin (x)
cosh(2x)—cos (2x)

Fi(x) =

F,(x) =

The minimum average power loss, Py in Equation (49) is found by solving —ag‘:e

= 0. The solution of the differential equation is found at R = g which results in the tube

thickness, (ro-ri)= 1.578. When the outer winding is realized by a single tube, the solution
shows that the power loss in the copper tube is determined by the thickness. Splitting the
tube into two segments does not change the field distribution. Therefore, the power loss
increases by N? (number of segments) times of the non-split structure, as shown in

Equation (50).
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The inner windings are implemented by Litz wires. The multiple strands of Litz
wires have a negligible impact on the proximity effect. When the current is uniformly
distributed in the cables, which have multiple strands, and the strands have a much
smaller diameter than skin depth, the current distribution is similar to the distribution in
dc currents. The dc-current distribution in the Litz wires will result in greatly reduced ac
resistance. The ac resistance of Litz wires is formulated in the manufacturer’s datasheet

[31]. Equation (51) describes the copper loss in the Litz wires.

Piiz = Rglc_litzlrms (51)

The power loss in the coaxial transformer has been described and formulated
through Equations (47)-(51). The loss estimation is based on these equations. The design
that gives the maximum efficiency was chosen for a switching frequency. The power

losses and volumes are given in Figure 4.24 over given frequency ranges.

S
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Ptransformer(W)
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Pwinding(W)
N
o
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20 2000 :
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9 10 T 1000 ’ \
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1 2 3 4 5 = 1 2 3 4

Fs(Hz) X 104 Fs(Hz) X 104

Figure 4.24. Winding losses, core losses, total transformer losses and volume vs.
switching frequency for a transformer designed for the minimum power loss.
(0) D=0.45, () D=0.35.
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As the switching frequency increases, the volume of the maximum-efficiency
design decreases as the length of the coaxial stack decreases. If the number of winding
turns is kept constant, the required winding length also decreases as the switching
frequency increases. While the estimation includes the skin and proximity effects, the
increased losses of high-frequency excitation are outweighed by the decreased losses due
to geometry changes. If the geometry of the transformer is fixed, the copper loss should
be monotonic to the operating frequency.

Since the core and copper losses will increase the temperature of the magnetic
components, more accurate designs should take into consideration thermal issues,
especially if volume-density maximization is to be accounted for. As the temperature
increases, the saturation level of the magnetic-flux density (Bsx) has a tendency to
decrease. Hence, the geometry should be changed, or the heat should be managed by

additional equipment. However, a heat analysis is not included.

4.3.3. Power loss of the dc inductor

The loss characteristics in the dc-filter inductor are similar to the loss
characteristics in transformer. Losses occur in the core and copper materials. The core
loss in the dc inductor is modeled in the same way as the coaxial transformer.

For the dc-inductor design, a ferrite core (EI type, PC40 material) manufactured by
TDK is assumed. The wire for the winding is N32-30E+00003-0 Type 2 Litz, which is
manufactured by New England Wire Technologies. Figure 4.25 shows the structure of the

dc inductor, which is used here for loss and volume estimations.
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The dc inductor requires high inductance with many winding turns. Since large
(Litz wires in AWGH#8) cables are required to meet the current ratings (30-40 A),
obtaining sufficient window area is difficult using commercially available products. To
reduce the degree of freedom, the geometry of the EI core (E1705019) is selected, and the
number of pieces of the core, winding turns, and switching frequency are set as free
variables. Furthermore, in this estimation, the dc-current ripple is set to have less than 30
% of the average current. 30 % of the inductor’s ripple current is obtained by Lf = 50 uH

when the source voltage (Vs) = 270 V.

El CORE
(PC40)

Litz wire

Figure 4.25. A dc-filter inductor.
From Equations (52) and (53), the required cross-sectional area is determined based on

the given inductance, voltage, operating frequency, duty ratio, and the ripple of flux

density.
Ly = Xhole (52)
g
_ Vv . . 2 53
A = NABED ( Cross sectional are : m9), (53)
where
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N= Number of winding turns

AB= ac flux density (Tesla)

fing = 2fs= operating frequency on the dc-filter inductor (H,)

D = Duty ratio

Iy = Air-gap length (m)

In the design, the maximum-flux density, which is represented as Bpyax = AB+
Baverage, Should not exceed the saturation level (Bsy = 0.4 T, PC40 core). At each
switching frequency (fs = 15k, 20k, 25k, 30k, 35k, 40k Hz), multiple designs were
performed, and the design which have minimal loss was searched parametrically.
Winding turns (N), cross-sectional areas, and switching frequencies were varied in the
design process. Since the core loss has nonlinear characteristics, as depicted in Equation
(45), the parameters for Steinmetz’ equation, Equation (45) should be fitted for each
frequency.

The dc-inductor losses and volumes are plotted in Figure 4.26. The operating
frequency of the dc inductor is double the switching frequency of the converter. As the
switching frequency increases, the volume of the core can be decreased to achieve
minimum losses. As the switching frequency increases, the total loss in the dc inductor

decreases.
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Figure 4.26. Winding loss, core loss, total dc inductor loss, and volume for a dc
inductor designed for the minimum loss.

4.3.4. Loss and volume of the power stage

The load voltage is filtered by dc capacitors. In the capacitor banks, power loss
occurs due to the equivalent-series resistance (ESR) of the electrolytic capacitors. In the
DAB? switching, the transformer voltage, V,, which is seen on the Bridge 2 side, is set to
zero to vary the duty ratio (D). During the time interval in which the level of V,; is zero,
the output capacitors supply the load currents. Hence, the output-filter capacitor (C,)
requires high RMS current-ripple ratings. Electrolytic capacitors can be used to realize
current requirements. The required current-ripple rating in the rated condition, which is
shown in Table 9, is estimated to be 33 Agrwms. Five electrolytic capacitors, which are
manufactured by Vishay 26222E3, are used in the estimation. The resulting capacitance
is 11mF. Maximum-power loss due to capacitor ESR is estimated to be 13 W. The
volume of the capacitor bank is 1742 cm?® (= 5x 348.4 cm®).

The power loss in the power stage occurs in the switching devices, transformers,
dc inductors, clamp capacitors, and capacitor banks. The system loss and the volume of

the power stage are estimated in Figure 4.27. As discussed in this chapter, semiconductor
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losses are dominant in the DAB?® converter. The second dominant cause is from
transformer loss. The loss from the DC inductor and the capacitor bank makes the rest of
the sources of a power loss.

The volume of the power stage is calculated based on the design for the minimal
power loss. However, the volume of some components, such as the heat sink, is not
optimized. Hence, the result cannot accurately show the impact of the switching
frequency on the volume. The heatsink used in the estimation is large enough to cover all
frequencies from 15 kHz to 45 kHz. Hence, the volume of the power stage, as shown in
Figure 4.27, decreases as the switching frequency increases. If the switching frequency

increases beyond 45 kHz, the heat sink, which is required, must have lower thermal

resistance.
800
=
2 600
ket H_/_/_{)ﬁ_/__——@/———*
P % P
$ 400 S S
g
2005 2 25 3 35 4 45
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G 8000 =
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Figure 4.27. Total-power loss and total volumes for a 10kW power stage.
(top) Power loss of magnetic devices, (bottom) volume vs. switching frequency in the
minimume-loss designs. (* is power loss with D=0.45, o is power loss with D=0.35.)
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4.4. Chapter Summary

Section 4.2 analyzed the conditions of ZVS using power-transfer plots. ZVS
occurs in limited regions. The ZVS region of switching devices, both in Bridge 1 and
Bridge 2, is a subset of the entire power-transfer region. In most of the regions, only a
fraction of the switching devices can be turned on under ZVS conditions. This means that
the condition, V.= NV, is required to be maintained over the operating conditions.

In Section 4.3, the power losses and volumes of the converter are estimated for
the selected components. With d = 1, the power loss in the switching device becomes
minimal. This result, along with the ZVS regions plotted in Section 4.3, allow us to
conclude that the DAB? converter should be operated at d = 1.

For future research, optimal design of the heatsink should be considered. If high
power density is required for automotive applications, the heat sink should be designed
based on an accurate understanding of semiconductor losses since the heat sink occupies
more volume than any other component. Also, magnetic components should be designed

in consideration of thermal properties if the power density optimization is pursued.
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CHAPTER 5

SMALL-SIGNAL MODEL

5.1. Introduction

In this chapter, a small-signal model of the DAB?® converter is developed. The
small-signal model presents information about the poles and zeros of the system at a
quiescent operating point. By converting the small-signal model from the time domain to
the frequency domain, the stability and dynamic characteristics can be analyzed.

Figure 5.1 shows an inductor-current waveform of a dc/dc converter operated
with PWM signals. The current waveform consists of a high-frequency component and a
low-frequency component, which are seen as the actual waveform and averaged
waveform in the figure. The objective of ac modeling is to predict the low-frequency

component.

Sawtooth signal

Control signal

D N

Actual waveform i%ﬁk % A/?g%:\ W\/

Averaged waveform
of ||_f

/

!
!
!
i

A
!
!
!
!
!
!
|

Figure 5.1. AC variations of the converter signals.
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Generally, a two-step procedure is required to develop the small-signal model
[32]. The first step is to develop state equations by averaging the state variables for a
switching cycle. Inductor currents and capacitor voltages are typically selected as state
variables. The next step is to linearize the state equations at a quiescent operating point.
Averaging over a switching period removes the high-frequency switching ripples. When
the moving-average method is applied to the state variables, such as the capacitor

voltages and inductor currents, Equations (54) and (55) are be obtained.

d<iL(O>rg _ 1 (t+Ts

L= =) V®dt = <vi(®) >r, &9
d<Vc(©)>r 1 t+Ts . :

CTT =5 I\ TR (Ddt = < i) >, (55)

As a first step, the state variables are averaged over a switching period. In
Equation (54), < i (t) >, denotes the average value of i (t) over a switching period Ts.
The integration of the state variable i, (t) produces the product of two quantities, the time-
varying current (Vy,(t)) and the time interval (dt). Hence, the output of Equation (54) is a
nonlinear quantity. Equation (55) maps V(t) to <V¢(t)>r, with the same procedure that
was used to generate Equation (54).

As a second step, the nonlinear quantities are linearized at an operating point
using Tailor-series expansion. Linear equations appropriate for small-signal modeling are
obtained by neglecting the dc, second-order and higher-order terms.

In this chapter, a small-signal model for the DAB?® converter is developed for the
boost and buck modes. In the boost mode, power flows from Bridge 1 to Bridge 2. In the

buck mode, power flows from Bridge 2 to Bridge 1. Since the system dynamics are
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different for each direction of power flow, small-signal models are derived for both the
boost and buck modes. Finally, the transfer functions are presented and analyzed in bode
plots.

5.2.  Small-Signal Model of Boost Mode

The DAB? converter has several reactive components as shown in Figure 5.2(a).
The power stage can be analyzed with respect to these reactive components using circuit
analysis.

Power transfer

Lt Bridge 1 Bridge 2

SiID;  S4|Ds Ds|Ss Dsg |Ss
sc |o. JQ1 4 L $L

-IK% + Ls N:1+
C <
v.O vl Yo Jeitrsv,

V. ==+Cc Sz | Ds S| D2 D7|S; Ds | Se
- JK} IKd bit Dl

(a) Schematic of the DAB® converter
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(b) Voltages and currents for the subintervals of (1)~(1V).
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Figure 5.2. DAB? converter and important waveforms in boost mode.
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The linear equations related to the reactive components are developed in terms of
the selected state variables, i ¢, V¢, iLs, and V, Figure 5.2(b) shows the ideal waveform of
the transformer voltages and current, and the equations for the transformer current are
derived in Section 3.2. For the subintervals from (I) to (IVV) shown in Figure 5.2(b), the

state equations are described in matrix forms (56)-(59).

di¢ - R, .
/ 3\ %20 0 0] )
| A7 B S SO e / L_f\ 56
(N | | - \ Vel ol o v (56)
| dILS | 0 O O L_ lLS 0 s
dt s
\dvo / 0 o —L _L|\h 0/
m i Co RC,
)
dt - 0 0 0 | . /1\
dve L¢ ILf Le
(1 i_tizlo 0 o0 0|Vc+0f|v (57)
| dius | 0 0 0 0 ips ko >
dt 1
) Lo oo NG
dt
dt L¢ L¢ i ; /1\
dv. 1 1 L '
(1) < = -= 0 |[v p (58)
dis | 7 i | ¥ Vs
S 0 — 0 0 Ls 0
dt Ls Vo 0
Lo / 0 0 0 —=—
dt RC,
dipf _Rs _1 0 0
(dt\ Lg L¢ i / \
dv, 1 1 L o
(Iv) R = 0| (v, Hy (59)
dlps | 0 1 0 _N iLs 0 s
dt Ls Ls \V/
dvo / o o X x| 0
dt L Co RC,-

The series-inductor current is(t) (=ly(t)) varies faster than the other state

variables. Therefore, i s(t) for the subintervals (I)-(IV) can be replaced by Equations (9)-
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(12) which consist of slow state variables, V. and V,. The resulting matrices are given in
Equations (60)-(63).

dig¢
dt

dv,
dt

v,

@) Ve+r| O J®  (60)

|
—_—
o or
iy
o O
[
o O
Juy
 —
’ .
o<n<§,
~__
+
=
<~
I
| [e)

o
o
I

() (62)

~
o o ek

<

+

|
SPII

J
U\ LR .
(D) (‘f"t) = oLf g g l($:)+ %)Vﬁ 8 lie(t) (61)
| |
|
J

(1) I/‘WC
\

Vs+ Ce | lu(t) (63)

In small-signal modeling, a moving-average method is conventionally used to
remove the high-frequency switching ripples. Using this method, state variables are
averaged from one switching cycle to the next. As a result, low-frequency variations are

modeled [32]. The resulting equations are represented with the state variables i s, V., and
Vo, and a line input, V.. In the derivation, the control inputs are defined as d(t) = %,

dy(t) = == regarding Figure 5.2.

The parameters used in the derivation are Ls, the parasitic resistance of the dc

inductor (Rs), load resistance (R), and the transformer’s turns-ratio (N) where N =
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primary winding turns

— . The averaged state equations over a half switching period
secondary winding truns

(Th=0.5Ts) are shown in (64)-(66) in matrix form.

d<lLf(t)>Th _ 2d(t) 0
d<ve \’ [ aw ] <D >r\ - (64)
<Ve(t)> 2d(t
¢ ™| =240 . 0 K[| <Ve®>r, |+| g |<Vs >,
d<Vo(t)>Th/ | 0 K —_1I <h® >Ty 0
dt l 2 RCOJ
K= (—2d(t)*dg(t)+d5(t))NTs (65)
= LsCc
K _2d(t)dg(t)NTs—d3(t)NTs (66)
2= CoLs

The state equations in matrix Equation (64) are nonlinear since the time-varying
state variables are multiplied by the duty ratio, d(t), which is also a time-varying quantity.
To linearize the equations, a first-order approximation is used. Conventionally,
perturbation and linearization methods are widely used for first-order approximation. To
construct a small-signal model at a quiescent operating point, the input, state, and control
variables are assumed to have dc terms in capital letters such as Vs and D, plus ac
variations in lower cases, such as¥¢(t), d(t). Hence, the averaged variables are
represented as
<Vs(t) >1,= Vs + U5(0), < Ve(O) >1,= Ve + 90, < V(D) >1,= Vo + 9 (D),
< ige(t) >p,= I + (D), <d()>r,= D +d(t), <dg(t) >1,= Dy + dg ().

In the linearization, dc terms, second-order terms, and higher-order terms are

neglected. The resulting small-signal models are represented in Equation (67)-(69).
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RS 2D _ZVC
[_L_f T ] (D) L
Lf 2If  2DgNT Vo) a(t) N

dipe(t)
dt
ave® | —

2D ~ s
dt a 0 K3 YC(t) * ( CcLs
dvo(t) -1 | \Vo (D) 2D¢NTch
4% (®) 0 K, o LLEL
dt RC, CoLsg
0 1
(ZDQ;NTSVO—ZDNTSVO) R »
+ CclLs dg(t) + 0 Vs(t) (67)
2DNTgVe _ 2DpNTgVe
CoLs CoLs 0
Ka= (-2DDgNTs) , (D3NTs) (68)
CcLs CcLs
1
Ki=g-- (2DDgNT; — D3NT;) (69)

Matrix Equations (67)-(69) can be organized in the form X = AX + BU as shown

in Equation (70).

R D
[-= ——= 0]
iLe(t) | o7 |
X=( 9.0 |, A=| C. 0 Ks |, B=[B1B; B3], (70)
9. (t _
o (D) [ —_— J
2RC,
-2V
o \ 0
2DgNTsV,—2DNTV,
By=| (G - 2TVey | g (T ) g,
CZD NT ; s 2DNTgVe _ 2DgNTgV
‘éoL: £ CoLs CoLs
= d(v
Bs=( ¢ | U= dy(®)
0 Vs(®
_ (—ZDDQ)NTS) (D(bNTS) _
Ks= CoL, oL , Ka= CoLs (2DD¢NT DQ)NT)

Conversion of matrix Equation (70) using Laplace transform presents the transfer

functions of the control input (d(t) or @(t)) to the state outputs (Vc(t) or Vy(t)). In the

following example, the transfer functions are obtained for the specified conditions and set
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of parameters. The parameters and conditions are C.= 3 mF, C, = 2 mF, Lt = 100 uH, Fy,
=35 kHz, Vs=160V, V=133V, N =23:2, and P, = 3 KW.

Figure 5.3 shows the transfer function from the control input (d(s)) to the output
(Vc(s)), denoted as Gy_q(s). All poles in Gy_q(s) are located in the left-half plane. At the
crossover frequency, the phase margin is also higher than -180 degrees. Hence, the
transfer function, Gy_q(s), is stable. In the transfer function, Gy_q(s), all zeros are located
in the left-half plane. In the DAB? topology, the operation of Bridge 1 looks similar to the
boost converter. However, there is no feed-forward path in the operation of Bridge 1.
This fact explains why there are no right-half plane (RHP) zeros in the system for boost
mode.
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Figure 5.3. Bode plot of the transfer function, T, _4(s).

Figure 5.4 shows the transfer function of phase angle (@) to the output voltage

(Vo), denoted as (Gyg(s)). The system is stable and has only LHP poles and zeros.
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Figure 5.4. Bode plot of the transfer function, Gyg(s).

5.3.  Small-Signal Model of Buck Mode

When the power flows from Bridge 2 to Bridge 1, the operation of the DAB?®
converter is defined as the buck mode. Because the power stage in the buck mode has
different dynamics from that in the boost mode, a separate small-signal model is
developed for the buck mode. As discussed in Section 5.2, the power transfer in the
DABS? converter is half-wave symmetric. Hence, the state equations over a half switching
period can be used as the small-signal model.

Equations (71)-(74) show the state equations for a half-switching period (0.5T5).

The state variable, i s represents the transformer current (Iy) in Bridge 1.

diLf R 1 _ 1
/?\ L L L¢ . 0
av 1 N Lf
(In) Id—tC N 0 > 0 v, [0 v (71)
L A I RN
dt [ c, RC,
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diLf
— R¢ 1 1
/ d%/tc\ |[_L_f L 0 _L_f]l i 0
(1) | ac {=|0 00 o[Vl [o]y (72)
|mm 10 0 0 0 iLs (N
dt 1 1
\% [ e 90 - Rcs| Y 0
dt
diLf
dt R 9 0 17 .. 0
dv, L¢ L¢ 1Lf
(I11s) at o 00 o0 |[Ve 0 (73)
dips | i T Vo
digs | 0 0 0 0 [|iw \L
dt 1 1 S
w ) lg 00 gl N
dt
diLf _R 1 9 17
/? Ly Lf L¢ . 0
IV el |- o X o |[( / \ 74
( b) I C_lt | — Cc Cc VC + g V. ( )
dis | 0o —-L1 o 0 Is Lo °
dt/ Lg 1A 0
Vs 1 0 0 —-t
dt [ ¢ RC.

Replacing the faster variable (i.s= ly) with the slow variables (V. and V,), the state

matrices in Equations (71)-(74) simplify to Equations (75)-(78).

dipf _R 1 _1
dt\ Le  Lf Lf—| ipf 0
5 d c 1 1

(Is”) d—"t =l-z 0 0 |<vc>+ —c | (® (75)
avs / EREN _LJ Vs 0
dt L Cs RCs
dirf - R 1
dcxl/t\ L 0 _Lf] Ipf 0

(1) =10 0 0 [{V|+(0]l® (76)
d%/ 1 —_1]\v 0
— L Cs RCg
dt
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2
(1’ m 0
EZ;/ z O
dt s
divg R 1
dt [ L¢ Lf
; dve | _ |_1
(IVp’) | dt) _I[ - 0
dvs L 9
\dt Cs

o oo

Q)

(77)

(78)

Using Equations (75)-(78), the averaged models are derived for a half-switching

period. Equations (79) and (80) represent a state matrix with variables averaged over a

half-switching period (T, = 0.5 T).

d<iLf()>Ty
dt L¢ L¢

d<VC(t)>Th _ _zd(t) 0
dt Cc

d<vg (t)>Th 1 0
dt Cs

Koz (2d()*dg()—d5 (t))NTs
5 LsCe

_1
Lfl

0

-1

RC

|

<ipe(t) >1,
< Vc(t) >Th +
< V() >1,

(

0
Ks
0

)<v0 >, (79

(80)

The small-signal model for the buck mode is obtained using perturbation and

linearization methods, as shown in Equation (81).
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diLe(t) [_% ZL_D _Li 2V,
dt £ Lf £ /1 ¢(t Le
090 | 2p | [iLe(D Le

< - V(D) |+ (— 2t 2lir | ZDoNTsVo, d(t) +

d95(0) / 1o, Vs(D) Cels

dt l Cs RCSJ 0
0 0

— —~ —_— 2 —~~

( ZD@NTSZOI:I-ZDNTSVO) A1) + 2DDgNTs—DZNT; 7.0 (81)
chs CcLs
0 0

Transfer functions of the power stage can be derived using the small-signal

model. The set of matrix Equations (82) can be organized in the form of X = AX + BU.

_R 20 _ 1
Ie(t) | Li L
X=|9® | A=|-2 0 0| B=[BiB;Bj, (82)
lCS 4 Rch
2V,
B —2DgNT VO+2DNT v
B.= (_@ ZDQ)NTSVC) . B 9 SCOL sVoy |
CC CCLS ((:)s
0 ~
° o
_[ zopgNTe-DINTS | || A
e e R GG
0 VA

Similar to the boost mode, the phase-shift angle (@(t)) and the duty ratio (d(t))
are the chosen control variables for the buck mode. Figure 5.5 shows the DAB? converter
in the buck mode. As shown in the figure, the clamp voltage (V) and output voltage (Vs)
are required to be regulated to achieve power transfer with a flat-top waveforms. If the

control scheme is made such that V. is controlled by @(t), and Vs is controlled by d(t),

then the transfer functions of G, _4(s) = ZCES; and Gy q(s) =

)
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Figure 5.5. DAB® converter in buck mode.

The bode plot of the transfer function, Gy g(s) is shown in Figure 5.6. The
magnitude decreases initially at -20dB/decade from a single low-frequency pole. At
approximately 200-300 Hz, a double pole and double zeros make a glitch. The phase
makes a high peak and settles to -90 degree. All poles are located in the left-half plane.
Hence, the system function is stable.

For the control of V(t), the transfer function of the control input (d(s)) to output

Vs(s), denoted as , Gy q(s) = ‘;S((SS)), is derived using only i ¢(t) and Vi(t) as state variables.

In the transfer function shown in Figure 5.7, complex double poles exist in the left-half

plane. The system is stable due to the positive phase margin at the crossover frequency.
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Bode Diagram
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Figure 5.6. Bode plot of the transfer function, G, 4(s) = dc—(s).
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5.4. Chapter Summary

In this chapter, small-signal models were developed for the DAB® converter
topology. The derivation of small-signal models proceeded averaging operation over the

switching period and then applying the perturbation, and linearization methods. Since the
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output power is half-wave symmetric, the state equations in the half period were used for
averaging state variables.

In the DAB® converter, the duty ratio and the phase-shift angle can be defined as
control variables since the output power and the clamp capacitor voltage (V.) are the
functions of duty ratio and phase-shift angle. Hence, the relations between the state and
control variables were analyzed.

From bode plot analyses, the transfer functions of the system are stable for both
boost and buck modes. In the next chapter, these transfer functions are used to design the
feedback controllers. The stability test of the converter is also performed by designed

controllers using the Saber simulator.
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CHAPTER 6

DESIGN OF CONTROLLERS AND EXPERIMENTAL REUSLTS

6.1. Introduction

The main task in the control of the DAB?® converter is to control device currents
by regulating the voltage levels of the clamp capacitor (V.) and the load voltage (V, or
Vs). In this chapter, the voltage controls are implemented using proportional-integral (PI)
controllers; however, the PI network is not responsible for all of the issues in the design
of the control for the DAB?® converter. The transformer-saturation problem also needs to
be addressed since dual-active switching with the control of the duty ratio and the phase-
shift angle causes dc currents in the transformer. Hence, one method to prevent dc
saturation of the high-frequency isolation transformer is proposed.

This chapter also focuses on the implementation of the controllers using FPGA
(Field-Programmable-Gate Arrays). The discretized Pl controls and other functional
blocks are designed in detail, in preparation for hardware implementation. The last
section provides experimental results. The experimental results show that device stresses

are controlled over a range of source voltage and loading conditions.

6.2. Controller Design in the Continuous-Time Domain

6.2.1. Overall control concepts

In Chapter 3, a minimum total-device rating was achieved by controlling the

clamp voltage (V) to NV,, where V, is the voltage level required by the load. The clamp
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voltage, V. is controlled by the duty ratio. The magnitude and direction of the power flow
is controlled by the phase-shift angle. The controller is first designed in the continuous-
time domain and analyzed using bode analysis. Then, the controllers will be discretized
for implementation in a digital control system.

Figure 6.1 illustrates a block diagram with the main controllers and functional
blocks. The block diagram has two loops T1(s) and Tx(s). T1(s) represents the control loop
in Bridge 1, which is realized with duty-ratio control. T(s) in Bridge 2 is realized with a
phase-shift angle control. In these control loops, H; and H, are sensor gains, V¢ and V;
are reference values, and C(s) and D(s) represent the compensators in T(s) and T(s)
respectively.

Ly

_'Pwlr Bridgel | |, Le Bridge2
pre— Hl GCI GS H2
ct |F + o
Vs il Vit Vo| G6 |9
Cql ©2 G7
G3 - - s
G4
{
Ta(S)
1
\/ SE883 300606
eq(t) d(t) State(t) phase O(t) e,(t)

4—| D(s) |-—

Figure 6.1. Block diagram of the control schemes for the DAB?® converter.

C(s) PWM . shifter

The switching in Bridge 1 is realized using the PWM (pulse-width modulation)
method. The compensator, C(s), in Ti(s) should be designed to ensure the system’s

stability and to decrease the steady-state errors. A state machine is used to generate
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switching signals based on the duty-ratio signal from the PWM units. The phase-shift
angle (@) and the state information (State (t)) generate the switching signals for Bridge 2.
The phase-shift angle is controlled by the compensator D(s) in T(s), which regulates V,
to match the reference value, V, . The gating signals in Bridge 2 ensure the waveform of

V2 has the same duty ratio (D) as V,; but is shifted by the phase angle (9).

6.2.2. Design of controllers

In this section, the compensators C(s) and D(s) are designed in the continuous-
time domain and in the next section, they will be mapped to discretized forms. The small-
signal models, which were derived in Chapter 5, are used to derive transfer functions
based on the operating conditions shown in Table 12. Since the clamp capacitor voltage
is regulated by adjusting the duty ratio, the relationship of the small-signal duty ratio (d)
to small-signal voltage output (¥.) is considered in the design. The transfer function,
Gy_a(s), which was defined and derived in Chapter 5, is the plant. The block diagram of

the clamp capacitor voltage regulator is shown in Figure 6.2.

Table 12. Conditions and parameters in the experimental unit.

component value component Value

Ly 50 uH R 20,10.3,7.70

Cc 6 mF Vs 155-120 V

Co 9 mF Ve 189 V

L( Lert+Ls2) 8 uH A 125V

Hi 1.5/189 N1:N» 3:2

H, 1.5/125
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From Figure 6.1 and Figure 6.2, the loop gain, T1(s), can be represented as T;(s) =
H1(S)C(S)Gved(S)/Vm. The loop gain, Ti(s) is analyzed in stability and dynamics of the

feedback system.

Compensator Pulse-width modulator

Vre e(t) y(®) d(s) Ve(s)
G )= co | W — | Guds) T

Hl(S) <

Sensor gain

Figure 6.2. Small-signal model of the voltage regulator for T(s).

A bode-plot is used to design and analyze the controllers. Figure 6.3 shows the
bode plot of the uncompensated loop gain, T1,(s), where C(s) = 1. The bode plot of T1,(s)
shows the phase margin of 20 degrees at the crossover frequency (f. =300 Hz). The
crossover frequency is low since a high capacitance (6 mF) is used for the clamp
capacitor. The clamp capacitor is implemented with electrolytic capacitors, which have
low current-ripple ratings. Hence, many capacitors are required to realize a sufficient
current rating.

To increase the phase margin at the crossover frequency and decrease the steady-
state error, the design uses a Pl regulator. When applied to a dc/dc converter, a Pl
regulator generally provides a large low-frequency loop gain and a well-regulated dc
output. The general form of the PI regulator is shown in Equation (83). G.. and wcan

be 0.29 and 100, respectively, and the phase margin and dc gains can be increased.
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C(s) = €. (1+—=2) (83)
S
Figure 6.4 shows the bode plot of the compensated loop gain. The phase margin and dc

gain are increased, while the crossover frequency is smaller than that of the

uncompensated loop gain.
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Figure 6.3. Bode plot of the uncompensated loop gain (T1(s) =H1(s)Gvcd(S)/ V).
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Figure 6.4. Bode plot of the compensated loop gain (T1(S) = Gvcea(S)C(S)H1(S)/Vim).

The output power is controlled with Ty(s). As depicted in Equations (25) and (26)
in Chapter 3, the load voltage (V,) or output power (P,) is a function of the phase-shift

angle (@) and the duty ratio (D). Since the duty ratio (D) of the system is calculated by
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the control loop Ti(s), the degree of freedom in designing the loop T,(s) decreases by
importing D from the loop of Ti(s). Hence, the phase-shift angle is calculated as the
output of the compensator D(s). The general form of D(s), when it is realized with a PlI

compensator, is shown in Equation (84).
D(s) = Doy (1 + ) (84)
S

Figure 6.5 illustrates the block diagram for the control of the load voltage (V,). In
this controller design, Gyg(s) is used as a plant transfer function. As described in Chapter
5, Gyg(s) is the transfer function of phase-shift angle (dg) to output voltage (¥,). The
compensator D(s) of T,(s) should be slower than C(s) of Ty(s), since a similar dynamic

response can cause coupling between T1(s) and T»(S).

Compensator Phase-shifter gain

Vore($) @ e(t) D(s) |y® Ko | ¢6) Gu(s) Vo(5=)

Hz(S) <

Sensor gain
Figure 6.5. Load voltage (V,) regulator small-signal model.
Figure 6.6 shows the bode plot of the uncompensated loop gain
(Tyz (s)=Ha(s) Gyg(s)Kgp). Tuz2(s) has a sufficient phase margin (>90 degree), and the
crossover frequency is 200Hz. In Figure 6.7, the compensated loop gain, T,(s), is plotted.

The plot indicates a high dc gain.
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Figure 6.8 shows the simulated results of controlled power stage operation. The
conditions of the simulation are Vs = 145~170 V, V¢ = 180 V, and V; = 125 V. The
controller regulates the voltages to follow the reference voltages. The transformer
currents are controlled to ensure low device stresses. Figure 6.9 shows the simulated step
response due to a load change, which tests the stability of the controller. A step change of
the load resistance from R =20 Q to R = 10 ( varies the load current. However, the load

voltage level is regulated to follow the reference voltage.
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Figure 6.8. Simulation results of controlled power stage operation.
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Figure 6.9. A step response by load change for a stability test.
V=145V, Vi =180V, V, =125 V.
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6.3. Digital-Control Implementations

6.3.1. Sampled-data system

In Section 6.2, the compensators were designed in the continuous-time domain.
For digital-control implementation, the compensators should be discretized. Figure 6.10
presents a block diagram of the digital-control system for the DAB® converter. The
control system consists of a power stage, voltage sensors (H; and H;), analog-to-digital
(A/D) converters, and a digital processor, a digital-phase shifter, a digital-pulse-width
modulator (DPWM), a state machine, and controllers for the A/D converters [33-37]. An
FPGA (Field-Programmable-Gate Array) is used as the digital processor for the
experiment, since it has a smaller time delay than a microprocessor or digital-signal

processor.

MF Bl r*L‘*‘lrWL*i B2

[ H; Gel G5 q H, LPE |—
C1l
LPF vs© 4 e 6 [T
C. G3 G7
| G8

AID | 4—

Vol - PV V' TT/\T Vo [N]

@
~
\
Z
O

A/D controller

A/D controller IS 8 g 8 8
\ © 88638 v
eq[n] D[n] DPWM  [state[n]| . . ®[n] ey[n]
> PI & Digital-phase PI
@ regulatorl 1 state ’ shifter regulator2 y
machine

@ Digital controllers and phase-shifter block @

Figure 6.10. Block diagram of the sampled-data system.

As shown in Figure 6.10, the A/D converters, which produce 8-bit serial data, are

used for converting the analog signals of H1V(t) and H,V,(t) to V¢[n] and V,[n]. The 8-
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bit-serial data are converted into an unsigned 8-bit word by a serial-shift register. For the
calculation of negative numbers, the number format is converted into a 2’s complement
word, which is shown in Figure 6.11. For the entire digital implementation, 2’s
complement binary number is used as the base format, but changes its width for every
requirement. For example, an extension of bits is required to prevent an overflow or
underflow under the arithmetic operation of two 2’s complement words. Summing two
numbers such as 011111111»+011111111,) causes an overflow. Hence, this condition
requires the extension of a bit, such as 0011111111+ 0011111111 = 0111111111 .

If an 8-bit A/D converter which uses unsigned binary number is used for
conversion of H;V(t) = 1.5 V, the least significant bit (LSB) corresponds to 189 V/27=
1.47 V in the power stage. In this case, the analog-to-digital converter gain, Kap, is 85.3.
The reference value of the clamp voltage control, VZ (t) xH; = 1.5V, can be implemented
as V¢ [n] = 010000000 in an 9bit 2°s complement word. However, V¢ [n] is extended to

be 0010000000 in a 10bit 2’s complement word to prevent overflow or underflow.

dg dg ay dg ds s ds do ai do
S LSB

Figure 6.11. A 10bit-2’s complement word. (S: sign bit, LSB: least significant bit)

Since the FPGA board has a 40 MHz oscillator, 40 MHz is used as the base clock
for the digital system. The control signal of each A/D converter uses a 20 MHz clock.
The sampling frequency of each A/D converter is 70 kHz. The block diagram shown in

Figure 6.12 is a sampled-data system for the control loop of the clamp capacitor voltage

(Vo).
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Figure 6.12. Block diagram of the sampled-data system for control of V..

For the digital pulse-width modulator (PWM), a signed 10 bit-counter (in a 2’s
complement format) is implemented to generate a 70-kHz signal using a 40-MHz base
clock. In this scheme, the digital-PWM gain, Kppwwm, can be selected as 576. However,
this selection of Kppwm must avoid the limit-cycling problem [33, 35, 38].

The first condition for avoiding the limit-cycling problem is that the 1 LSB
variation (denoted as gopwm) Of the digital-duty cycle should not give a variation of the
controlled output (here, V(t)) in steady state. The quantized output value can be denoted
as gapc. If the transfer function of the duty cycle (D(t)) to the output voltage (V(t)) is
defined as Gwvcy(S), the dc gain can be represented as Gycgo. Hence, the necessary
condition for the elimination of limit cycling is presented in Equation (85) and (86). The
chosen integrator gains, (K)), are presented in Table 13. Since these inequalities (85),
(86) are satisfied in the selection of the ADC, DPWM resolutions, and the integrator gain
(K)), the limit cycling oscillation can be avoided. In Figure 6.12, C(z) is a discrete

compensator that corresponds to C(s) in the continuous time domain.

Jopwm XGvedo < gapc. (85)
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Ki XGyego< 1 (86)

The control loop of the output voltage (V) is illustrated in Figure 6.13. The
sampled-data system consists of the transfer function (Gy,_g(s)), sensor gain (H), analog-
to-digital converter gain (Kap), compensator gain (D(z)), digital-phase shifter gain (Kqg),

and the time delay (exp(-sTy)).

Compensator Time delay Digital-phase shifter

t
Vret(N) @ e[n]. D(z) | y[n]_./ .yq_() R e Ko #(s) > Gued(s) v

A

Veln] =\ Ve(® Kap

Ha(s) -

ADC gain Sensor gain

Figure 6.13. Block diagram of the sampled-data system for control of V,.

In Section 6.2.2, the compensators were designed in the continuous-time domain.
For digital-control implementation, the compensators should be discretized. In this
design, the Backward-Euler method is used to discretize the integrator. In the sampled-
data system of Figure 6.12, C.(z) corresponds to a discrete-PlI compensator of C(s). The

discrete PI regulator is formulated using Equations (87)-(89).

Integral part: C¢i[n]= KTs xe[n] + C¢[n-1] (87)
Proportional part: Ccp[n]= Kyxe[n] (88)
Output of PI compensator: d[n]= Cq[n]+ Cep[n] (89)

Based on Equations (87)-(89), the detailed structure of the discrete-Pl

compensator is illustrated in Figure 6.14. The discrete-Pl compensator has an error input,
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e[n], and an output, d[n]. The parameters K, and Kp are obtained from the parameters of
the continuous compensator.

The compensator D(z) has a similar form to C(z). The implementation uses an
anti-windup scheme to prevent saturation of the integrator. The anti-windup scheme is
not illustrated in the block diagrams. The resulting parameters used in the experiment are

given in Table 13.

K Cepln]
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+¢ d[n]

e[n] — O——
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+ cl
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Figure 6.14. Discrete-Pl compensator in a Backward-Euler method.

KlTS

>
Cd[n'l

Table 13. Gains of compensators for the voltage loops.

Compensator Gain Value
. K 2

Cc(2) in Ty loop K.xPTs 501
. K 6

D(z) in T loop K.xPTS 10

6.3.2. Digital-pulse-width modulator (DPWM)

A digital-pulse-width modulator (DPWM) operates under principles similar to
those of the continuous PWM method. The DPWM unit consists of a digital comparator
with two inputs: an N-bit counter and an N-bit duty cycle from the compensator, C¢(z2).

Figure 6.15 shows the structure of the DPWM block.
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Figure 6.15. Digital-pulse-width modulator (DPWM).

A saw-tooth generation in a DPWM is implemented directly using an N-bit
counter. In Figure 6.16, the DPWM block is verified in Modelsim software. The output of
the PI regulator, plotted at the top of the figure, shows that the output of the PI regulator
increases. This is expected since the integrator is summing the positive-error input, which
is predefined for the test. A ramp signal is the output of a 70-kHz counter converted in an
analog format. The third row shows the output of the comparator, the DPWM output

signal. The fourth row shows the 40-MHz base-clock signal.
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1600 us 1604 us 1608 us 1612 us 1616 us

us - - 1606.601695 us - -
Figure 6.16. Simulation of the DPWM module in Modelsim.

(uppermost plot) PI regulator output (duty ratio),
(second from the top) 70-kHz counter analog output,
(second from the bottom) PWM output, (bottom) 40-MHz clock.

6.3.3. State machine

A state machine is used to generate the switching-signals. As shown in Figure
6.17 the state is based on inputs from the DPWM units and counters. In each state, the
switching signals are defined as outputs to make a square wave using the H-Bridge for
each switching period. The switching signals corresponding to each state are listed in
Table 14.

The outputs of a state are defined as (Qc,Q1,Q2,Q3,Qs4) for Bridgel, and
(Q5,Q6,Q7,Qsg) for Bridge 2. In this definition, Qy has a 1-bit value, for example, 0 or 1.
The x in Qx represents the device. In the beginning of the state machine, the state
machine starts with the initial state SO. SO has a state output of (01111), which turns on
all of the switch devices except for the active-clamp switch. During this state, the dc
inductor current increases with a positive slope.

At the rising edge of Sppww, the state changes to S1. S1 provides dead time is

given to the switch devices in the H-Bridge. With the completion of dead time, the switch
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devices in the diagonal pair and the clamp circuit are turned on in the S2 state (11100).
The S2 state ends with the rising edge of a timer, which has a 70-kHz-clocking signal,
and the state changes to the S3 state (01100), in which dead time is given to the switching
devices. The S3 state continues until the timer for dead time ends. The S4 state (01111)
starts with the completion of dead time. In the S4 state, all of the switch devices in Bridge
1 are turned on, except for the active-clamp switch. After the S4 state, the same
procedure repeats.

In Bridge 2, output signals of the time-delayed states are generated by using the
phase-shifting block. Applying the switching patterns in Table 14 creates square-wave
voltages. Figure 6.18 plots the simulation of the state machine using Modelsim. The top
plot shows the counter output at 70 kHz. The second plot shows the output (100) of the PI
regulator. The third plot shows the present state. The fourth plot shows the rising edge of
the PWM output. The rising edge of a signal can be extracted by a delay line rising-edge
detector. The fifth plot shows the DPWM output. The bottom plot shows the 40-MHz-

base clock.
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DEAD TIME expires
Sdead time = 1

\fdead time = 1

Timer ends
at 70 kHz
Stimer=1
Timer ends
at 70 kHz
Stimer=1

Sdead time = 1

e e Sdeadtime = 1
Sopwm=1

Figure 6.17. Simplified block diagram of the state machine in Bridge 1.

Table 14. The switching state of Bridge 1 and Bridge 2.

State SO S1 S2 S3 S4 S5 S6 S7
Bridgel | 01111 | 01100 | 11100 | 01100 | 01111 | 00011 | 10011 | 00011
Bridge2 | 0110 | 0100 1100 1000 1001 0001 0011 0010

Figure 6.18. Simulation of the state machine.
(uppermost plot) 70-kHz counter, (second from top) PI regulator output,
(third from top) state, (third from bottom) rising edge of Sppwm

(second from bottom) Sppwm (bottom) 40-MHz clock.
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6.3.4. Digital-phase shifter

A phase-shifting function is used to generate the switching signals for Bridge 2.
Figure 6.19 illustrates the concept of a digital-phase shifter using a circular buffer. The
input is the current state of Bridge 1. Figure 6.19 shows the current state of Bridge 1
being written to S2, as indicated by the writing pointer. As the writing pointer moves to
the right at 40 MHz, the next state of Bridge 1 is written to the new location of the

writing pointer.

S3 S4 S5 S6 S7 SO S1 S2 S3 | ----- S1 S2
ReaIiing O(t) WrIing
pointer pointer

Figure 6.19. Phase shifter using a circular buffer.

The reading pointer indicates the location of the state that has to be applied to the
switching devices in Bridge 2. The governing equations between the reading and writing

pointers are in Equations (90) and (91).

Reading address (Rag) = Writing address (W) — @(t) for @(t) <W (90)
Reading address (Rag) = Ram depth (Dep) + Writing address (W) - @(t) (91)
for @(t) >W

In Equations (90) and (91), @(t) is the time shift between the reading address and
the writing address. The Ram depth (Dep) is illustrated in Figure 6.20. The phase-shifting
algorithm is implemented using a dual-port ram, which is generally used to separate the
reading and writing process in the memory. In the phase shifter, the addressing is made

with a Kaggr bit counter. The writing address increases as the K-bit counter increases in

113



the 40 MHz clock speed. The operation of the dual-port ram follows the concepts of the

circular buffer shown in The reading address is calculated using Equations (90) and (91).

In the architecture, the outputs of the dual-port ram are the phase-shifted state and the

gating signals for Bridge 2.

Data In: State

Writing-address counter=—————»

Reading address————

Dual-port ram

Ram depth

—-

Data out: State[n] and
gating signals (Qs,Qe,Q7,Qs)

Figure 6.20. Architecture of the phase shifter using dual-port ram.

In Figure 6.21, the simulation results of the phase shifter are plotted using the

Modelsim software. In the plot, the value of the phase-shift is shown as 140. This value

is converted to 140 * 0.025 usec= 3.5 usec in a 40-MHz clock. In the plot, it is observed

that a state input (state) is shifted from the state input. The plot at the bottom shows the

output of the phase shifter.

||||||||||||||

00000 10!

1 1D0000100

b ]

000000

1 _}D0000100]

Figure 6.21. Simulation of the digital-phase shifter in Modelsim software.
(top plot) RAD: Reading address, (second from top) WRT_ADD: Writing address,
(third from top) the amount or the phase-shift, (second form bottom) a state input,
(bottom plot) an output of the phase shifter.
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6.4. Methods for Preventing Transformer Saturation

6.4.1. The problems of dc currents in high-frequency transformers

Figure 6.22 shows a B-H curve and magnetizing-current waveforms, with and
without dc flux, based on sinusoidal excitation. If the average value of the flux is zero,
and the magnitude is less than the saturation level, the magnetizing current is sinusoidal,
as shown in Figure 6.22(a). If the flux is not balanced, and the flux magnitude is higher
than the saturation level, as shown in Figure 6.22(b), the magnetizing current shifts to the
nonlinear (saturation) region. This reasoning can be applied to switch-mode power
converters with galvanic isolation operating at high-switching frequencies. For switch-
mode power-electronic converters consisting of an isolation transformer, high peak
currents owing to transformer saturation are often observed.

In self-commutated converter applications, 60 Hz-transformer saturation has been
a problem. The converter’s transformer experiences dc saturation when inrush currents
flow from the power system. A proposed method to reduce or prevent dc components in
the transformer by adjusting the gating signals of the converter is presented in [39]. For
high-frequency power electronic applications, some methods are proposed using PWM
signal-perturbation for single-ended dc/dc converters. These methods modify the PWM
signals to balance the dc magnetization of the high-frequency isolation transformer. In
[40], the peak—transformer current is limited in order to prevent the saturation of a
transformer under heavy-load conditions.

For the dual-active switching converters, transformer saturation is more

problematic than single ended converters. Gating signals are simultaneously applied on
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both the primary and secondary sides of the Dual-Active Bridge (DAB) converter.
Typically in such dual-active-mode converters as the DAB, the gating signals on both
sides expose the transformer to more frequent dc currents. However, in the DAB
converter, the dc currents have been avoided by strictly requiring 50 % square wave

excitation on both the primary and secondary sides.

|
I .
l/ | Magnetizing current(A)
v
N

Figure 6.22. B-H curve and magnetizing current.
(Trace a) is for the case without DC bias (trace b) has DC bias.
In the DAB? converter, dc currents are problematic because the duty ratio changes
on both sides of the transformer, as a result of the active switching of non-ideal-
semiconductor devices [41]. Hence, the transformer can be exposed to dc offsets or dc

averages in volt-seconds on both sides of the transformer.
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The dc average of the volt-seconds can cause high-dc currents since the winding
resistance is very small. However, the dc effects are damped rapidly on the other side of
the transformer because the induced voltage is proportional to the derivative of the flux
linkages. The same reasoning applies when the source voltage is assumed to be located
on the other side. Hence, an imbalance of volt-seconds on any side will cause dc
magnetization, which causes dc currents, but the dc impacts are not seen on the other
side. This fact necessitates the development of a methodology to sense and prevent dc

currents on both sides of the transformer.

6.4.2. Methodology

The prevention of dc currents on both sides of the transformer is an important issue
for PWM-converter controls. Hence, this work proposes a method that prevents dc
currents in the transformer. The block diagram of the control scheme is shown in Figure
6.23.

Since dc currents can flow on any side of the transformer, current sensing should
be done on both sides. Each sensed current is converted to a digital signal by an A/D
converter operating with a 70 kHz sampling frequency. Hence, the functional-control
loops (Controllers 1 and 2 in Figure 6.23) are added to detect and prevent transformer dc
currents. In Controllers 1 and 2, the dc-offset currents are extracted. To measure the dc
offsets of the transformer currents, the sampled currents are summed at every half cycle.

The dc current is measured by Equation (92).
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The extracted dc offsets are processed by a compensator and are finally supposed
to be zero. Figure 6.25 illustrates a detailed-block diagram of Controllers 1 & 2, which
includes a dc-current extraction function and the PI regulator. Finally, the output of this
control loop, P[n], is added to or subtracted from the output signal, D[n], of the clamp-
voltage controller to adjust the volt-seconds.

Figure 6.26 shows how the adjustment of the volt-seconds works to remove the dc
currents. If a negative dc-offset current is detected in Bridge 1, the duty cycle for the

first-half cycle should be increased in Bridge 1 to generate positive volt-seconds.

P
K, p[N] *
>+O - | +O P[n]
In] . loeln] 7 Eqe[n] PN J}
T KiTs >
by
- @ P.[n-l]T -
I[n-1]

Figure 6.25. Block diagram for Controllers 1 & 2.

As shown in Figure 6.26 (a) & (c), D1[n] originates from D[n], an output of the
V. controller for the interval of the first half cycle ( nTs <t < 0.5T¢+ nTs). The perturbed
duty ratio D1[n] equals D[n] — 6 (6>0) and is compared with the sawtooth signal of the
counter to move the state to the next state. In contrast to the interval of the first half cycle,
D1[n] is not perturbed in the next-half cycle( nTs + 0.5Ts <t < (n+1)Ts), in which D1[n]
equals to D[n]. As a result of this adjustment, the volt-seconds impressed across the
windings have a positive value.

For the positive-dc current flowing in Bridge 2, the adjustment of the duty cycle

in Bridge 2 should make the volt-seconds negative. Hence, the positive-dc current will be
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reduced. The adjustment of duty signals for Bridge 2 (B,) is shown in Figure 6.26 (b) &
(D). The duty ratio for Bridge 2 is perturbed only for the next-half interval (0.5Ts+nTs <t
< (n+1)Ts). Figure 6.26(e) shows the DPWM output of Bridge 2 when there is a phase-
shift angle, @(t).

Simulations in Saber software were performed to verify the proposed dc-current
prevention method. The control methods are demonstrated experimentally in the next
section. Figure 6.27 shows the circuit used to simulate the injection of an average-dc
voltage into the transformer. Figure 6.28 (a) and (b) show the simulation results without
and with the dc-current-prevention schemes, respectively. In Figure 6.28(a), dc currents
are observed on the primary side of the transformer, whereas no dc current exists in

Figure 6.28(b).
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Figure 6.26. Perturbed PWM outputs.
(a) Counter, duty ratio D[n], and adjusted duty ratio, D;[n].
(b) Counter, duty ratio D[n], and adjusted duty ratio, D,[n].
(c) Transformer voltage V1.
(d) Adjusted-transformer voltage, V2o, Which is not phase-shifted.
() Vi, adjusted and with a phase-shift angle.
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Figure 6.27. Power stage with dc-injected transformer.
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Figure 6.28. Plots of the simulation for testing dc prevention method.
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“Figure 6.28 . Plots of the simulation for testing dc prevention method.” continued
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Figure 6.28. Plots of the simulation for testing dc prevention method.
(Uppermost) Vi1 and Vi, (Middle) I i, (bottom) I .

6.5. Experimental Validations

6.5.1. Experimental unit

A 10 kW rated unit was built and tested in the lab. Figure 6.29 shows an illustration
of the experimental unit and a picture of the power stage. Since the components in the
experimental circuit are not optimized for performance, only the parameters of the
components are depicted in this chapter. The power stage is designed to operate at a 35

kHz switching frequency. The 220 VV AC source is connected by an auto transformer.
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Figure 6.29. Experimental unit.
(a) schematic, (b) picture of the power stage.

A single-phase diode-bridge is used as a rectifier. Multiple electrolytic capacitors
are used to obtain a dc-link capacitor bank with sufficient current rating. The switch
devices used in the power stage are Insulated Gate Bipolar Transistor (IGBT) devices.
The Fuji 600 V/100 A IGBT, model no. 2MBI100TA060-50, was selected for all switch

devices. Table 15 lists the ratings of the components used in the experimental setup.
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Table 15. Components in the experiment

Component Value unit Description

Voltage source (AC) 220 \% Constant ac voltage

Auto transformer 0~220 V 6 KVA

Diode bridge 600/20 VIA Voltage and current ratings
Cs 10 mF DC-link capacitor for V

C. 6 mF Clamp capacitor

C, 9 mF Filter capacitor for V,

L¢ 100 uH Filter inductor

Lsp 5 uH Series ac inductor

L 5 uH Series ac inductor
Transformer 15 KVA High frequency transformer
R 6.7/10.3/20 ohm Load resistance

Se,S1-Sg 600/100 VIA Fuji 2MBI100TA060-50 IGBT
Controller n/a n/a FPGA(ACTEL 1500E)

Figure 6.30 shows the controller setup. Figure 6.30 (a) shows an illustration of the
control boards, emphasizing the signal conditioning and processor components. The
signal-conditioning board primarily provides analog-to-digital conversion (ADC) and
signal conditioning. The arrows show the directions of the 1/O signals (input/output
interface). Figure 6.30 (b) shows a picture of the FPGA board (ACTEL ProAsic1500E)

used for control implementation. Figure 6.30 (c) shows a picture of the signal-

conditioning board, which has ADCs and signal-conditioning circuits.
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Figure 6.30. Controller setup.
(a) Signal-flow diagram, (b) FPGA board, (c) ADC board.

6.5.2. Multi-modal test schemes

In the experiment, two modes of operation were defined in the controller. One is

full-bridge mode. The other is DAB® mode. This multi-mode operation focuses on how to
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avoid high-peak currents during the transient conditions. If the converter is operated with
components that have long transients, such as batteries, the operating mode of the
converter should be selected with respect to the voltage levels, V. and NV,.

The mode of operation is defined by the voltage levels of the clamp capacitor (C.)
and the output capacitor (C,). When the level of V. differs significantly from the level of
NxV,, the converter should not be operated in a dual-active switching mode to avoid

high-peak currents, which cause very high losses. Figure 6.31 shows the proposed multi-

modal operation scheme.

Ve =NV,

Full-bridge mode - Dual-active mode
Ve<<NV, or V:>>NV,

Figure 6.31. Block diagram of multi-modal operation.

Full-bridge mode operates as follows. When the voltage levels of V. and NV,
differ, the converter should be operated in a full-bridge mode. In full-bridge mode, the
switching devices in Bridge 2 are turned off so that they are used as a diode bridge. After
the filter capacitor (C,) is charged to a critical level, at which point the switching devices
do not have high currents, the control strategy switches to DAB® mode. For transient
conditions, the full-bridge mode helps prevention of dc magnetization of the transformer.
Under DAB® mode, the converter-switching signals are generated using the dual active-

switching scheme.
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6.5.3. Test results

Table 16 shows the test conditions under which the power circuit was tested. The
reference voltages for V. and V, were fixed for the entire experiment. The clamp voltage
reference was set to 189 V. The output voltage reference was set to 125 V. The switching
frequency was set to 35 kHz. In this case, the DPWM frequency should be 70 kHz. The
experiment was performed for a range of loads. Figure 6.32 to Figure 6.37 show the

waveforms from the experiment, as captured with an oscilloscope.

Table 16. Test conditions for the experiment

Value Unit
Source voltage range (Vs) 125- 150 \Y
Clamp voltage (V.) 189 \Y/
Output voltage (Vo) 125 \/
Load resistance 20,10.3, 6.7 Q
Switching frequency (f;) 35 kHz
Turn ratio of transformer 3:2 N1:N,

Figure 6.32 and Figure 6.33 were captured with a load of 20 Q. For both V= 125
V and V; = 150 V, the current waveforms can be controlled to be flat. The flat currents in
the transformer result in low device ratings, as discussed in the previous chapters. In
Figure 6.34 and Figure 6.35, the converter is operated with a load of 10.3 Q.

Figure 6.36 and Figure 6.37 show the transformer waveforms with a load of
6.7 Q. The plots show flat-top currents for both the 10.3 Q and 6.7 Q loads. The measured
efficiency is 87-89 %. Since the air gap is used in the transformer, the magnetizing
inductance becomes very small. Hence, high magnetizing current flows in the system.

The increased magnetizing current increases both the conduction and the switching losses
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in Bridge 1. As a result, the efficiency is low. Hence, optimization of the component
design and selection is required to improve efficiency.

Next, the proposed dc-current prevention method was tested. Figure 6.38 shows
the circuit used to inject dc-voltage into the experimental setup. The injection circuit is
similar to the one used in simulation, as shown in Figure 6.27. The dc component is
injected by unbalancing the voltage inputs to the isolation transformer. In the experiment,
an average dc voltage was successfully injected. In the experimental setup, film
resistances of R = 0.3 Q are used to cause an average dc voltage. As a result, dc current
flows in Bridge 1 of the transformer. Figure 6.39(a) shows waveforms without the dc-
current prevention scheme. Figure 6.39(b) shows waveforms with the dc-current
prevention scheme, removing the dc offset currents. Figure 6.39(c) gives more detailed
plots of V(1,Vi2 and lyanstormer With the dc-current prevention scheme when the conditions

are Vs=90V, V,=120V, V,=80 V.

LI o I 5 LI L L [ e e I e [ B

Chi 100rmd Che 2.0 M 4.0ps 12568 T 30.0psdpt
A £y

Figure 6.32. Plots of transformer waveforms, with V;= 125V and R = 20 Q.
(Blue) transformer current, (Green) transformer voltage (V1) in Bridge 1,
(Red) transformer voltage (V) in Bridge 2.

Voltage: 100 V/div, current: 5 A/div
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Figure 6.33. Plots of transformer waveforms with V=145V and R = 20 Q.
(Blue) transformer current, (Green) transformer voltage (V1) in Bridge 1,
(Red) transformer voltage (V) in Bridge 2.

Voltage: 100 V/div, current: 5 A/div
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Figure 6.34. Plots of transformer waveforms, with V=125V, R =10 Q.
Voltage: 100 V/div Current: 10 A/div
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Figure 6.35. Plots of transformer waveforms, with ;=150 V and R = 10 Q.
Voltage: 100 V/div Current: 10 A/div

Chi 100mdA 52 Chz 20 M 10.0ps 1.25GSE 1T Z00patt
Cha Z.oy A Ch3 o ovay

Figure 6.36. Plot of transformer waveforms, with V=125V, R = 6.7 Q.
Voltage: 100 V/div Current: 20 A/div
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Figure 6.37. Plots of transformer waveforms, with
Vs=150Vand R =6.7 Q.
Voltage: 100 V/div Current: 20 A/div
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(a) Without the dc-current prevention scheme.
Pink: Transformer current in Bridge 1, Blue: transformer current in Bridge 2.
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(b) Wlth the dc current preventlon scheme
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Figure 6.39. Test results of the dc prevention methods.
Voltage: 100 V/div, current: 10 A/div

6.6. Chapter Summary

This chapter presented the development of the DAB® controller, the
implementation of the controller using an FPGA, and the experimental validation of

DAB? functionality.
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The control objective is to regulate load power while controlling device currents
to have minimum stresses. In the DAB® converter, transformer dc saturation is
problematic. Hence, a control scheme is also implemented to prevent dc currents on both
sides of the transformer.

The second focus of this chapter is the implementation of the controller. The
switching frequency of Bridge 1 is relatively high. Thus, a low controller propagation
delay is required. Hence, an FPGA was used to realize the fast control loop. The FPGA
implementation requires low-level designs using Verilog-HDL. Due to the low-level
design, a number of functional blocks were developed, including DPWM, state machines,
digital-phase shifter, and PI regulators.

Finally, the experimental results demonstrated the proposed DAB® converter and
related controller schemes at the multi-kW level. A multi-mode operating procedure was
developed and tested to demonstrate black-start capability. Operation of the dc-current
prevention scheme was demonstrated.

The main contributions of this chapter include:

1. A controller design and implementation based on digital hardware.

2. The proof of the DAB?® concept, flat-top currents, by the developed controllers.
3. A proposed dc current prevention method.

4. Experimental validation of the dc current prevention method.
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CHAPTER 7

CONCLUSTIONS AND RECOMMENDATIONS

7.1. Summary

In Chapter 1, the thesis began with an introduction to high-power bi-directional
dc/dc converters. Applications identified for these converters included energy-storage
systems. In energy-storage systems, the terminal voltage of the voltage source varies
widely. Hence, the bi-directional dc/dc converter should have capability to regulate the
output voltage for wide variations of the source voltage. The challenges in designing high
power bi-directional dc/dc converter are reducing parasitic effects, low total-device
rating, high efficiency, and high-power density.

Chapter 2 presented a survey of previous work. A resonant dc/dc topology was
identified as widely used for high-power conversion. The resonant dc/dc topology has
low switching loss in high switching frequencies, but high device ratings. A full-bridge
converter is introduced for high-power applications. This topology has problems
involving parasitic elements. The Dual-Active Bridge converter was discussed. In the
DAB topology, a system’s parasitic elements are effectively used in transferring power.
Hence, the problems of parasitic elements are resolved. However, the total-device rating
(TDR) is high if the converter is operated at wide input/output ranges. Other
modifications of full-bridge and DAB topologies were discussed. The other DAB
topologies still have problems in terms of device stresses.

In Chapter 3, the concept of a high-power bi-directional dc/dc converter with

controlled-device stresses is proposed and researched. The proposed converter, which is
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named a DAB?® converter, is suitable for high-power applications since the system’s
parasitic elements are used effectively. The idea of effectively using both the leakage
inductance of the isolation transformer and the parasitic capacitance of the switch devices
originates from the DAB topology. The leakage inductance of the isolation transformer is
used as a main power-transfer element. In the DAB?® converter, the duty ratio and the
phase-shift angle are used as control variables. By varying the transformer-input voltages
on both sides, the device currents can be controlled to be low. As a result, this converter
has low TDR compared with the conventional converters.

In Chapter 4, the ZVS regions are analyzed on the power-transfer curve. ZVS is
feasible with the DAB? converter. ZVS depends on the voltage conditions of the clamp
and output voltages. As the duty ratio and phase shift angle vary, the feasibility of ZVS
depends on the duty ratio and phase-shift angle. The estimated switching losses of the
DAB? converter support the benefits of flat-top operation. When the flat-top condition
exists, the loss in the switch device becomes minimal. The minimal loss designs for the
magnetic devices are presented and discussed. Finally, total system loss is presented.

Chapter 5 presented small-signal models of the converter. Two steps were used
for the derivation of the small-signal models. The first step is time-average modeling.
The second step is perturbation and linearization. The average modeling is applied to
remove the high-frequency components in the waveforms. The perturbation and
linearization methods are used to develop ac small-signal models of the state equations.

The transfer functions relating system outputs to control-input variables were developed.
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In Chapter 6, controllers were designed and validated experimentally. Based on
the control loops which regulate the clamp and output voltages, a method to prevent dc

current in the transformers was proposed and validated experimentally.

7.2. Contributions

1. A bi-directional dc/dc converter, DAB® converter was developed. In this
converter, device stresses are controlled for wide input/output ranges, and
parasitic elements are effectively used to transfer power. Hence, the proposed
converter has a low TDR for wide input/output ranges.

2. The DAB?® converter’s characteristics were researched. The condition for ZVS is
analyzed on the power-transfer curves. This analysis is useful in studying the
converter’s efficient operating region. Power-loss estimation for minimal loss
design is performed.

3. Power-loss estimation for a minimal loss design was performed.

4. A small-signal model of the DAB® converter was developed.

5. Digital controllers implemented in FPGA, based on Verilog-HDL, were
developed to minimize propagation delays. Controllers to simultaneously
minimize device ratings, regulate the output voltage, and prevent dc currents in

the transformer were developed.

A number of conference papers related to this research have been published. 2 journal

papers are under development.
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7.3. Recommendations for Future Research

Several topics are possible for future research on the DAB? converter.

1. Parametric optimization for volume and efficiency. For the power-density
optimization, thermal models are required for the components since thermal
constraints impact the converter volume. Furthermore, loss estimation requires a
more accurate loss model for switch based on switch-loss characterization.

2. Development of a combination of the series resonant and DAB® topologies. If
feasible, such a combination would enable higher switching frequency with lower
losses and prevention of the saturation of the isolation transformer. This may
result in a higher volume density.

3. Design and analysis of heat management devices.
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APPENDIX A

DEVICE RATINS OF CONVERTERS

Device-Current Ratings of the M-DAB Converter
With respect to Figure 2.10, the device current ratings of M-DAB topology can be

derived.
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Peak current of switch devices of M-DAB converter

Switch device Voltage stress Iswpeak (A)
SW; Vi Max(|ls- lso|,[11-1s1])
(1-D)
SW, Vi Max( [lsz-l1], [1s2-12],] 1s2-13] )
(1-D)
SWs v, Max( [Nlo |, NIy |, NI ])
SW, v, Max( [Nlo |, [NI2 |, INI3 |)

Capacitor-Current Ratings of the DAB® Converter

1
letamp_rms = {1 X dy + |Ig — Ipz|* X 342+ I = I12|? x D}°*

leo_rms = {INI, — I1.|? X 2D + 2(0.5 — D) x |I|?}%5

Po
Is= source current= V.

S

P
I.= load current= = V—°

(o]

_ __ (20-9) 8
ILZ_ |2 - 2wLg Vl T 2wLg NVZ
IIs| @

1=
(s +1s=Tp2) 27

—  Is—ILa| ?
dy= el _ 0
(Is]+[1s=Igz|) 2
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APPENDIX B

CORE LOSS DATA PLOTS
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