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This thesis presents interfacing of fuel cells to a single-phase utility line using a high-
frequency transformer isolated power converter. This research contributes towards
selecting a suitable utility interfacing scheme and then designing a power conditioning
system along with its control for connecting fuel cells to a single-phase utility line that
can achieve high efficiency and compact size. The power conditioning system, designed
and built in the research laboratory is connected with the utility line and the experimental

results are presented.

Based on the literature available on photovoltaic (PV) array and fuel cell based utility
interactive inverters with high-frequency transformer isolation, the interfacing schemes
for connecting a DC source, in particular fuel cells, to a single-phase utility line are
classified. Based on the fuel cell characteristics and properties, performance and the
comparison of these utility interfacing schemes, a suitable scheme for the present

application is selected.

Because of low voltage fuel cells, the system takes higher current from the fuel cell
and results in lower efficiency of the system. The inverter stage of the selected scheme
deals with the higher voltage (lower current) and therefore, its efficiency is higher. In this
sense, the efficiency of the whole system depends mainly on the efficiency of the front-

end DC-DC converter. To realize a low cost, small size and light weight system, soft-



switching is required. Various soft-switched DC-DC converter topologies are compared
for the given specifications. Based on the soft-switching range, efficiency and other
merits and demerits, a current-fed DC-DC converter configuration is selected. The
performance of the selected topology is evaluated for the given specifications. Detailed
analysis, a systematic design, simulation and the experimental results of the converter
(200 W, operating at 100 kHz) are presented.

To achieve soft-switching for wide variation in input voltage and load while
maintaining high efficiency has been a challenge, especially for the low voltage higher
input current applications. The variation in pressure/flow of the fuel input to the fuel cells
causes the variation in fuel cell stack voltage and the available power supplied to the
load/utility line. It causes the converter to enter into hard switching region at higher input
voltage and light load. A wide range soft-switched active-clamped current-fed DC-DC
converter has been proposed, analyzed and designed and the experimental results (200 W,
operating at 100 kHz) are presented.

The fuel-cell voltage varies with fuel pressure and causes the variation in the output
voltage produced by the front-end DC-DC converter at the input of the next inverter stage
and will affect the inverter operation. Therefore, the front-end DC-DC converter should
be controlled to produce a constant voltage at the input of the inverter at varying fuel
pressure. Small signal modeling and closed loop control design of the proposed wide
range L-L type active-clamped current-fed DC-DC converter has been presented to adjust
the duty cycle of the converter switches automatically with any variation in fuel pressure

to regulate the output voltage of the converter at a specified constant value.

To convert the DC voltage output of the front-end DC-DC converter into utility AC
voltage at line frequency and feeding current into utility line with low THD and high line
power factor, an average current controlled inverter is designed. The complete power
conditioning unit is connected to the single-phase utility line (208 V RMS, 60 Hz) and
experimental results are presented. The system shows stable operation at varying

reference power level.
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Introduction 1

Chapter 1

This thesis presents interfacing of fuel cells to a singe-phase utility line using high-
frequency transformer isolated power converters. The research done, contributes towards
selecting a suitable high-transformer isolated utility interfacing power converter scheme
and then analyzing, designing along with their control for connecting fuel cells to a utility
line to achieve high efficiency and compact size. The power electronic system, designed
and built in the research laboratory is connected with the utility line and the experimental

results are presented.

Section 1.1 gives an introduction to this Chapter. An introduction to fuel cell
characteristics and properties are given in Section 1.2. Section 1.3 discusses the fuel cell
powered utility interfaced energy system. A power conditioning unit is required to
connect fuel cells to the utility line. The components and specifications of the power
conditioning unit are discussed. In Section 1.4, literature available on the power
conditioning for photovoltaic and fuel cells to utility interface and standalone applications
are discussed. The motivation for this research/thesis is discussed in Section 1.5.
Objectives of this thesis are discussed in Section 1.6. Outline of the thesis is given in

Section 1.7. This Chapter is concluded in Section 1.8.

1.1 Introduction

As the world’s energy demand continues to increase, the development of clean,
efficient and environmentally friendly distributed power generation is becoming

increasingly important. Renewable energy sources like solar, wind and together with
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energy conversion technologies such as fuel cells are potential candidates for distributed
power applications as they can provide clean, efficient and environmentally friendly
electrical power. The fuel cell has an additional advantage of supplying continuous power
in every season as long as the continuity of fuel is maintained [1-2] while solar and wind

power are intermittent and very much subjected to weather conditions.

Fuel cells are ideal for power generation, either connected to the power grid to provide
supplemental power or installed as a standalone inverter as a back-up assurance for
critical areas, which are inaccessible by power lines [1-3]. Since fuel cells operate silently
(no moving parts) and because of no combustion of gas, they reduce noise pollution as
well as air pollution. The heat from a fuel cell can be used to provide hot water or space
heating for a home [3] or for co-generation [1-2]. They offer high efficiency than the
conventional power plants [1-2] and the efficiency can be enhanced by utilizing the
generated heat [1-2]. The fuel cells can be used in a wide range of applications of

electrical power ranging from watts to megawatts [1-3].

1.2 Introduction to Fuel Cell Characteristics and Properties

In this Section, fuel cell characteristics and properties are discussed and these must be

taken care of while designing the fuel cell powered utility interfaced system.

A fuel cell is an electrochemical device that converts chemical energy of a fuel directly
into electrical energy (DC power) and heat by the oxidization of hydrogen. The operation
is similar to a battery but it requires continuous flow of fuel to keep the reactions going
on. In reality, degradation or malfunctioning of components limits the life of fuel cells [1-

2]. The fuel cell voltage is very low, a fraction of volt per cell. To achieve a higher
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voltage level, fuel cells are connected in series to form what is known as a fuel cell stack
[1-2]. At a given fuel flow rate, fuel cell has an optimum current to supply maximum
output power [1-2, 4-5]. It is usual to operate the fuel cell below that optimum point to
maintain stability and reliability [4]. Fuel cell can be damaged by reverse current flow.

Therefore, current feed back into the fuel cell must be avoided [5].

1.2.1 Voltage-Current Characteristic
Fig. 1.1 shows the variation of fuel cell voltage with current drawn from the fuel cell
[1-2]. The characteristic curve can be divided into three regions R-1, R-Il and R-III.
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Fig. 1.1 Fuel cell voltage-current characteristic [1-2].

Fig. 1.1 shows that when current is drawn from the fuel cell, its actual operating
voltage decreases from open circuit voltage [1-2]. The point at the boundary of regions R-
Il and R-II1 is regarded as the optimum/knee point or the point of maximum power
density [1-2, 4-5]. An attempt to draw additional current (more than the optimum current)

will shift the operating point, right to the knee/optimum point (region R-I1I), that will
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collapse the fuel cell voltage to zero sharply [1-2, 4-5], resulting in no power being

supplied to the load. Prolonged operation in this region may damage the fuel cell [5].

Therefore, it is safe to operate the fuel cell to the left in region R-11 [1-2, 4-5].

1.2.2 Effect of Fuel Pressure on Voltage-Current Characteristic

Fig. 1.2 shows a family of fuel cell voltage-current characteristic curves at different

values of fuel pressure (fuel flow) [4-5].
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1.2
1
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0.6 \\
Fuel cell,
0.4 50% flow| /N
Fuel cell, Fuel cell,
75% flow 100% flow
0.2 \
i 0 2 4 6 8 10

Current (amperes)
Fig. 1.2. Fuel cell voltage-current characteristic at different fuel flow [4-5].

As the fuel flow increases, the knee/optimum point moves to higher current levels and

therefore, increases the ability of fuel cell to transfer higher power [1-2] and decreases the

output voltage of the fuel cell. Therefore, by controlling the fuel flow, the power

transferred to the load can be controlled by controlling the fuel flow. It changes the fuel

cell voltage level as well.
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1.2.3 Fuel Cell Transients

For efficient operation of the fuel cell, the fuel cell operating point (current) should be
adjusted as a function of the electrical load [5]. The flow rates of both fuel (hydrogen)
and oxidant (oxygen in air) are correspondingly adjusted to ensure that stoichiometries
remain in the design range to ensure a good balance between reactant supply, heat and
water management and pressure drop. Since, this adjustment for reactant utilization
involves mechanical systems, the response time of the fuel cell to varying electrical loads
can be slow. Also, the fuel cells cannot respond to the electrical load transients as fast as
desired [5, 8-15] mainly because of their slow internal electrochemical and thermal
dynamic characteristics. Load transients can cause low-reactant condition inside the fuel
cells, which is considered to be harmful to the fuel cells and will shorten their life [12].
The mismatch between the fuel cell time constant and the typical electrical load time
constant requires secondary source of energy, also called power/energy flow buffer or

energy storage device in the system [5-6, 11-12].

The solution is to combine the fuel cells with secondary source of energy to provide
the difference between the load demand and the output power generated by the fuel cells
during the transient duration [5-6, 8-16]. This secondary source of energy with fast
dynamics compensates for the slow dynamics of the fuel cells, responds to the fast
changing electrical load during transients and supports the increase or decrease in power
demand until the fuel cell output can be adjusted to meet the new demand value at the
steady-state [10-11]. The two possible solutions for the secondary source of energy are

1) Batteries

2) Ultracapacitors
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Between the two mentioned solutions, ultracapacitor is a good option due to several
advantages like better power density [9-10], long life cycle [9-10], very good
charge/discharge efficiency and can be constructed in modular or stackable format power
density [9-10]. Ultracapacitors can also provide large transient power instantly thus
capable of proving energy for the increased load demand [9-10]. Ultracapacitors have
more cycles of charging and discharging during their life time [9-10] providing high
cycling capability and maintenance free operation and can effectively serve as cost-
effective alternative to batteries for residential or utility applications specially during
short peak demand or transient periods [9-10]. Due to the aforementioned benefits
offered by the ultracapacitors over conventional batteries, ultracapacitor is selected as

energy storage or buffer for the present application.

Several methods have been devised to connect such energy storage devices (batteries
or ultracapacitor) to the fuel cells [5]. Due to the lower cost and availability, low voltage
ultracapacitor is used at the input in parallel to the fuel cells to take care of the load

transients.

1.2.4 Low Frequency Ripple Current

Fuel cells are very sensitive to low frequency ripple current. While feeding the line
frequency alternating current to the utility line, second harmonic component of the line
current appears at the fuel cell stack. The low frequency ripples reaching the fuel cells
may deviate its operating point from region R-I1 to R-111 and result in possible shut down
of the system. This second harmonic line current component should be absorbed and

should not be allowed to reach the fuel cells.
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The next Section describes the components and specifications of the power

conditioning unit for fuel cells powered utility interfaced system.

1.3 Fuel Cell Powered Utility Interfaced System: Components

and Specifications

Fig. 1.3 shows a fuel cell powered utility interfaced system. The DC power produced
by the fuel cell is converted into utility interactive AC power by a power conditioning
unit (PCU). Therefore, a power electronic interface is an essential link between the fuel

cells and the utility line.
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Fig. 1.3. Fuel cell powered utility interfaced energy system.

Utility interface is different from other loads in the sense that it does not reflect change
in load to the fuel cell by itself and is independent of the load switched by other users

connected with the same utility line. The power transferred to the utility from the fuel cell
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depends on the fuel flow (Fig. 1.2). Change in fuel flow changes the fuel cell stack
voltage input to the PCU and the power transferred to the utility line. By integrating the
fuel cells with utility line, the power generated by fuel cells is transferred to the utility
line by power conditioning unit, which augments the generated energy that it delivers to
other users in need connected to the same utility line. The fuel cell system supplies active

power to the utility and the required reactive power is supplied from the utility line.

For utility interface, the DC voltage produced by the fuel cells must be converted into
utility AC voltage at line frequency. It requires the low fuel cell DC voltage to be
stepped-up to a level greater than the peak of the utility line AC voltage. The current fed
to the utility line should have low total harmonic distortion (THD) and should be in phase
with utility line voltage to keep the reactive power zero, i.e., unity power factor, and it
should be stable with varying load (fuel flow) and supply voltage (fuel cell stack voltage)
conditions. A proper control circuit should be designed to limit the power transfer from
the fuel cell stack to the utility line based on the fuel pressure value. A PCU is required to
realize the above mentioned tasks and is expected to be compatible with fuel cell
characteristics mentioned in Section 1.2. This PCU is expected to have high efficiency,

small size, low weight, simple control and should be easy to connect with the utility line.

In brief, the PCU for fuel cells to utility interface application should have the
following circuits:

1. Inverter to convert the low fuel cell DC voltage into utility AC voltage at line
frequency.

2. Synchronization circuit to maintain nearly unity utility power factor and stable

with changing load conditions caused by fuel flow.
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3. Control circuit to control the power flow from the fuel cell stack to utility under
varying fuel flow conditions.

4. Protection circuits against abnormal conditions i.e. deviation of grid voltage and
frequency from the nominal values, fuel cell stack under voltage and fuel cell over

current (greater than optimum value).

The specifications of the fuel cell inverter for this research are as follows:

Input Voltage (from fuel cell stack) =22 -41V.

Output Power =5 kW.

Output/Utility Line Voltage = 240 V AC (RMS) with variation of -10% to +15%.
Utility/Grid Frequency = 60 Hz.

Total harmonic distortion (THD) = < 5% (no single harmonics = 3%).

1.4 Literature Survey

The literature survey on solar photovoltaic and fuel cells for utility/gird interface [17-
75] and standalone applications has been done [76-86] and is discussed in Chapter 2. The
literature introduces several converter configurations i.e. single-ended [17-27] and double
ended [28-86], single-switch [17, 22, 26-27] and multi-switch [18-21, 23-25, 28-86],
cycloconverter [4, 28-29, 42-43, 50, 76] and other topologies [30-41, 44-49, 51-75, 77-
86]. As a whole, the power conversion system is a double stage [17-29, 42-43, 50, 76]
and three-stage [3, 30-41, 44-49, 51-75, 77-86] system using high frequency transformer.
Some power conditioners use voltage control and the rest use current control for utility
interface or grid connection. The presence of these differences in the available literature

generates a different art of connecting the photovoltaic, fuel cells or a DC source to a
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utility line (or grid). A literature review is given in detail in Chapter 2 while classifying
the interfacing schemes for connecting a DC source to a utility line based on the
mentioned differences noticed after literature survey. The fuel cells are different from a
photovoltaic array or a battery in characteristics mentioned in Section 1.2. Specially, fuel
cell transients and low frequency harmonics are of most concern for the life and
continuous operation of the fuel cells. These properties and characteristics of the fuel cells
must be considered making a decision on the selection of the best suited scheme for the

fuel cell application.

1.5 Motivation for Work

In the literature available on fuel cells based generation systems, several types of
power conditioning systems have been proposed to connect the fuel cells to the utility
line. However, few of them are connected with the utility line [31, 120-121]. Still, the
work done is limited on this subject of research and requires further work to be done.

There is no systematic classification available for the interfacing schemes for
connecting the fuel cells to the utility line. This missing step was a motivation for this

thesis. The detailed classification based on the literature review is given in Chapter 2.

Based on the selected utility interfacing scheme and need of high-frequency operation
for the given specifications and application discussed in Chapter 2, soft-switching is
desired for small size, high efficient and light weight system [87-90]. Several converter
topologies have been proposed as a front-end DC-DC converter [4, 14, 77-86]. However,
there is no systematic evaluation of the selected front-end converter topology against

other existing topologies for the given specifications. A comparison of the soft-switched
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DC-DC converters is desired to select a suitable converter topology, which gives better
performance when interfaced with fuel cell (wide input voltage variation) for given
specifications. This missing part motivated for this thesis. A comparison of soft-switched
DC-DC converter topologies and selection of a suitable converter for the given

application and specifications have been presented in Chapter 3.

For the present application, maintaining soft-switching over the entire operating range
of load and input voltage variations is a big challenge due to wide fuel cell voltage
variation depending on the fuel flow. Converters lose soft-switching at higher input
voltage and light load conditions. None of the available converters including the selected
converter in Chapter 3 for the present application and given specifications can maintain
soft-switching for such a large variation in fuel cell stack voltage and load. This
motivated for the next step of research and the selected converter has been modified and a
modified current-fed converter has been proposed to improve the soft-switching range of

the converter in Chapter 4.

During the load transient duration due to increased power demand, there is a need to
control the fuel cell current gradually to reach the new steady-state operating point and
during that period of transient operation, the extra power is supplied by the energy
buffering device or secondary source of energy for the safe operation and longer life of
the fuel cells. This property and the need for the safe operation of the fuel cells along with
maintaining the continuity of power provides the motivation for presenting a closed
design of the converter proposed in Chapter 4. A small signal model, transfer functions
and the closed loop control design of the converter proposed in Chapter 4 have been

presented in Chapter 5.
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In the last, based on the selected interfacing scheme in Chapter 2 for the present
application, design of a current controlled inverter to connect the fuel cells to the utility
line is required. Many inverters proposed [16, 78, 80-82, 86] for fuel cells to utility
interface application were tested using resistive load instead of connecting to the utility
line. The utility interface is different from the resistive load as it is also an active source
of energy and can feed power back to the source and that condition must be avoided to
protect the fuel cells. It needs some protections. Also, utility load/interface requires unity
utility line power factor operation with low line-current THD. These important criteria for
the present application motivated for interfacing the power conversion system to the
utility line and testing the experimental unit with utility load. The fixed-frequency
average current controlled inverter is designed for the present application and

experimental results are presented with utility interface in Chapter 6.

Based on the motivations discussed so far for the present research topic, the objectives

of the thesis are set and discussed in the next Section.

1.6 Objectives

Based on the specifications and motivations for work on the selected research topic,
the objectives of this research are pointed out as follows:
1) A systematic classification and selection of a utility interfacing scheme.
2) Comparison of HF transformer isolated soft-switched DC-DC converters and
selection of one suitable converter topology.
3) Design of a wide range soft-switched HF transformer isolated DC-DC converter.

4) Closed loop control design of the DC-DC converter.
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5) Design of a current controlled inverter.
6) Interfacing the complete power electronics system to the utility line with low line-
current THD and high line power factor.
Research is done to accomplish these objectives in steps. The outline of this thesis is

mentioned in the next Section.

1.7 Thesis Outline

The various objectives set forth are realized and presented here in the various Chapters

of this thesis.

In Chapter 2, a classification of utility interfacing schemes for connecting a DC source
to a single-phase utility line is presented. This classification is a result of the review of the
literature available on solar and fuel cells based inverters for utility and standalone
applications using high-frequency transformer isolation. The classification is done based
on the number of power processing stages involved in power conditioning, converter
configurations, the presence of AC or DC link, location of ultracapacitor and the mode of
control. The operation, advantages, disadvantages and features of the various mentioned
schemes are reported. Based on the fuel cell properties and characteristics, a suitable

scheme for the fuel cells to utility interface application is selected.

Chapter 3 presents a comparison of high-frequency transformer isolated soft-switched
DC-DC converters for fuel cells to utility interface application. Based on the merits, ZVS
range and efficiency, a suitable converter topology for the front-end DC-DC conversion is
selected. To evaluate the performance of the selected converter, the simulation results

using PSIM 6.0.1 simulation package are presented. A 200 W experimental converter is
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built and tested in the laboratory to test the performance of the converter. The

experimental results are presented.

The active-clamped current-fed converter selected in Chapter 3 loses ZVS under light
load condition. In Chapter 4, a modification to this converter is proposed to improve the
ZVS range. The detailed analysis and wide range ZVS design of the proposed L-L type
converter are presented. To verify the proposed analysis and design, simulation results of
wide range ZVS L-L type converter are presented using PSIM 6.0.1. Experimental
prototypes of 200 W is built and tested in the laboratory and the experimental results are
presented. The simulation and experiment results verify the proposed analysis and design
and show that the converter maintains ZVS from full load to 10% load at wide variation

of fuel cell voltage mentioned in the specifications.

In Chapter 5, the small signal modeling using state-space averaging and closed loop
control design of the active-clamped ZVS L-L type current-fed DC-DC converter are
presented. The control-to-output and line-to-output transfer functions are derived. A
complete design procedure of two-loop average current control of the converter is
presented. Bode plots obtained from theoretical analysis and simulations are presented to
verify the design. The simulations results for step change in input voltage and the load are
presented to verify the controller performance and closed loop design. The controller was
built for the 200 W L-L type active-clamped current-fed converter designed in Chapter 4

and the details of the circuit are given.

In Chapter 6, an average current controlled PWM full-bridge inverter is designed to

convert the intermediate DC link voltage into utility AC voltage at line frequency and
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control the power transferred from the fuel cells to the utility line. The power to be
transferred from the fuel cells to the utility line depends on the fuel cell pressure value.
The reference current command for the inverter control is generated from the fuel cell
pressure value and the utility line voltage. The filter inductor between full-bridge inverter
and the utility line acts as a buffer. The inductor current follows the reference current
waveform with low THD and is in phase with utility line voltage maintaining nearly unity
line power factor. This Chapter also explains the operation of a multi-cell systems using
phase-shifted gating control useful for higher power application. Simulation results for 3-

cells using PSIM 6.0.1 are presented.

Chapter 7 gives a summary of the research contributions and concludes for the
importance of the work done on the present topic of research. Suggestions for the future

work are mentioned.

1.8 Conclusion

The work on this novel subject of research starts with the study of the properties and
characteristics of fuel cells followed by a discussion on fuel cell powered utility
interfaced system. This Chapter has discussed the need for a power conditioning unit for
interfacing fuel cells to a utility line. Specifications and the components of the power
conditioning unit for the present application are mentioned. A literature survey/review on
the power converter topologies and the way of connecting the DC source (photovoltaic,
fuel cells etc.) to a utility line is presented and is used later to produce the classification of
interfacing schemes for connecting a DC source to a single-phase utility line. Based on

the literature review on the present research topic, the motivations and objectives of this
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thesis are decided and mentioned. The objectives are realized and presented

systematically in steps of Chapters and discussed briefly in the outline of the thesis.

Based on the literature available on photovoltaic and fuel cell inverters for utility
interface and standalone applications, the art of connecting the DC source to a single-
phase utility line can be classified into 6 major schemes and are discussed in the next

Chapter.
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Chapter 2

Utility Interfacing Schemes: Classification, Comparison

and Selection

2. 1 Introduction

This Chapter presents classification and comparison of interfacing schemes to connect
a DC source to a single-phase utility line and selection of a suitable scheme for the fuel
cell application. Section 2.2 discusses the need of HF transformer isolated power
converters for the present application and given specifications. Based on the literature
survey, utility interfacing schemes are classified into 6 major schemes using HF
transformer isolated power converters and discussed in section 2.3. These schemes are
compared in section 2.4. Based on fuel cell characteristics and properties, performance
and size, a suitable utility interfacing scheme for the present application is selected. The

chapter is concluded in section 2.5.

2.2 N ecessity of High Frequency Isolated Power Converters

For the present application, the fuel cell stack voltage must be boosted-up to at least
the peak of the utility line AC voltage. This DC-AC power transformation is possible
using single-stage or multi-stage power conversion. As seen from the specifications
mentioned in Chapter 1, Section 1.3, the worst case fuel cell stack minimum voltage of 22
V must be boosted-up to at least 340 V. The voltage conversion ratio is very high

(equivalent to 16). It cannot be achieved by a single-stage non-isolated boost converter.
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Therefore, use of a transformer is necessary, leading to the requirement of a transformer
isolated power converters. Also, the transformer isolates fuel cell from the utility line in

case of fault and also ensures the safety of personnel.

The single stage DC-AC power conversion system using an inverter is shown in Fig.
2.1 that uses a line frequency transformer isolation before connecting to the utility line.
Fig. 2.2 shows a two stage power conversion system using a front-stage non-isolated DC-
DC boost converter followed by an inverter connected to the utility line using a line
frequency transformer. Two filters, both at the input (Li,, Ci;) and output (Lo, C,) are
required. Similarly, several other options are also available using line frequency

transformer isolation.
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All these configurations require line frequency transformer (with first scheme shown
in Fig. 2.1 requiring high turns ratio), which is large in size, heavy and costly. Therefore,
the line frequency transformer isolated schemes are eliminated from the choices and one
has to go with multi-stage power conversion with high frequency (HF) transformer
isolation to realize a small size and light weight design. But increasing the number of
stages of power conversion increases the number of components and reduces the
efficiency of the system.

Based on the many converter configurations reported in the literature on solar and fuel
cell based utility interactive inverters [17-75] using HF transformer isolation, we can

classify them into six major utility interfacing schemes as explained next.

2.3 Classification of Utility Interfacing Schemes

In this section, features of six major utility interfacing schemes using HF transformer
isolation are discussed. The classification is done based on the number of power
processing stages, presence of AC/DC link, mode of control and location of energy

storage capacitor.

2.3.1 Scheme 1: Two Stage Power Conversion with Front-End Single-Ended
Inverter (DC-AC-AC: Unfolding Type without Intermediate DC
Link) [17-27]

In this scheme shown in Fig. 2.3, the single-ended inverter on the primary side of the
HF transformer is controlled to convert input DC into HF AC. The converter on the
secondary side of the HF transformer is line frequency switched and converts HF AC into

line frequency sine wave output directly (no intermediate DC link i.e. single stage).
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Current controlled technique is used to produce sine wave output current after filtering to
feed the utility line [17-27].
= 4 L o
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Fig. 2.3. Two-stage unfolding type utility interfaced PCU with front-end HF single-ended converter.

The possible configurations for single-ended inverter [17-27] are flyback and forward.
They may use single-switch [17, 22, 26-27] or multi-switch [18-21, 23-25] topologies for
their operation. An example of single-switch topology is shown in Fig. 2.4 with its
operating waveforms shown in Fig. 2.5. An example of multiple-switch topology is
shown in Fig. 2.6 with its operating waveforms shown in Fig. 2.7. HF transformer may
have single-winding primary with single-winding [18-19] or two-winding secondary [17,
20-27]. The converter on the secondary side of the HF transformer contains controlled
switches which block the flow of reverse current i.e. thyrisors [17] or AC switches
connected with center tapped secondary [20-27] as shown in Fig. 2.4 or two
MOSFETs/IGBTs connected in series with single-winding secondary [18-19] as shown in
Fig. 2.6. Discontinuous current mode (DCM) mode of operation is preferred for flyback

configuration [20].



Utility Interfacing Schemes 21

Is1 ;
° >t
Sy ==zm_2\a) Utility
Vu

Input
DC = /'/1//1
Source Cin
7z

Fig. 2.4. Single-switch topology (flyback converter) for scheme 1 [22].
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Fig. 2.5. Operating waveforms for the circuit shown in Fig. 2.4 [22].
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Fig. 2.6. Multi-switch topology (flyback operation) for scheme 1 [18].
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Fig. 2.7. Operating waveforms for the circuit shown in Fig. 2.6 [18].
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Two filters are required, input filter (Lin, Cin) and output filter (Lo, Co). Input filter
capacitor Cj, is an ultracapacitor to absorb the load-transients that can also absorb the
second harmonic component of line current. It is large in magnitude and of maximum
input voltage rating. The output filter (Lo, Co) is a HF filter. Capacitor C, is of peak utility
line voltage rating and small in value. Its value depends on the switching frequency. The
output HF filter inductor acts as a buffer between PCU and the utility line. Some of the
features of this scheme are listed below:

Advantages:
1. Two stage conversion has the advantage of reduction of one stage compared to

other utility interfacing schemes 3-6 discussed later.
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There is no problem of overlap in this scheme. Therefore the primary side
switch(es) can be operated at very high frequency [20].
Simple, low component count and low cost solution for low power applications

[41, 109].

Disadvantages:

1.

Such types of converters suffer from lossy resetting and limited duty cycle [18,
109].

There is a risk of transformer saturation in single-ended converters. So
removal/discharge of energy stored in transformer must be ensured during the
turn-off period of switches [21].

Transformer size will be bigger than other schemes using same frequency of
operation to avoid saturation.

Due to limited duty cycle, one switch topology and single-ended operation, it can
not be used for high power applications [109]. The power density of flyback

converter is even lower than the forward converter [41].

. Due to losses occurring in RCD snubbers across the main switch and flyback

transformer, the efficiency of the flyback converter is not high [27]. However it
can be improved somewhat by applying soft-switching techniques [24-25, 27].
Difficult to stabilize the feedback circuit in flyback converter [17, 41]

The components of both stages are designed for peak power rating.
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2.3.2 Scheme 2: Two Stage Power Conversion using Cycloconverter on the Secondary
Side [28-29, 42-43, 50, 76]

This scheme also uses two stages of power conversion having front-end HF inverter
followed by a cycloconverter as shown in Figs. 2.8 and 2.9. The front-end HF inverter is
controlled to convert input DC into HF AC at the input of the cycloconverter. The
cycloconverter on the secondary side of the HF transformer is controlled to produce line
frequency sine wave to feed the utility line. One possible circuit diagram for this scheme

is shown in Fig. 2.10.
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Fig. 2.8. Two-stage utility interfaced PCU using cycloconverter using modulation on secondary side.
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Fig. 2.9. Two-stage utility interfaced PCU using cycloconverter using modulation on primary side.
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Fig. 2.10. Circuit diagram for scheme 2.

Both voltage control [29, 76, 110] and current control methods can be used [28, 50,
110]. Cycloconverter can be high frequency or line frequency switched depending upon
the pattern of the voltage/current input to the cycloconverter, which depends on the way
of adopting the modulation process [76, 110]. There are two ways to incorporate the
modulation process either in front-end HF inverter or in cycloconverter [76]. If the input
to the cycloconverter is of constant amplitude and fixed frequency, the firing angle ‘o’ of
the cycloconverter switches has to be modulated using sinusoidal reference (Fig. 2.8) [29,
50, 76, 110]. In this case, both stages are HF switched. For example, when a resonant
inverter is used the operating waveforms using this type of control are shown in Fig. 2.11.

HF inverter
output

Cycloconverter
output

Fig. 2.11. Operating waveforms for the circuit shown in Fig. 2.10 with control shown in Fig. 2.8 [50].



Utility Interfacing Schemes 26

If the input voltage/current to the cycloconverter is sinusoidal modulated by
controlling the front-end HF inverter, the firing angle of the cycloconverter switches does
not have to be modulated [76]. The sinusoidal output voltage can be constructed by
operating the cycloconverter switches at line frequency (Fig. 2.9) [76]. Same is true for
current control. The operating waveforms, when a resonant inverter is used with this type

of control are shown in Fig. 2.12.
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Fig. 2.12. Operating waveforms for the circuit shown in Fig. 2.10 with control shown in Fig. 2.9.

Filter requirements of this scheme are same as scheme 1 and two filters both at input

(Lin, Cin) and output (Lo, Co) are required. Some features of this scheme are listed below:

Advantages:
1. Two stage conversion has the advantage of reduction of one stage compared to

other utility interfacing schemes 3-6 discussed later.
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Disadvantages:

1. For higher frequency operation, one has to use AC switches for cycloconverter
[28, 76, 110]. It increases the component count as well as the losses; therefore the
advantage of reduction of one stage is eliminated.

2. Cycloconverter switches show commutation overlap when current through the
transformer leakage inductance changes direction [29, 50]. The overlap period
depends upon the value of leakage inductance referred to secondary and the
magnitude of current. It reduces average output voltage and modifies the voltage
waveform (distortion). This is a major problem and removes cycloconverter from
the list of choices at higher frequency because at higher operating frequency, the
overlap forms the large part of HF cycle [50].

3. The components of both stages are designed for peak power rating.

2.3.3 Scheme 3: Three-Stage Power Conversion with Last Stage HF PWM Voltage
Source Inverter [30-31, 50]

This is a three-stage power processing scheme with an intermediate DC link as shown
in Fig. 2.13. The front-end HF inverter is controlled to convert input DC into HF AC,
which is rectified and filtered to produce a constant voltage Vyc at an intermediate DC
link, which forms the input DC voltage for the HF pulse width modulated voltage source
inverter (PWM VSI). The PWM VSI is controlled i.e. sinusoidal pulse width modulation
(SPWM) to produce sinusoidal voltage vijn, after filtering which is higher in magnitude
than utility line voltage and phase-shifted with the utility line voltage to feed

power/current into utility line. An extra large inductor ‘L’ is required to control the power
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flow between power conditioning unit and the utility line. The operating waveforms of

this scheme are shown in Fig. 2.14.
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Fig. 2.13. Three-stage utility interfaced PCU with last stage HF PWM VSIL.
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Fig. 2.14. Operating waveforms for the scheme shown in Fig. 2.13.
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The VSI is controlled to adjust the phase angle ® between inverter voltage Vi, and
utility voltage v, to feed sinusoidal current to utility line at nearly unity power factor and

keeps the reactive power to minimum as shown in Fig. 2.15(a)-(d). If Vi, has the same
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magnitude and in phase with v, then no power flows as shown in Fig. 2.15(a). Fig.
2.15(b) shows only reactive power flow into utility. The active power flow is controlled

by the phase angle ® between Viny and v, as shown in Fig. 2.15(¢)-(d).

L Vi Viy

(a) (b (c) (d)
No power flow Only reactive power flow  Only active power flow  Both active & reactive power flow

Fig. 2.15. Active and reactive power flow from inverter to utility line [21].

Three filters are required, one at input (Li,, Ciy), a second at intermediate DC bus (Lg,
Cqy) and the third at the output of III stage PWM VSI (L,, C,). The input filter capacitor
Cin 1s an ultracapacitor to absorb the load-transients. It is large in magnitude and of
maximum input voltage rating. Intermediate DC link filter capacitor Cy4 absorbs the
second harmonic component of line current. Its voltage rating is higher than peak utility
line voltage. Output filter (Lo, Co) is a HF filter. Its size will depend upon the switching
frequency. Filter capacitor C, is of peak utility line voltage rating. Some of the features of
this scheme are listed below:

Advantages:
1. The components of the first two stages are designed for average power but the
components of III stage are designed for peak power [33].

2. Can be used for standalone mode of operation [50].
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3. The second harmonic pulsation is absorbed at the intermediate DC link.

Therefore, the risk of low frequency current ripple reaching the input is low.

Disadvantages:

1.

The high frequency switching operation at III stage VSI decreases the size of the
filter but at the same time increases the switching losses and the heat sink size.

A large inductor ‘L' is required to control the active power flow between VSI and
the utility line [30]. The value of inductor depends upon the value of controlled
voltage at the output of III stage VSI considering the fixed utility line voltage.
Control circuit is complex. This control circuit alters the modulation index of
reference wave to keep the output of VSI at pre-decided constant value and
adjusts the phase angle between inverter voltage Vi, and utility voltage v, to keep
the utility line power factor (v, and i,) at unity with load and input voltage
variations.

Interface to utility is not straightforward.

. Utility line power factor is good but unstable with load and input voltage

variations [50].
High voltage rated capacitor Cq at the intermediate DC link is required to absorb

the second harmonic pulsation of line current.

2.3.4 Scheme 4: Three-Stage Power Conversion with Last Stage HF Current

Controlled Inverter [32-39]

This is also a three stage power processing scheme with an intermediate DC link. The

schematic diagram is shown in Fig. 2.16. The front-end inverter is controlled to convert

input DC into HF AC, which is rectified and filtered to produce a constant voltage Vpc at
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the intermediate DC link, which forms the input DC voltage for the current controlled
inverter. The current controlled inverter is controlled to produce desired sinusoidal
current after filtering which is fed to utility line. Any one of the hysteresis band control
(HBCC) also called bang-bang control [32], one cycle control [33], average current
control [34, 36-37] and sinusoidal duty cycle modulation [28-39] techniques can be used.

The operating waveforms with HBCC are shown in Fig. 2.17.
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Fig. 2.16. Three-stage utility interfaced PCU with last stage HF current controlled inverter.
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Fig. 2.17. Operating waveforms for the scheme shown in Fig. 2.16 with HBCC technique.

Here, the reference current is locked in phase with the utility voltage v, to maintain
utility line power factor at unity. This scheme is similar to scheme 3 except the current
control is adopted at III stage of power conversion and it has several features common

with scheme 3. The current control adds some extra benefits discussed below:
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Advantages:

1.

4,

5.

The components of first two stages are designed for average power. Only the
components of I1I stage are designed for peak power [33].
The second harmonic pulsation is reflected and absorbed at the intermediate DC

link. Therefore, the risk of low frequency current ripple at the input is low.

. Unlike scheme 3, no extra large inductor is required to control the power flow into

utility. HF inductor L, acts as a buffer between inverter and the utility line.
The control is not complex and makes the utility connection simple.

The utility power factor is good and stable and the output current has low THD.

Disadvantages:

1.

The high frequency switching operation at III stage VSI decreases the size of the
filter but at the same time increases the switching losses and the heat sink size.
High voltage rated capacitor Cq at the intermediate DC link is required to absorb

the second harmonic pulsation of line current.

2.3.5 Scheme 5: Three-Stage Power Conversion with Last Stage Line Commutated

Inverter (Square-Wave Current Output) [40, 50]

This is also a three-stage power processing scheme as shown in Fig. 2.18. The front-

end inverter is controlled to convert input DC into HF AC which is rectified and filtered

to produce a constant voltage Vy. at an intermediate DC link. This voltage is converted

into adjustable current source lgc using a large inductor L4 at the intermediate DC bus [40,

50]. It uses line commutated inverter at III stage which is a phase controlled converter

that operates with maximum possible fixed firing angle (near to 180°). It inverts the DC
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link current and forces into the utility line to feed power after filtering. The operating

waveforms are shown in Fig. 2.19.
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Fig. 2.18. Three-stage PCU for utility interface with last stage line commutated phase controlled inverter.
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Fig. 2.19. Operating waveforms for the scheme shown in Fig. 2.18.

The inverted DC link current is approximately a square-wave if intermediate DC link
inductor Lg is much larger than the critical value. The value of |y depends upon the value
of HF rectified output voltage V. at the intermediate DC link, since the DC voltage Vag at
the input terminals of the phase controlled bridge is fixed if the utility voltage is fixed

[40, 50]. The average current in the DC link is given by [40, 50]

— Vdcav — VABav

|
dc Rd

2.1)



Utility Interfacing Schemes 34

where Vycay and Vagay are the average values of Vg4 and vag respectively; Ry is the DC link
resistance.

Three filter circuits are required; one at the input (Lin, Cin), large filter inductor L4 at
the intermediate DC bus and line harmonic filter (Lo, C,) at the output of line commutated
converter. Input filter capacitor Cj, is an ultracapacitor to absorb the load-transients and
also the low frequency ripples. It is of maximum input voltage rating. Some of the

features of this scheme are listed below:

Advantages:
1. The interface to utility is simple.
Disadvantages:

1. The line current will have high THD. Line filters are necessary to minimize the
current harmonics injected into the utility line [40, 50]. Active filter (AF) can be
used to reduce THD to a desired low level but the complexity of the control and
requirement of extra components limit the use of this scheme with AF [111].

2. It can not be used in standalone mode.

2.3.6 Scheme 6: Three-Stage Line Current Modulated Power Conversion with Last

Stage Line Frequency Unfolding Inverter [41-70]

This is also a three-stage power processing scheme. The schematic diagram of this
scheme is shown in Fig. 2.20. This scheme uses line current modulation. This scheme is
widely used and available in literature compared to other schemes [41-70]. The front-end
inverter is controlled to produce HF AC current of varying amplitude, which is rectified

and filtered to produce rectified sine-wave current of twice the line frequency at an



Utility Interfacing Schemes 35

intermediate DC link. This rectified sinusoidal current wave is unfolded at every half
cycle by a line frequency inverter connected to utility line to produce line frequency
sinusoidal current to feed the utility line in phase with utility line voltage. The operating

waveforms are shown in Fig. 2.21.
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Fig. 2.20. Three-stage utility interfaced PCU with line current modulation (III stage unfolding inverter).
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Fig. 2.21. Operating waveforms for the scheme shown in Fig. 2.20 when a resonant inverter is used.

Three filters are required, one at the input (Li,, Cin), second at intermediate DC bus (Lg,
Cq) and third at the output of line frequency inverter (Lo, Cy). Filters (Lg, Cqg) and (Lo, Co)
are HF filters. Input filter capacitor Ci, is an ultracapacitor to absorb the load-transients
and the second harmonic component of line current. The capacitors Cy4 and C, are small in
value, depends upon the switching frequency and of peak utility voltage rating. Some of

the features of this scheme are listed below:
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Advantages:

1. Interface to utility is simple.

2. Only I stage (HF inverter) needs to be controlled.

3. Power factor is near to unity and THD is less.

4. Unlike scheme 3, no extra large inductor is required between III stage and utility
line. Intermediate DC link HF inductor Ly acts as a buffer between PCU and
utility.

5. The size of output filter (Lo, Co) is smaller as compared to schemes 3-5.

Disadvantages:
1. The components of all three stages are designed for peak power rating [33].
2. The risk of HF transformer saturation is higher as compared to schemes 3-5.

Therefore, flux needs to be sensed to avoid saturation.

2.4 Comparison and Selection of a Suitable Scheme

In the last section, features of various utility interfacing schemes were discussed. In
this section, these utility interfacing schemes are compared. Table 2.1 gives a comparison

of discussed utility interfacing schemes to make a choice for the present application.

Scheme 1 is not a suitable choice for medium and high power applications. Also, as

discussed earlier, the efficiency of the conversion is lower.

Scheme 2 has the advantage of reduction of one stage but at high frequency, the use of
AC switches eliminates this advantage. The major problem with this scheme is
commutation overlap and becomes a severe problem for fuel cell applications (due to

high input currents). At high frequency, overlap forms a large part of the HF cycle.
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Table 2.1: Comparison of HF isolated utility interfacing schemes.

Parameter Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Scheme 6
No. of power 2 2 3 3 3 3
stages
Filter circuits 2 2 3 3 3 3
Large input
capacitor has to yes yes no no no yes
absorb 2™
harmonic also
Intermediate DC NA NA large large NA small
link capacitor
last stage small small small small small small
capacitor
Extra inductor No No Yes No No No
THD low low low low high low
Utility line p.f. good good good but good good good
unstable (fundamental p.f.)
Ease of
connection to Simple Simple complex simple simple simple
utility line
III stage HF At least one leg Line frequency Line
switching NA NA Switched HF switching frequency
switched switching
Simplicity of Simple Simple Complex Simple Simple* Simple
control
Size large small small small small small
Efficiency low high high high high high

*Scheme 5 will become complex, if active filtering is adopted. NA = Not applicable
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Therefore, this scheme is not a good choice for the present application.

In scheme 3, the PCU requires an extra large inductor for power control and the
control is complex and utility interconnection is not straightforward compared to other
schemes. The line power factor is unstable with load and input voltage variations.

Therefore, it is not a good choice for utility interface application.

Scheme 5 forces square wave current into the utility line. THD is higher compared to
other schemes. Harmonic filters are required between inverter and the utility line. Active
filter is also a complex solution, requires another converter and complex control to reduce

THD of line current [111].

Both, schemes 4 and 6 are current controlled and well comparable. Therefore, a choice
between schemes 4 and 6 is made. In scheme 6, last stage inverter is line frequency
switched while in scheme 4, last stage inverter is HF switched and suffers from the
disadvantage of extra switching losses. In scheme 6, the components are designed for
peak power rating that is twice the output/rated power (derating of components) while in
case of scheme 4 the components are designed for average power so it could be designed
for power twice of the scheme 6 using the same power converters. In case of multi-cell
power conversion to achieve the rated/output power, this feature of scheme 4 can reduce
the number of cells of power conversion units to half than scheme 6. In scheme 6, the low
frequency input current (120 Hz) pulsation is directly faced by the fuel cell. Large
ultracapacitor, which is used to take care of the load transients, will absorb the 2™
harmonic current also. However, there is a risk of the 120 Hz current ripple to reach to the
fuel cell stack. It can perturb the operating point and could drive instantaneous operation

below the knee/optimum point of the characteristic curve causing a possible shut down.
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But in scheme 4, the low frequency pulsation is absorbed at the intermediate DC link and

the fuel cell is not subjected to 120 Hz pulsation that makes the scheme 4 a better choice.

Therefore, based on the discussion above, scheme 4 is selected for the present

application.

2.5 Conclusion

In this Chapter, six interfacing schemes to connect a DC source to a single-phase
utility line are discussed and compared. Based on the fuel cell characteristics, properties
and performance, a suitable interfacing scheme is selected for the fuel cell application.
Now the selection and design of power converters for the given specifications and

application to realize the selected scheme/unit is the next step.

It is clear from the specifications that due to low fuel cell stack voltage, the system
takes higher current from the fuel cell for the given power and it results in lower
efficiency of the system. The inverter stage of the selected scheme deals with the higher
voltage (lower current) and therefore, its efficiency is higher. In this sense, the efficiency
of the whole system depends mainly on the efficiency of the front-end DC-DC converter.
Therefore, a suitable front-end DC-DC converter topology must be selected and designed

to realize a high efficient system.

The next Chapter deals with a comparison of soft-switched HF transformer isolated
DC-DC converters and selection of a suitable converter topology for the present

application and specifications.
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Chapter 3

High-Frequency Transformer Isolated Soft-Switched DC-

DC Converters: Comparison and Selection

3. 1 Introduction

In the last Chapter, a classification of the utility interfacing schemes using HF
transformer isolation has been presented. The necessity of HF transformer isolated power
converters for DC-AC power conversion for the given specifications and application has
been explained. Based on the fuel cell characteristics, performance and size, a suitable
scheme has been selected for the present application. Now, the power converters must be
designed to realize the selected scheme. The selected utility interfacing scheme has a HF
transformer isolated DC-DC converter at the front-end for boosting-up the low fuel cell
stack voltage to more than the peak of the utility line AC voltage, followed by a current
controlled PWM inverter to convert the high DC link voltage to utility AC voltage at line
frequency. Proceeding in steps, the selection of a front-end DC-DC converter is to be

done first for the given specifications and application.

This Chapter presents a comparison of various existing HF transformer isolated soft-

switched DC-DC converters and selection of one suitable converter topology.

In Section 3.2 the advantages and need of the soft-switching for HF power conversion
is explained. The features of the two kinds of soft-switching along with their operation
are explained. Various HF transformer isolated soft-switched DC-DC converter

topologies are discussed and compared for the given specifications in sections 3.3 and
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3.4, respectively. A suitable DC-DC converter topology for the present application is
selected based on the merits and performance of the converters. The performance of the
selected converter is evaluated in section 3.5 by simulation using PSIM 6.0.1.
Experimental results of 200 W converter are presented. The Chapter is concluded in

section 3.6.

3.2 Introduction to Soft-switching

As discussed in section 2.2 of previous Chapter, high-frequency transformer isolated
power converters are preferred for power conversion to realize a small size, light and less-
expensive power conditioning unit (PCU). In addition, such HF conversion reduces the

size of the filters and other reactive components.

Converters can be classified into hard switched converters and soft-switched
converters. In hard switched converters, voltage and current are present simultaneously
across the switch during switching intervals as shown in Fig. 3.1. It results in switching
losses and requires large heat sink. Hard switching results in generation of EMI due to

circuit parasitics [87]. Therefore, switching frequency of the hard switched converters is

Vsw /SW
Switch Voltage
& Currents
- -
Switch turn-on Switch turn-off
Switching
Power Loss
Turn-on loss Turn-off loss

Fig. 3.1. Switching losses in hard switched converters.
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limited. Lower switching frequency increases the size of the magnetic components and
filters [87]. Also, lossy snubbers are required [87-90]. When operated at high frequency,
hard switched converters suffer from higher switching losses, component stresses and
electromagnetic interference (EMI) produced due to large di/dt and dv/dt changes [87].
Switching losses increase with increase in switching frequency, thereby reducing the
efficiency of the converter. Therefore, soft switching is desired to operate the converter at
higher frequency to reduce the size, weight, and cost of the converter as well as to achieve

higher efficiency [88-89].

If the voltage across the switch is reduced to zero before the gating signal is applied to
that switch called as zero voltage switching (ZVS) and if the gating signal is removed
after the current through the switch goes to zero naturally called as zero current switching
(ZCS), the switching losses can be minimized resulting in smaller heat sink size and
lossless or reduced snubber size [87]. Such converters are called soft-switched converters.
Soft switching results in reduced EMI and lower switching stress [87-90]. Operation of
such converters is shown in Figs. 3.2 and 3.3. Soft-switched converters can be operated at
higher frequency resulting in reduced size of magnetic components and filters [88-89] as

well as light, efficient and less expensive converters.

VSW
Switch Voltage & .
Current Isw
Gating Signal I/ Vgate

Fig. 3.2. Zero voltage switching (ZVS) of converters.
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Switch Voltage & Isw

Current N\
=

Vgate

Gating Signal

Fig. 3.3. Zero current switching (ZCS) of converters.

In zero voltage switching (ZVS):

1.

There are no switch and the anti-parallel diode turn-on losses. The switch is
subjected to turn-off losses.

The medium speed diodes can be used because time available for reverse recovery
of the diode is large [89-90].

Turn-off losses can be reduced by placing a capacitor across the switch. Since, the
snubber capacitor is never discharged through the switch; snubber discharge

resistor is not required, resulting in lossless snubber [89-90].

In zero current switching (ZCS):

1.

There are no switch turn-off losses. Switch is subjected to turn-on losses.

2. Due to reverse recovery of the anti-parallel diode, when the other switch in the

same leg of the converter is turned on (in case of half-bridge and full-bridge
configurations), the conducting anti-parallel diode of other switch will not turn-off
instantly. The conducting anti-parallel diode and the turned-on switch form a short
circuit across the source. Therefore, di/dt limiting inductors are required in series
with each switch. Fast recovery diodes are required to reduce the size of these

di/dt liming inductors [90].
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3. Snubber capacitor is discharged through the switch when it is turned on, resulting
in a large current peak through the switch. Therefore, a resistor is connected in
series with each snubber capacitor across the switch to limit this peak current
through the switch. Losses in these snubber resistors increase with increase in

switching frequency and supply voltage [90].

Requirements of high-speed diode in parallel to each switch, presence of lossy snubber
across each switch and di/dt liming inductor in series with each switch are disadvantages

of ZCS over ZVS [74] and therefore, ZVS is selected for this research.

Therefore, in this Chapter, only ZVS HF transformer isolated DC-DC converters for

the given specifications will be discussed.

3.3 HF Transformer Isolated Soft-Switched DC-DC Converters

From the selected utility interfacing scheme for the present topic in Chapter 2, a HF
transformer isolated DC-DC converter is a part of utility interfaced inverter system. In
this section, operation of various HF transformer isolated ZVS DC-DC converter
topologies is discussed. The specifications of a DC-DC converter cell are as follow:

Input Voltage (from fuel cell stack) Vi, =22 -41 V.
Output voltage Vo, =350 V.
Output Power P, = 1 kW.

Switching frequency fs = 100 kHz.

Due to high power requirement at low input voltage, an interleaved, multi-cell

configuration that uses 5 converter cells of 1 kW output power each connected in parallel
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is adopted. Also, at high power, for higher current applications, it is difficult to realize the
components to build a practical converter. Each cell shares equal power and thermal
losses are distributed uniformly among the cells. Also, the use of phase-displacement in
the five legs of converter cells increases the frequency of input/output ripples reducing
the filtering requirements considerably. Various ZVS DC-DC converters are discussed

next.

There are two major types of DC-DC converters, viz., voltage-fed and current-fed
converters. They can be further classified as PWM and resonant converters. Resonant
converters can be operated in either variable frequency mode or fixed frequency mode,
but the operation in variable frequency mode makes the design of filters and control
circuit difficult. In the present application, variation in switching frequency required is
very large due to wide variations in the input voltage and load conditions. Therefore,

fixed-frequency operation is considered for this application.

From the above discussions, the following eight soft-switching DC-DC converter
configurations are possible.
1. Fixed-frequency series resonant converter (SRC) [90].
2. Fixed-frequency parallel resonant converter (PRC) [92].
3. Fixed-frequency series-parallel or LCC-type resonant converter (SPRC) [93].
4. Fixed-frequency LCL SRC with capacitive filter [94-96].
5. Fixed-frequency LCL SRC with inductive filter [97].
6. Fixed-frequency phase-shifted PWM full-bridge converter [98-100].
7. Fixed-frequency full-bridge secondary controlled converter [78, 101-102].

8. Fixed-frequency active clamped two-inductor current-fed converter [103-107].
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Among the above eight converter configurations, the SRC and SPRC can operate with
ZVS only for very narrow variations in input voltage and load in the present application.
In the case of PRC, the inverter peak current does not decrease much with reduction in
load. This will lead to significantly low efficiencies under partial load. Therefore, the first
three configurations are not considered for further study and only the later five

configurations are discussed next.

3.3.1 Fixed-Frequency LCL SRC with Capacitive Output Filter (Scheme A)

Fig. 3.4 shows the basic circuit diagram of LCL-type modified SRC. Its operating
waveforms using phase-shifted gating control scheme with devices conducting marked

are shown in Fig. 3.5.

This topology uses LCL tank for soft switching of HF switches. The converter has
been analyzed using the Fourier series approach [94] and approximate analysis [95-96]. It
has been shown that the converter operates in lagging PF mode for a wide variation in
load and input voltage, ensuring ZVS of all primary switches. The peak and RMS

currents through the switches decrease with load current.

The converter is designed based on the analysis and design procedure given in [94].
The design equations are given in Appendix A. The component values calculated for the
given specifications are: ng = 0.06, Ls = 0.35 pH, L, = 953 uH, Cs = 8.78 uF, Ci-C4 = 47

nF, C, =25 pF.
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Fig. 3.4. LCL series resonant converter with capacitive output filter.
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Fig. 3.5. Operating waveforms of LCL SRC with capacitive output filter.

3.3.2 Fixed-Frequency LCL SRC with Inductive Output Filter (Scheme B)

Figs. 3.6 and 3.7 show the basic circuit diagram and operating waveforms with devices
conducting marked using phase-shifted gating signals of LCL-type SRC with inductive
output filter. This converter has been analyzed using approximate analysis [97]. It has
been shown that this converter also operates in lagging PF mode for a wide variation in
load and input voltage, ensuring ZVS of primary switches. The peak current through the

switches decreases with load current.
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Fig. 3.7. Operating waveforms of LCL SRC with inductive output filter.

The converter is designed based on the analysis and design procedure given in [97].

The design equations are given in Appendix B. The component values calculated for the

given specifications are: Ny = 0.05, Ls = 0.27 pH, L, = 1.44 mH, Cs=11.47 pF, C, - C4=

80 nF, L, = 1.35 mH, C, = 1 pF.

3.3.3 Fixed-Frequency Phase-Shifted PWM Full-Bridge Converter with Inductive

Output Filter (Scheme C)

The basic circuit diagram and operating waveforms with devices conducting marked of

a phase-shifted PWM full-bridge converter are shown in Figs. 3.8 and 3.9, respectively.

This converter features ZVS of the primary switches with relatively small circulating
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current, i.e., reduced switch peak current compared to resonant converters. ZVS is
achieved by the filter inductance, transformer leakage inductance, snubber capacitance

that includes parasitic junction capacitance of the switches.
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Fig. 3.8. Phase-shifted PWM full-bridge converter with inductive filter.
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Fig. 3.9. Operating waveforms of phase-shifted PWM full-bridge converter.

The analysis and design of the converter is given in [99-100]. The design equations are
given in Appendix C. Component values calculated for the given specifications are: ny =

0.0526,Ls=154nH, C; =C,=65nF, C3=C4=58 nF, L, =876 uH, C, = 1 pF.
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3.3.4 Fixed-Frequency Secondary Controlled Full-Bridge Converter (Scheme D)
Fig. 3.10 shows secondary-side controlled converter having two active bridges. The
operating waveforms with the devices conducting marked are shown in Fig. 3.11.
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Fig. 3.10. Full-bridge converter with secondary side control.

+Vin
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Fig. 3.11. Operating waveforms of secondary controlled full-bridge converter.

Primary-side switches are operated by fixed gating pattern. The secondary bridge is

controlled to produce phase difference between primary (Vp) and secondary (Vs) side
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voltages of HF transformer to regulate the output voltage with variations in load and input
voltage. All primary switches are expected to operate with ZVS for wide input voltage
and load conditions if V, > (Ny)V,. If the primary current lags primary voltage, the primary
side switches are in ZVS and if the secondary current leads secondary voltage, the

secondary side switches are in ZVS as shown in Fig. 3.11.

The converter is analyzed in [78, 101-102]. The design equations are given in
Appendix D. Component values calculated for the given specifications are: n; = 0.0625, L

=0.5 MH, C]' C4= 68 l’lF, C5- C8= 0.12 l’lF, Co =50 MF.

3.3.5 Fixed-Frequency Active-Clamped Two-Inductor Current-Fed Converter
(Scheme E)

Conventional boost converters are not suitable for applications that require higher
input currents and if there is a large difference between input and output voltage (i.e., a
large boost ratio). Two-inductor current-fed isolated DC-DC converter [103-104] is
suitable for such applications. However, the major limitations of such converters are hard
switching and requirement of an auxiliary circuit to absorb the switch turn-off voltage
spike [103-107]. An active clamping [108] based ZVS configuration proposed, analyzed
and designed in [107] is shown in Fig. 3.12. The active clamping circuit absorbs the
switch turn-off voltage surge, resulting in reduced snubber capacitor value across the
main switches and reduced turn-off losses. The configuration is able to maintain ZVS for
wide input range. The operating waveforms are shown in Fig. 3.13. The complete
analysis and design of this converter are presented in Appendices E and F, respectively.

Switch peak and RMS currents decrease with load and input voltage, thereby increasing
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the efficiency at high input and reduced load conditions. ZVS is maintained at higher

input voltage.

The design equations are given in Appendix F. The calculated component values are:

Ny= 025, L] = L2 =100 HH, Ls =1 MH, C] = C2 = Coss =0.88 nF, Ca =2 HF, Ca] = Caz =

11.72 nF, C, =50 pF.
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Fig. 3.12. Active clamped current-fed two-inductor boost converter.
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Fig. 3.13. Operating waveforms of active clamped current-fed two-inductor converter.
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3.4. Comparison of Converters and Selection

In this section, the discussed converter topologies are compared for the given
specifications and application. Based on their merits and performance, a suitable

converter topology is selected.

Table 3.1 gives a comparison of various components’ ratings in the above mentioned
converter schemes obtained by simulation using software package PSIM 6.0.1 for the
given single-cell specifications. All the values given in Table 3.1 are normalized using the

following base values and the per-unit (p.u.) values obtained are given in Table 3.2.

The base values on the primary side of the HF transformer are: Base voltage Vg =
Vinmin = 22 V, base power (for both active and apparent) Pg = P, = 1 kW (nominal or full
load output power), base current Ig = Pg/Vg =45.45 A.

Base values for the secondary side of the HF transformer are: Vg =V, =350 V, Pg =P,
= 1 kW (full-load power), Iz = Pg/Vg = 2.86 A. VA rating of transformer/switch/tank is
normalized by dividing it by base power or nominal power. VA rating of the switch is

determined by multiplying the maximum voltage across it and rms current through it.

Table 3.1: Comparison of various parameters for various mentioned Schemes for V;, =22 V at full load and
in brackets are for Vi,= 41V at full load (1 kW).

Parameters Sch. A Sch. B Sch. C Sch. D Sch. E
Peak current through L (A) 74.5 (142.3) 70.6 (76.9) 57 (64.5) 66 (123.7) 46 (24.74)
Peak current through L, (A) 14.85 (13) 12.2 (12.23) - - -

Peak voltage across Cs (V) 14 (15.25) 11.94 (11.66) - - -
Main switch RMS current (A) | 38.5 (51.85) 40 (39.32) 36.1(37.86) | 41.8(47.1) 29.3 (18.1)
Peak HF switch voltage (V) 22 (41) 22 (41) 22 (41) 22 (41) 110 (92)
Peak main switch current (A) 74.5 70.6 57 (64.5) 66 68.3 (36.6)

(142.3) (76.9) (123.7)

Aux. switch RMS current (A) - - - - 5.87 (4.72)
Peak aux. switch current (A) - - - - 22.73 (12.2)
Peak rectifier diode/switch 350 (350) 600 (930) 420 (780) 350 (350) 350 (350)

voltage (V)
Transformer VA rating (VA) 1199 (1695) 1245 (1575) 1130 (1596) | 1298 (2722) 1400 (1240)
Switch VA rating (VA) 847 (2126) 880 (1612) 794 (1552) 926 (1857) 3223 (1755)
Tank VA rating 1354 (2135) 1150 (1230) 256 (284) 1146 (1384) 336 (182)
n=NJN =(1/ny) 16.5 20 19 16 4
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Table 3.2: Normalized values of Table 3.1.

Parameters Sch. A Sch. B Sch. C Sch. D Sch. E
Peak current through Lg (p.u.) 1.64 (3.13) | 1.55(1.69) | 1.25(1.42) 1.45(2.72) 1.01 (0.54)
Peak current through L, (p.u.) 0.33 (0.29) 0.27 (0.27) - - -
Peak voltage across Cs (p.u.) 0.64 (0.69) | 0.54(0.26) - - -
Main switch RMS current (p.u.) 0.85(1.14) | 0.88(0.87) | 0.79 (0.83) 0.92 (1.04) 0.64 (0.4)
Peak HF switch voltage (p.u.) 1(1.86) 1 (1.86) 1 (1.86) 1 (1.86) 5 (4.18))
Peak main switch current (p.u.) 1.64 (3.13) | 1.55(1.69) | 1.25(1.42) 1.45(2.72) 1.5 (0.81)
Aux. switch RMS current (p.u.) - - - - 0.5 (0.27)
Peak aux. switch current (p.u.) - - - - 0.13 (0.10)
Peak rectifier diode/switch voltage (p.u.) 1(1) 1.71 (2.66) 1.2 (2.23) 1(1) 1 (1)
Transformer VA rating (p.u.) 1.2 (1.7) 1.25 (1.58) 1.13 (1.6) 1.3 (2.72) 1.40 (1.24)
Switch VA rating (p.u) 0.85(2.13) | 0.88(1.61) | 0.79(1.55) 0.93 (1.86) 3.22 (1.76)
Tank VA rating (p.u.) 1.35(2.14) | 1.15(1.23) | 0.26 (0.28) 1.15 (1.38) 0.34 (0.18)
N /N =(1/ny 16.5 20 19 16 4

The switch VA rating is a measure of its size. But at the same time, the losses
occurring in the switch should be accounted for heat sink size.

Based on the simulation results shown in Table 3.1, selected components are given in
Table 3.3. Based on the values given in Table 3.1 and the selected components given in
Table 3.3, overall losses and efficiency of these converters are calculated and tabulated
for comparison in Table 3.4 based on the following assumptions: (a) Transformer losses
are 1% of output power. (b) Q-loss of series inductor is included in transformer loss
because its value is very small. (¢) Q-loss in parallel inductor is negligible because
current is small (schemes A and B). (d) Output RCD snubber loss is 1% of output power

(schemes B and C). Switch and diode losses are calculated at 100° C.

Table 3.3: Selected components for various mentioned schemes.

Schemes HF switch Rectifier diode/switch
IRF3007 8ETHO06
Scheme A Vgs=75V, 1g=75 A and Rysn=12.6 mQ @ 25°C VR=600V; V=18V
leay =8 A; t,, =40 ns
HFAO8TB120S
Scheme B same as scheme A Vg =1200 V; I =8A
VE=3V,t,~=40ns
Scheme C same as scheme A same as scheme B
IRFIB7N50L
Scheme D same as scheme A Vgs=500 V, 1;=6.8 A@100°C
Rason=0.51Q @ 100°C
IXFH/IXFT60N20 (Main)
Scheme E Vgs=200 V, 1760 A and Ryso= 33 mQ @ 25°C same as scheme A
FQDI8N20V2 (Auxiliary)
V=200 V, 15=15 A and Rys0=0.14 Q @ 25°C
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Table 3.4: Losses and efficiency for various mentioned schemes with Vi, =22 V and in brackets are for Vi,
=41V at full load.

Losses Scheme A Scheme B Scheme C Scheme D Scheme E
Conduction losses in 118.6 (215) 128 (123.7) 104.25 (114.7) 139.78 89.3 (34.1)
MOSFETs (W) (177.47)
Turn-on Loss (W) 0 (ZVS) 0 (ZVS) 0 (ZVS) 0 (ZVS) 0 (ZVS)
Turn-off Loss (W) 1.5 (18) 2.6 (3) 2(2.7) 2.67 (9.37) 1.3 (0.5)
Transformer Loss (W) 10 10 10 10 10
Rectifier Loss(W) 10.3 (10.3) 17.8 (17.8) 17.8 (17.8) 13.9 (17.9) 10.3
Output snubber loss (W) 0 10 10 0 0
Auxiliary circuit loss (W) - - - - 14 (12.1)
Total Loss (W) 140.4 (253.3) 168.4 (164.5) 144.05 (155.2) 166.35 124.9(67)
(214.74)
Efficiency (%) 87.7 (79.8) 85.6 (85.8) 87.4 (86.5) 85.7 (82.3) 88.9(93.7)

Table 3.5 shows the problems associated with discussed converter schemes and gives a

comparison of their merits and demerits. Based on these merits/demerits and the

performance, i.e., efficiency and ZVS range, a suitable converter configuration for the

present specifications and application can be selected.

Table 3.5: Drawbacks/problems associated with DC-DC converters discussed in section 2.

Parameters Scheme A Scheme B Scheme C Scheme D Scheme E
Switch peak/RMS Increases Peak increases, | Increases a little Increases Decreases
current at high RMS decreases
input voltage
Duty cycle loss Not present Present Present Not present Not present
Rectifier diode Not present Present, requires | Present, requires Not present Not present
ringing lossy RCD  |lossy RCD snubber
snubber
Rectifier diode Low High High Low Low
rating
Efficiency Higher High High High Higher
100% to 10% load|100% to 10% load| 100% to 35% load | 100% to 10% for | 100% to 35% load
ZVS range at low input, 2 at low input, 2 at low input, 2 | primary switches at | at low input, &
switches lose ZVS|switches lose ZVS| switches lose ZVS | all input, secondary | 100% to 80% load
at high input at high input at high input  |switches lose ZVS at|  at high input
high input
Diode turn-off ZCS Hard Hard ZCS ZCS

It is clear from Table 3.5 that for the present specification and application, none of the

voltage-fed converters (schemes A-D) can maintain ZVS for the entire operating range of

load and input voltage. Also, with high transformer turns ratio, it is difficult to realize the
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low series resonant inductance (which includes transformer leakage inductance) in
voltage-fed converters (schemes A-D). Converters with inductive output filter (schemes
B-C) suffer from the problem of duty cycle loss and voltage ringing across the rectifier
diodes, which require lossy RCD snubber circuit to clamp the voltage across the rectifier
diodes. Converters with capacitive output filters (schemes A, D-E) are more suitable
because they are free from these problems and voltage across the rectifier diode is
clamped at the output voltage. Phase-shifted full-bridge converter cannot maintain ZVS at
light load conditions even at constant input voltage. Within a narrow variation in input
voltage, LCL SRC with capacitive output filter can give ZVS for wide load range (down
to 10% load) but with increase in input voltage, the switch peak and RMS currents
increase as seen from Tables 3.1 and 3.2. It increases the conduction losses in switches
and reduces the efficiency of the converter at high input voltage as shown in Table 3.4.
Also, as discussed earlier, ZVS is lost at high input voltage. Secondary controlled
converter requires large number of switches and two sets of driving circuits. The major
problem in this converter is large circulating current at high input voltage. Switch peak
and RMS currents increase with increase in input voltage, thereby increasing the
conduction losses in primary side switches and reducing the converter efficiency. If the
input voltage variation is large and input currents are higher (as in the present
application), then only current-fed DC-DC converter shows ZVS at high input voltage.
Also as seen from Tables 3.1 and 3.2, in this converter, switch RMS and peak currents
decrease with increase in input voltage which increases the converter efficiency at high
input voltage. Capacitive filter makes this converter free from the problems of duty cycle

loss and rectifier diode ringing. Rectifier diode voltage is clamped at the output voltage
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and the rectifier diodes undergo ZCS. Series tank inductor value can be realized. Along
with these merits, higher efficiency and wider ZVS range than voltage-fed converters;
make this converter suitable for this application. Therefore, active clamped two-inductor

current-fed converter (scheme E) is selected for the given specifications and application.

3.5. Performance Evaluation of Active-Clamped Current-Fed

Converter

The performance of the active clamped current-fed converter designed in Appendix E
is predicted analytically for changes in input voltage (22 V and 41 V) at full load and half
load conditions. The analysis and design of the converter are verified by simulating the
designed converter using PSIM 6.0.1 and the simulation results are presented in this
section. The simulated results obtained are summarized in Table 3.6 for comparison with

theoretical values.

Table 3.6: Simulation and calculated (in brackets) results for current-fed converter designed in Appendix F.

Parameter Vin=22V Vin=41V
Full load Half Load Full Load Half Load
Duty cycle of main switch 0.8 0.76 0.55 0.528
Peak current through L (A) 46 (45.5) 23.1 (22.7) 24.74 12.25
(24.4) (12.2)
RMS current through L (A) 18.9 (18.6) 9.52 (9.3) 13.9 (13.6) 6.92 (6.82)
Peak current through main switch (A) 69.2 (68.3) 349 (34.1) 38 (36.6) 19.25 (18.3)
RMS current through main switch (A) 29.3 (26) 14.7 (12.7) 18.1 (15.2) 9(7.52)
Peak current through auxiliary switch (A) 23.5(22.7) 12.25 (11.3) 13.5(12.2) 7.2 (6.1)
RMS current through auxiliary switch (A) 5.6 (5.87) 3.2(3.21) 5.13 (4.73) 2.8(2.42)
Switch (main/auxiliary) voltage (V) 128 (110) 105 (92) 97 (91) 92 (87)
ZVS yes yes yes no
Efficiency (%) 88.9 (88.8) 93 (91.4) 93.7 (93.9) 95.8 (94.5)

It is observed from Table 3.6 that analytical values match with simulation values

verifying the accuracy of the analysis and design. Table 3.6 also shows that this converter

has better part load efficiency and efficiency increases at high input voltage.
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Fig. 3.14 (a) and (b) show the simulation waveforms at full load condition with

minimum and maximum input voltages, respectively.

(S1+D1)
00

l(Sa2+Da2)

VDR1 IDR1)"25

150.00 - N frr— e N el

-100.00 ‘ ‘ : :
19976.00 19980.00 19984.00 19988.00 19992.00 19996.00

Time (us)

(a)

KS14D1)

40.00
20.00
0.00
-20.00

(S2+D2)
40.00

20.00 -
0.00
-20.00

l{Sa1+Da1)
15.00

0.00
-15.00

l{(Sa2+Da2)
15.00

0.00
-15.00

VDR1 I(DR1)'50

400.00
150.00

-100.00 ‘ ‘
19976.00 19982.667 19989.333 19996.00

Time (us)

(b)

Fig. 3.14. Simulation results for full-load operation with (a) Vi, =22 V and (b) Vi, =41 V, showing ZVS of
all switches and ZCS of rectifier diodes. 1(S1) & 1(S2) are the main switch currents, 1(Sal) & 1(Sa2) are
auxiliary switch currents, VDR1 & I(DR1) are voltage & current through output rectifier diode DR1
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These simulation results show that anti-parallel diode of the main and auxiliary
switches conducts before the switch starts conducting causing ZVS of all (main and
auxiliary) switches. The rectifier diode current reduces to zero before the voltage across it
starts increasing causing ZCS of rectifier diodes making it free from voltage ringing. The
voltage across the rectifier diodes is clamped at the output voltage. The simulation
waveforms coincide with the theoretical waveforms (Fig. E.1), confirming the accuracy

of the analysis.

A prototype 200 W experimental converter was designed using design equations given
in Appendix F and built in the laboratory to verify the performance of the converter. The
calculated components’ values are L; = L, = 352 pH (for Aliy=0.5 A), Ls=4.95 uH; C, =

C2 = Coss =0.6 l’lF, Ca] = Caz =1 l’lF, Ca =1 H.F (AVCa =1.5 V), Co =2 MF (AVO =0.75 V)
Experimental details of this converter are given below:

Series resonant inductor Ls: Core used, PC40RM14Z-1Z-A250, Gapped RM core
(TDK Ferrites), Magnet wire, AWG # 14, number of

turns = 5, measured inductance = 4 pH

HF Transformer: Core used, PC40ETD49-Z ferrite core (TDK Ferrites)
Transformer turns ration =N ¢/N , =4
Primary winding — wire: Magnet wire, AWG # 14, number of turns
=7; Secondary winding — wire: Magnet wire, AWG # 20, number
of turns = 28.
Measured leakage inductance on primary side = 0.8 pH.
Measured magnetizing inductance on secondary side = 4.8 mH.

Measured magnetizing inductance on primary side = 288 puH.
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Boost inductors L; and L,: Core used, MPP Powder core (Arnold Magnetic
Technologies), toroid, No.: A-438281-2, Magnet wire,
AWG # 16, number of turns = 34, measured inductance =

350 uH
Input capacitor Cjy: HF capacitor, 1uF, 630 V DC, Sprague

Output filter capacitor C,: Parallel combination of HF capacitor (2 pF, 400 V DC,
Arcotronics MKP 1.44/2 SW) and storage capacitor (470

uF, 400 V DC, Aluminum Electrolytic, Nichicon)
Auxiliary clamp capacitor C4: HF capacitor, 2pF, 200 V DC

Main switches S; and S;: MOSFET IRFP260N (Vgs =200 V, Ip =50 A, Rgson = 40 mQ

at 250C, Coss =603 pF, tf =48 nS).

Auxiliary switches Sa; and Sz MOSFET IRF640 (Vgs = 200 V, Ip = 18 A, Ryson =

0.18 Q at 25°C, Coss = 430 pF, t; = 36 ns).
Rectifier Diodes DR; — DR4: MUR160 Ultrafast rectifier diodes, VrRrm = 600 V, g =1
A, VE=125V, t,r=50ns.
Auxiliary switch snubber capacitor C,;-Cao: Polypropylene film capacitor, PVC1621,
1 nF, 600 V, Cornell-Dubilier.
Full-load load resistance R, = 612.5 Q.

Gating signals were generated using Xilinx Spartan-II LC FPGA board and designed

by VHDL programming using ISE web pack 6. The details are given in Appendix G.
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Experimental waveforms are taken at full load for minimum and maximum input

voltage conditions and are shown in Figs. 3.15-3.17.

_ CYeEEEEEE A2 10.0Y/ F 3802 1.008- fA2 STOP

....... i VDS |

r-1.962 2.008” fA2 STOP

(@)
Wl [2 10.0vs F-1.058 1.0087 A2 STOP
Vps o - Ves IR
F-1.962 2.008/ #A2_STOP

Isi+ Ipy

(b)

Fig. 3.15. ZVS operation of main HF switches at full load with (a) Vi, =22 V and (b) Vi, =41 V. vps = drain
to source voltage across the main switch (100 V/div), vgs = gate to source voltage (10 V/div) and is; + ip;=

main switch current including anti-parallel diode (10 A/div. in (a) and 5 A/div. in (b)).
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F 4.568 2.008/ fA1 STOP

5.122 2.0087 fA1 STOP

Isa1+ Ipai

Fig. 3.16. ZVS operation of auxiliary switches at full load with (a) Vi, =22 V and (b) Vi, =41 V. isg+ ipa1 =

auxiliary switch current including anti-parallel diode 5 A/div.
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 [FEWEE A2 1000 F-2.008 2.008/ A2 STOP

_ Iy ........

(a)

 [TWWERE A2 S0.0U/ o -4.208 2.008/ A2 STOP

VbRi

(b)

Fig. 3.17. ZCS operation of rectifier diodes at full load: (a) Vi, =22 V and (b) Vi, =41 V. vpr = voltage
across the rectifier diode (200 V/div) and i s = current through the series inductor Ls or transformer primary

(10 A/div in (a) and 5 A/Div in (b)).

From Fig. 3.15, it is clear that main switch voltage (drain-to-source Vps) reaches zero
before the gating signal (Vgs) is applied. Also, the anti-parallel diode of the main switch
conducts first causing zero voltage across the switch before it starts conducting. It ensures
the ZVS of the main switches for the given wide input voltage variation. Similarly, Fig.
3.16 shows that the anti-parallel diode of the auxiliary switches is conducting before the
switch starts conducting causing zero-voltage turn-on of the auxiliary switches. It ensures
the ZVS of the auxiliary switches also for the given operating range of input voltage.

Clarity of voltage across the rectifier diodes Vpgr; and the series inductor current i
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confirm ZCS of rectifier diodes (no ringing). Full load efficiencies at 22 V and 41 V

input voltages are 94.5% and 95.3% respectively.

3.6. Conclusion

In this Chapter, a comparison of various soft-switched HF transformer isolated DC-DC
converters for fuel-cell to utility interface application has been presented. It has been
shown that active-clamped current-fed converter has desirable features for the present
application due to reduced peak currents, wide ZVS range, higher efficiency and free
from rectifier diode ringing. Only the two-inductor active-clamped current-fed converter
can maintain ZVS at wide input voltage variations at full load. Simulation and
experimental results were presented for verification and to test the performance of the
converter. This converter looses ZVS at reduced load. An alternative topology or
modification to this converter is required to achieve ZVS over the entire operating range

of load with wide input voltage variation and that is reported in the next Chapter.
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Chapter 4

Wide Range ZVS Active-Clamped L-L Type Current-
Fed DC-DC Converter: Analysis, Design, Simulation

and Experimental Results

4.1 Introduction

In the last Chapter, it has been concluded that active-clamped ZVS current-fed DC-DC
converter is suitable for the present application because of its several advantages over
voltage-fed DC-DC converters, wide ZVS range and higher efficiency. This converter
also cannot maintain ZVS for complete operating range of fuel cell voltage and load
condition. This converter has been modified by adding an inductor Lp in parallel to the
secondary winding of the HF transformer and an L-L type active-clamped current-fed
DC-DC converter, shown in Fig. 4.1, has been proposed. This proposed model maintains
ZVS for all switches when operated from full load to light load conditions with wide fuel
cell voltage variation. The output rectifier diodes operate with ZCS.
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Fig. 4.1. Active-clamped ZVS L-L type current-fed isolated DC-DC converter (one cell).

The objectives of this Chapter are to present the operation, analysis, design, simulation

and experimental results of this converter. Layout of this Chapter is as follow: Section 4.2
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presents the detailed operation and analysis during different intervals of operation of the
proposed topology along with ZVS conditions. Section 4.3 presents a complete design
procedure illustrated by a design example. The analysis is useful to evaluate the
performance of the designed converter analytically and select the various components of
the converter. The analysis and design have been verified by simulating the designed
converter using PSIM 6.0.1. The simulation results are given in section 4.4. Experimental
converter rated at 200 W has been designed, built and tested in the laboratory to verify the
analysis and design as well as to test the performance of the proposed converter for wide
variations in input voltage and load and presented in section 4.5. The Chapter is

concluded in section 4.6.

4.2 Operation and Analysis of the Converter

The following assumptions are made for the operation and analysis of the converter:
a) Boost inductors L; and L, are assumed large so that the current through them can be
considered constant.
b) Clamp capacitor C, is assumed large to maintain constant voltage across it.
c) All switches and diodes are assumed ideal.
d) Series inductor L includes the leakage inductance of the transformer.
e) Magnetizing inductance of the HF transformer is a part of parallel inductance L,.
The operating waveforms are given in Fig. 4.2. The two main switches M; and M, are
operated with gating signals phase shifted by 180° with an overlap. The overlap varies
with duty cycle. The duty cycle of the main switches is always greater than 50%. Fixed

frequency duty cycle modulation is used for control. The auxiliary switches are controlled
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Fig. 4.2. Operating waveforms of the proposed converter shown in Fig. 4.1 over a HF cycle.



L-L Type Active-Clamped Current-fed Converter 68

by gating signals complementary to the corresponding main switch gating signals.
Therefore, the duty cycle of the auxiliary switches is always less than 50%. The gating
signals with duty cycle control are generated using FPGA and explained in Appendix G.
The detailed operation of the converter during different intervals in a half cycle is
explained. For the next half cycle, the intervals are repeated in the same sequence with
other symmetrical devices conducting to complete the full HF cycle. The analysis is done
to obtain the design equations to design and select the components as well as to evaluate

the performance of the converter theoretically.

4.2.1 Converter Analysis

Interval 1 (Fig. 4.3a; t, < t < t;): In this interval, both the main switches M, and M, are
ON. The boost inductors L; and L, are storing energy. Power is transferred to the load by
the output capacitor C,. The series and parallel inductors are in series, shorted and

constant parallel inductor current I p peak flows through the series inductor.
Voltage across auxiliary capacitor C, is

Vs =—2v, (4.1)
The voltage across auxiliary switches is:

V.
Viviat =Vmaz = Vin +Vea = l—mD (42)

Duty ratio of main switches M; and M,, D = Tyn/Ts; Ton = main switch conduction time

and Ts = switching period of the main switch.

The current flowing through the series inductor Ls or current flowing through parallel

inductor L, reflected to primary side (irp’) is
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s = inl = 'ILp,peak 4.3)
where | ppeak 1 the peak current through the parallel inductor L, reflected to primary side

and is given by

Vi (4.4)

| =
Lp, peak . fs (LS + va)

Currents through main switches M; and M, are given by
imi = (linf2) + 1ip peak (4.5)
im2 = (lin/2) - ILp peak (4.6)
Voltage across the rectifier diodes

VDR = V0/2 (47)

Interval 2 (Fig. 4.3b; t; <t < t)): At t = t;, main switch M, is turned off. The boost
inductor L; current (ljn/2) starts charging the main switch snubber capacitor C; and
discharging the auxiliary switch snubber capacitor C,; linearly. The boost inductor L,
current (li/2) is divided in proportion of their snubber capacitances. Rectifier diodes are
reverse biased and power is still transferred to the load by filter capacitor. The same
constant current I ppeak flows through the series and parallel inductors. At the end of this
interval, the voltage across the main switch reaches Vy/ni.e. Viui(tz) = Vo/n and Viai(tz) =

Vin+VCa'Vo/n.

Interval 3 (Fig. 4.3c; t; < t < t3): The boost inductor current is still charging and
discharging the snubber capacitors. The main switch voltage vy increases from Vo/n to
VintVca. A positive voltage equal to (vmi— Vo/n) appears across the series inductor and

current through it, i s rises linearly. Output voltage V, appears across the parallel inductor
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L, and current through it starts increasing linearly. Rectifier diodes DR; and DR, are
forward biased and start conducting and power is transferred to the load.
The current through series inductor L, i is given by

Vi _L(Vo /n) . (t—tz) (48)

I = -1 Lp, peak +
S

The current i, through parallel inductor L, is given by

|
_Lpopeak Vo (tt,) (4.9)
n L

p

ILp:_

Current through the switch M, is given by

iy, =1
M2 Lp, peak

+M (t-t,) (4.10)

S

Current through conducting rectifier diodes is given by

: i i
Ipr :%—'Lp 4.11)

Voltage across the non-conducting rectifier diodes Vpr = V.

The auxiliary clamp capacitor current increases linearly and reaches its peak value at
the end of this interval that is equal to Icapeak = lin/2 + lpeapk — ILs(t3). Since this interval is
very small and the series inductor current changes a very little. Therefore, the peak

auxiliary clamp capacitor current lcapeak = lin/2 + lip peak-

At the end of this interval, i.e., at t = t3, the auxiliary switch snubber capacitor Cj; is
discharged completely and the main switch snubber capacitor C; is charged to its full
voltage, i.e., equal to initial value of Vcai(t,). Final values are

Vin
1-D

Vecal(t3) = Vmai(t:) = 0; v, (t,) = v, (t,) = V,, +Ve, =
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Interval 4 (Fig. 4.3d; t3 <t < t4): In this interval, the anti-parallel body diode of the
auxiliary switch Mj; starts conducting and M,; can be gated for ZVS turn on. Current
through the series inductor i s is increasing with the slope of [(Vin + Vca - Vo/N)/Lg].
Current through the parallel inductor is increasing with the same slope.

The current through series inductor L, i is given by

Vea +Vip = (Vo /n) (t-t,) (4.12)

iLs :iLs(t3)+ L

S

Current through the switch M, is given by

o Vo, +V. —(V./
i =i () 4 e - (v, /n) t-t,) (4.13)

S

Currents through the parallel inductor is given by

I, = in(t3)+\(—° C(t-t5) (4.14)

p
Auxiliary capacitor current during this interval is decreasing and is given by

V
VCa +Vin -

ica = ICa,peak _L—n - (tt3) (4.15)
s

At the end of this interval, i.e., t = t4, ica reaches zero, series inductor current i s reaches

lin/2 and the switch M, current reaches li,. Final values are

iLs(ts) = (linf2); ica(ts) = 0; ima(ts) = lin.

Interval 5 (Fig. 4.3e; t; < t < t5): In this interval, the auxiliary switch Mg; is turned on
with ZVS. The series inductor current increases above li,/2 with the same slope. The
auxiliary capacitor current ica decreases linearly (negative direction). The current through

the parallel inductor is increasing with the same slope. The equations for this interval are
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[V +V Voj

_ . Ca in —

i = —— () (4.16)

i - '7 i, 4.17)
Vea +Vi Yo

) Iin ) Ca in n 4 18

s = i = ) (4.18)

Parallel inductor current at the end of this interval is

. ippeak V
||_p(t5)=_'-"’Tp"Jrl__(>.(1_[)).'|'s (4.19)

p

At the end of this interval, according to amp-sec balance for the auxiliary capacitor C,,
the auxiliary capacitor current rises to negative lcapeak and therefore the series inductor
current reaches (lin/2 + lcapeak) that is approximately equal to the input current lin +
ILp peak- Current through the switch M, reaches 31in/2 + Iy peak. Final values are

iCa(tS) = 'ICa,peak =-(lin/2 + ILp,peak)Q iLs(tS) = lin+ ILp,peak; iMZ(tS) =312 + ILp,peak-

Interval 6 (Fig. 4.3f; ts < t < t5): The auxiliary switch My, is turned off at t = t4. The
series inductor current i s starts charging C,; and discharging C;. The series inductor Lg
resonates with snubber capacitors C,; and C;. This period is very small and the series

inductor current increases a very little in this interval. The resonant frequency is given by

I S (4.20)
or Ls-(Cy +Cap)

Voltage across the capacitor C; or switch M is given by

Vur = Ve, + vin)-('fﬂmpeak)- (CJI:—SC)-sin(a)r (t-t,) (4.21)

al

Series inductor current is given by
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iLs = (Iin + ILp,peak)'[1+Sin(wr (t_ts))] (422)

Main switch current is given by

iy, =(3|2"‘ + 1y pea j~[1+sin (o, - (t=1)))] (4.23)

Voltage across the capacitor Cy; or switch My is given by

I L .
Vivar = ( % +1 Lp, peak ) ' (C+—SC) - Sin (wr ' (t _ts)) (424)
1 al

At the end of this interval, C, discharges completely and C,; charges to its initial
voltage. Final Values (neglecting small increase in current in this small interval) are
VMai(ts) = Vea +Vin - Vo/N; Vmi(ts) = Vo/N; is(ts) = lispeak = lintlippeak; im2(ts) = Imzpeak =

3 I in/2+ I prpeak.

Interval 7 (Fig. 4.30; ts < t < t;): The current i is still charging C,; and discharging C,
in a resonant fashion. This period is also very small and the series inductor current
decreases a very little in this interval. The resonant frequency is given by (4.20).

At the end of this interval, the capacitor C,; discharges completely to zero and capacitor
Cai charges to its initial value. The final values are

Vmi(t7) = 0; Vmai(t7) = Vea + Vin.

Interval 8 (Fig. 4.3h; t; <t < tg): In this interval, anti-parallel body diode D; of main
switch M; starts conducting and now the switch M; can be gated for ZVS turn on. The

series inductor current i, s decreases with a negative slope of [Vo/(n-Ls)].

i = iLs(t7)—nY"L (t-t) (4.25)

S
iD= iLs— lin/2 (4.26)
This interval ends when the series inductor current reaches l;,/2. Final values are

iD](té) = 0; iLs(tG) = Iin/2-
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Fig. 4.3. Equivalent circuit during different intervals of operation of the proposed converter shown in Fig.

4.1 for the waveforms shown in Fig. 4.2.
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Interval 9 (Fig. 4.3i; ts < t < tg): In this interval, switch M, is turned on with ZVS. The
current through the switch M, starts increasing and the series inductor current is
decreasing with the same slope. Series inductor current is transferred to the switch M;.
The interval ends when the series inductor current equals to parallel inductor current and
switch M, current reaches to lin/2- Iy p peak-

I, V

s = o () 4.27)
S

. \Y/

i = n~OL (t-13) (4.28)

. Vv

vy = lin = ﬁ () (4.29)

S
Final Values are

imi(to) = lin/2- ILp,peak; ima(to) = lin/2+ ILp,peak; iLs(to) = in'(t9) = ILp,peak.

4.2.2 ZVS Conditions

(A) ZVS of auxiliary switches is achieved by the energy stored in the boost inductors. In
interval 2, the dead-gap between the main switch gating signal Gy, and auxiliary switch
gating signal Guma; (Fig. 4.2) should be of sufficient duration to allow charging and
discharging of the snubber capacitors C; and C,;, respectively, by the boost inductor

current li/2. The value is given by

V.
(cl+ca1)-(1_'”Dj

(4.30)

Tdg1 =

(B) ZVS of main switches is achieved by the energy stored in the series inductor Ls. In
interval 5, the discharging and charging of the snubber capacitors C; and Cj,; respectively

should be done by the series inductor current lispeak = lintlippeak in a quarter of the
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resonant period and is equal to the dead-gap between the auxiliary switch gating signal G.

mal and main switch gating signal Gy and is given by

ngzzg Ls-(Ci+Cq1) (4.31)

(C) The energy stored in the series inductor Ls at t = t4 must be sufficient to charge and
discharge the capacitors C,; and C,, respectively. Capacitor C,; is charged from zero to

Vin/(1-D) and capacitor C; is discharged from V;n/(1-D) to zero.
2 Vin 2
L+ Iis peak” 2 G + Cal)'(m) (432)
where ILs,peak =lin + ILp,peak-

The peak value of the series inductor current in this modified converter is higher by
Ippeak than the standard converter (discussed and selected in Chapter 3). This extra

current helps in achieving ZVS at light load conditions for wide input voltage variation.

4.3 Design of the Converter

In this section, the design procedure is illustrated by a design example of a single
converter cell of the following specifications:
Input voltage Vin = 22 to 41 V, output voltage V, = 350 V, output power P, = 200 W,

switching frequency fs = 100 kHz.

(1) Transformer turns ratio N = Ng/N,, is selected using (F.1) given in Appendix F (used
for the design of active-clamped current-fed converter) with the same constraints of
voltage regulation and D > 50% with an overlap for the entire operating range of load and

input voltage variation. Transformer turns ratio n = 4 is selected.
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(2) Maximum duty ratio (Dmax) is selected using (F.2) (used for the design of active-
clamped current-fed converter) with the same constraints of switch voltage rating,
conduction losses and efficiency given in Appendix F. For the present application,
maximum duty ratio of 80% (Dmax = 0.8) is selected. This gives the theoretical maximum

switch voltage of 110 V.

(3) Average input current is lip = Po/(nVin). Assuming an ideal efficiency n of 100%, lin =

9.1A.

(4) Inductors Ls and Lp: For the design of inductors, the inductor ratio is selected first.

The series inductor is designed at minimum input voltage and full load condition using

Vo { n-Vip
L= —*7 {V — (1-Das) (4.33)
sV -1+ —)
Ly’

Using Dmax = 0.8, n = 4, selecting an inductor ratio L,'/Ls = 25, the calculated values are L
=4 pH. L,=1.61 mH.

If Ly, is the magnetizing inductance of the transformer, then the value of the external
inductor required to connect in parallel to the transformer on secondary side is given by

Lm
)
Lp
(5) The RMS current through the series inductor L, is

2T
ILs,rms :\/Iin2 |:§%j|+ ILp,peakz (435)

S

(4.34)

Lp,ex =

Here Tpp is rectifier diode conduction time and is given by
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~Tin (4.36)
V, - fs(1+ L J

USlng (4.4), Iprpeak = 1.05 A, then LlSlng (439), ILsyrms: 3.8 A.

Peak current through the series inductor is, Iispeak = lintlip,peak = 10.15 A

(6) The RMS current through the parallel inductor Ly, is

ILp,peak 4 .TDR v 4 37
ILp,rms: n 1= 3.T ( . )

ILp,rms 1s calculated to be 0.22 A.

Peak current through the parallel inductor = I peak/n = 0.26 A

(7) Values of boost inductors are calculated using (E.5) given in Appendix E.

For Aliz=10%=0.5 A, L; =L, =352 uH.

(8) Switch current ratings: RMS current through the main and auxiliary switches

including their anti-parallel diode currents (conduction) are

LY
|sw,rms=\/(j”j D+ 1P s ms (4.38)

)-[1-D)/24]" (4.39)

Vauswrms = (I in T 211 peak
The values of lgw ms and laux rms are calculated to be 5.6 A and 1.03 A respectively.

The peak currents through main switches lswpeak = 3lin/2+Ippeak = 14.7 A and auxiliary
switches layxpeak = lin/2+1Lp,peak = 5.6 A.

Average current through auxiliary switches as well anti-parallel diodes is given by

Ly (1-D)
I auxsw,av (7 +1 Lp, peak j ' |: 4 j| (440)
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Here, lauxswav = 0.28 A.

Average current through the main switches lgy av= lin/2 =4.55 A.

(9) Auxiliary capacitor: Substituting, Vin =22 Vand D=0.8, Vca =88 V.
Peak current through Cj is lcapeak = lin/2+ 1 p peak = 5.6 A.

The value of auxiliary capacitor C, is

ICa,peak : 2(1_ D)/3

C, =
4.1 fg-AVg,

(4.41)

In this example, for a ripple voltage of AVea =2 V, C; =1 uF. RMS current through

auxiliary capacitor is
2
ICa,rms = ICa,peak ) [E(I_ D)j (4-42)

Here, lcarms = 2.05 A.

Auxiliary capacitor carries current of 200 kHz (twice the switching frequency).

(10) Output filter capacitor: Value of output filter capacitor C, is

c, :m (4.43)

0

AV, = Allowable ripple in output voltage.

Co =2 uF for AV,=0.75 V.

(11) Output rectifier diodes: Average rectifier diode current is given by
IDR’a\/g - PO /(2Vo) (4.44)

Here, Ipravg = 0.3 A. Voltage rating of rectifier diodes, Vpr = Vo =350 V.

(12) Snubber design: The equation for the calculation of snubber capacitors is given by
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tf (I;]+ ILp,peakj
(Cl +Ca1):

s

Here, t; is fall time of the switches during turn-off.

(4.45)

Ci = Cossm1; Ca1 = (C1+Ca1) — Cossmi-

For the selected main switches IRFP260N (Vgs = 200 V, Ip = 50 A, Ryson = 40 mQ at
25°C, Coss = 603 pF, t; = 48 ns) and auxiliary switches IRF640 (Vgs =200 V, Ip = 18 A,
Rason = 0.18 Q at 25°C, Coss = 430 pF, t; = 36 ns), the calculated values of snubber

capacitors are C; = 0.603 nF, C;; = 1.84 nF.

(13) Dead-gap timings: For the ZVS of main switches, using (4.30) and (4.31)
Tag1 = 60 ns and Tygo = 156 ns
Identical dead-gaps Tagi = Tdgx = 156 ns is provided between the main and auxiliary

gating signals.

(14) Selection of Lp'/ Ls Ratio

ZVS condition for main switches is given by (4.32) and snubber capacitors are
designed (using full load values) using (4.45).
The main switches will show ZVS if the following condition obtained using (4.34) and

(4.45) is satisfied.

t Iin,fl |
£ 2 + Lp, peak Vv
%7
Vin ad( LightLoad
1-D,

| > L FullLoad (446)

Ls, peak ,critical L
S
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The value of input current li, below which the main switches will leave ZVS is given by

. Iin,ﬂ |
f 2 Lp, peak |:( Vin

3
( Vin J 1- Df' LightLoad
1_ Dﬂ FullLoad _ |

in,critical — Lp, peak
Ls

I (4.47)

For capacitive output filter, the variation in duty cycle is very narrow with variation in
load at a constant input voltage. At light load (near to 10% load), the duty cycle at 22 V

input is 0.75.

For Lp'/ Ls = 25, input voltage Vi, = 22 V, full load duty cycle Dy = 0.8, full load input
current ling = 9.1 A, the calculated inductor values using equation obtained from analysis

using (4.33) are Ls =4.015 pH, Ly = 1.61 mH. |, peak = 1.05 A.

At reduced load, duty cycle Dy = 0.75, the critical value of input current that will result
causing of ZVS of switches lin critical = 1.12 A. Therefore, the converter is able to maintain

ZVS till 12% load.

During analysis and design, ideal components and 100% efficiency is assumed. But
practically, the input current is higher than assumed. Also, at light load efficiency is lower
and input current li, is higher than assumed. In addition, I ppeak increases a little because
of the increase in rectifier diode conduction time (reduction in main switch duty cycle)
with reduction in load at a constant input voltage. Therefore, the series inductor peak
current lin+lppeak 1s higher and helps in achieving ZVS at load lower than 12%.

Experimental results at 10% are shown showing ZVS of main and auxiliary switches.
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An inductor ratio of L,/Ls < 25 can also give full range ZVS but reduces the efficiency
of the converter due to increase in circulating current (because of increase in parallel
inductor current) that will cause increase in RMS current of the main switches and hence

increase the conduction losses.

If Lp'/Ls > 25, the ZVS will not be achieved at light load condition for the given

operating range of input voltage.

Therefore, the inductor ratio of pr/ Ls = 25 is selected to obtain wider range ZVS with a
reasonable compromise in efficiency with respect to standard active-clamped current-fed

converter discussed in Chapter 3 (less than 1%).

The analysis and the design of the converter are verified by simulating the designed

converter on software PSIM 6.0.1. The simulation results are presented in next Section.

4.4 Simulation Results

The designed converter (200 W) has been simulated using PSIM 6.0.1. The simulation
results for input voltages of 22 V and 41 V at full load and 10% load are shown in Figs.
4.4-4.7. The simulation waveforms are similar to the theoretically predicted operating
waveforms of the converter shown in Fig. 4.2. The simulation results validate the
presented theory and analysis and show the ZVS of all the switches for wide input voltage

(fuel cell stack voltage) and load variation.
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Fig. 4.4. Simulation results for Vj, = 22 V at full load; (a) Voltage vag and series inductor current i,
(b) Current through main switches (iy;+ip; and imy+ipy) and auxiliary switches (imai+ipar and ivaxtipaz)
including anti-parallel diode current, (c) Voltage across and current through output rectifier diode Vpg; and
ipri, respectively and (d) Currents through parallel inductor i, on secondary side and auxiliary clamp

capacitor ic,.
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Fig. 4.5. Simulation results for Vi, =41 V at full load; (a) Voltage vag and series inductor current i,
(b) Current through main switches (iy;+ip; and imy+ipy) and auxiliary switches (imai+ipar and ivaxtipaz)
including anti-parallel diode current, (c) Voltage across and current through output rectifier diode vpgr; and
ipri, respectively and (d) Currents through parallel inductor i, on secondary side and auxiliary clamp

capacitor icg.
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Fig. 4.6. Simulation results for Vi, = 22 V at 10% load; (a) Voltage vag and series inductor current i,
(b) Current through main switches (iy;+ip; and imy+ipy) and auxiliary switches (imai+ipa; and ivaxtipaz)
including anti-parallel diode current, (c) Voltage across and current through output rectifier diode Vpg; and
ipr1, respectively and (d) Currents through parallel inductor i, on secondary side and auxiliary clamp

capacitor ica.
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Fig. 4.7. Simulation results for Vi, =41 V at 10% load; (a) Voltage Vg and series inductor current i,
(b) Current through main switches (iy+ip; and iy, +ip;) and auxiliary switches (iya1tipa; and ivaxtipaz)
including anti-parallel diode current, (c) Voltage across and current through output rectifier diode Vpg; and
ipr1, respectively and (d) Currents through parallel inductor i, on secondary side and auxiliary clamp

capacitor icg.
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The voltage vag shown in Figs. 4.4(a), 4.5(a), 4.6(a) and 4.7(a) for various operating
conditions of load and input voltage is a quasi-square wave. Its value is zero when both
the main switches are conducting and energy is stored in the boost inductors L; and L,
and the load is disconnected from the source. The voltage Vag is non-zero when one main

switch is off.

The series inductor current i s waveforms given by Figs. 4.4(a), 4.5(a), 4.6(a) and
4.7(a) show that when power is not transferred to the load from the source (rectifier
diodes not conducting), a constant current flows through it that is equal to the reflected
parallel inductor current on primary side ljppeak. The value of I ppeax 1s higher as the input
voltage increases and helps in achieving ZVS of main switches. The duration of this
current circulation decreases with the increase in the input voltage as can be seen from the

waveforms.

Figs. 4.4(b), 4.5(b), 4.6(b) and 4.7(b) show current waveforms through the main
(imiTipr and impt ipz) and auxiliary switches (ivait ipa1 and imaxt ipaz) of the converter. It
is observed that the anti-parallel diode of the switches conducts first causing zero-voltage
across that switch before it starts conducting (turn-on) causing zero-voltage switching of
the switches. The ZVS is maintained for the given operating range of input voltage (22 V

- 41 V) from full-load till light load (10%) load as can be seen from the waveforms.

The voltage Vpr; across and current ipg; through the output rectifier diode given by
Figs. 4.4(c), 4.5(c), 4.6(c) and 4.7(c) show that the voltage Vpr; increases after the current
ipr1 reaches zero for all given operating conditions of load and input voltage, resulting in
ZCS of the rectifier diodes, causing no ringing and voltage across the rectifier diodes is

clamped at output voltage.
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The parallel inductor current i, on the secondary side of the HF transformer is shown
in Figs. 4.4(d), 4.5(d), 4.6(d) and 4.7(d). The current through the parallel inductor
changes when the rectifier diodes are conducting and remains constant (I p peak/n) When all
four rectifier diodes are off. The value of Ijppeak increases with the increase in the input
voltage and circulates through the series inductor helping in achieving of ZVS at higher

input voltage and light load conditions.

The current through the auxiliary clamp capacitor ic, is shown in Figs. 4.4(b), 4.5(b),
4.6(b) and 4.7(b). The auxiliary clamp capacitor current is sum of the currents through the
two auxiliary switches and flows when any one of the main switches is off. The frequency

of the auxiliary clamp capacitor current is twice the switching frequency (200 kHz).

The next section presents the experimental results to test the performance of the

converter.

4.5 Experimental Results

The designed converter rated at 200 W was built in the laboratory to verify the analysis
and its performance. Several components are in common with the standard active-
clamped current-fed converter and their details are given in Chapter 3, except the

following given below:

Series inductor Ls: Core used, PC40RM14Z-1Z-A250, Gapped RM core (TDK
Ferrites), Magnet wire, AWG # 14, number of turns = 5,

measured inductance = 3.6 uH
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Parallel inductor Lyex: Core used, Toroid A-254168-2, Magnet wire, AWG # 22,

number of turns = 120, measured inductance = 2.4 mH.

HF Transformer: Core used, PC40ETD49-Z ferrite core (TDK Ferrites)
Primary winding —Magnet wire, AWG # 14, number of turns = 7;
Secondary winding — Magnet wire, AWG # 20, number of turns =
28.
Measured leakage inductance on primary side = 0.5 pH.
Measured magnetizing inductance on secondary side = 4.8 mH.

Measured magnetizing inductance on primary side = 288 uH.

Auxiliary switch snubber capacitor C,;-Cao: Polypropylene film capacitor, PVC1621,
1 nF in parallel with 0.47 nF, 600 V, Cornell-

Dubilier.

Full-load load resistance R .= 612.5 Q.

Gating signals were generated using Xilinx Spartan-II LC FPGA board and designed

by VHDL programming using ISE web pack 6. The details are given in Appendix G.

The converter has been tested for variable input voltage of 22 to 41 V and variable
load conditions at full load and 10% load. The experimental results are shown in Figs.
4.8.-4.11. The experimental waveforms coincide with the simulation waveforms

presented in Figs. 4.4-4.7, confirming the accuracy of the theory and analysis.
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Fig. 4.8. Experimental waveforms at Vi, =22 V and full load; (a) Voltage vag (100 V/div) and series
inductor current i s (10 A/div), (b) main switch voltage vps (100 V/div) and gate voltage Vgs (10 V/div), (¢)
main switch current iy;+ ip; (10 A/div), (d) auxiliary switch current iya;+ ipa; (5 A/div) and (e) parallel

inductor current iy, (0.4 A/div).
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Fig. 4.9. Experimental waveforms at Vi, =41 V and full load; (a). Voltage Vag (100 V/div) and series

inductor current i s (5 A/div), (b) main switch voltage vps (100 V/div) and gate voltage vgs (10 V/div), (¢)

main switch current iyt ip; (5 A/div), (d) auxiliary switch current iy, + ipa (5 A/div) and (e) parallel

inductor current iy, (0.4 A/div).



L-L Type Active-Clamped Current-fed Converter 96

c 10.0% 2.002/ £AZ_STOP CPMSSSIg A2 1.0V, 5 10.0% 1.002 fA2_STOP
VaB : i : E
f" i e ] Vee

-

SR 2

(a) (b)

F-20.98 2,008/ fA2 STOP

A2 150.007 5 4.52¢ 2.0087 A2 STOP

ool ‘_"_"__'_:;' ".".'.'Ll.".‘ 5

LI .. |Ma1+|Dal

(©) (d)

p_-470% 2.002/ £A1 STOP

AL T : : H : :
o REEEEEERRN N R R EEERE RN

Fig. 4.10. Experimental waveforms at Vv;, = 22 V and 10% load; (a).Voltage vag (100 V/div) and series
inductor current i s (2.5 A/div), (b) main switch voltage vps (100 V/div) and gate voltage Vgs (10 V/div), (c)
main switch current iy;+ ip; (2 A/div), (d) auxiliary switch current iya+ ipa (2.5 A/div) and (e) parallel

inductor current i, (0.4 A/div) at vi, =22 V, 10% load.
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Fig. 4.11. Experimental waveforms at Vi, =41 V and 10% load; (a). Voltage vag (100 V/div) and series
inductor current i s (2.5 A/div), (b) main switch voltage vps (100 V/div) and gate voltage Vgs (10 V/div), (¢)
main switch current iyt ip; (2 A/div), (d) auxiliary switch current iyg;+ ipa; (2.5 A/div) and (e) parallel

inductor current i, (0.4 A/div).
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Fig. 4.8(b) shows that for Vi, = 22 V at full-load, the gating signal (Vgs) is applied to

the main switch after the voltage across it (Vps) reduces to zero. It is observed from the

waveforms given by Fig. 4.8(c) and 4.8(d) that the anti-parallel diode of the main and

auxiliary switches conducts before the switch, causing ZVS turn-on of the main and

auxiliary switches. The same is true for Vi, = 41 V at full-load shown in Figs. 4.9(b),

4.9(c) and 4.9(d). Repeatedly, the same conditions are observed at 10% load for Vi, = 22

V shown in Figs. 4.10(b), 4.10(c), 4.10(d) and Vi, = 41 V shown in Figs. 4.11(b), 4.9(c)

and 4.9(d). The ZVS of all the switches is maintained from full-load till light load for the

entire given input voltage range.

There is some noise (ringing) present in the waveforms of the switch and inductor

currents. This is due to the wire connected from the switches’ leg to the PCB to measure

the switch currents’ waveforms in order to check the anti-parallel diode conduction to

verify the theory/analysis and re-confirming ZVS of the switches. This connection

introduces inductance in the current path and causes noise as can be seen from the

waveforms.

Table 4.1 shows a comparison of various parameters for the proposed converter model.

Table 4.1: Comparison of analytical, simulated and experimental results at f; = 100 kHz and V, =350 V.

Vi, =22V, Full load

Vin=22V, 10% load

Vin =41V, Full load

Vin=41V, 10% load

(RL=6125Q) (RL=61259Q) (RL=612.5Q) (RL=6125Q)

Ana. | Sim. | Exp. | Ana. | Sim. | Exp. | Ana. | Sim. | Exp. | Ana. Sim. | Exp.

Peak series inductor | 10.15 | 10.34 10.4 1.96 22 134 | 6.84 | 7.54 6.33 245 2.52 1.91
current |y s peak (A)

Peak main switch 14.7 14.67 14.06 241 236 | 2.18 9.28 8.97 8.6 2.7 2.9 2.38
current lgwpeak (A)

Peak aux. switch 5.6 5.83 5 1.5 1.68 1 4.4 4.7 3.75 2.2 2.45 1.64
current layx,swp (A)

Peak parallel inductor | 0.17 0.17 0.16 0.17 0.17 | 0.17 0.32 0.32 0.31 0.32 0.32 0.32

current |, peak /N (A)
Duty ratio D 0.8 0.79 0.81 0.76 0.75 0.77 0.57 0.55 0.61 0.55 0.53 0.57
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Simulation and theoretical values are almost same as they follow the same
assumptions that verify the accuracy of the analysis. There is a reasonably good
agreement between experimental and theoretical/simulation values. The difference comes
because in the experimental converter the assumptions of ideal components do not apply,
the efficiency is not 100% and the voltage drop and power loss across various devices

exits in the converter.

The Table 4.1 shows that the peak parallel inductor current increases with increase in
input voltage as mentioned in the theory and analysis. This helps in achieving ZVS at

light load conditions at higher input voltage.

Full load efficiencies at 22 V and 41 V input voltages are 93.7% and 93.5%
respectively for the 200 W converter built. The efficiencies at 22 V and 41 V input

voltages are 87% and 76% for 10% load (20W).

The comparison of this proposed converter with the standard active-clamped current
fed converter shows that the proposed converter maintains soft-switching for all the
switches over the entire operating range (given specifications) with a little compromise in
efficiency with respect to standard active-clamped current-fed converter discussed in
Chapter 3. Therefore, the converter can be operated at higher frequency reducing the size
of magnetics. The efficiency of the proposed converter at input voltage of 22 V at full
load is 0.8% less than the standard converter. The light load efficiency of the converter is

improved at Vi, =22 V by 5.2%.
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4.6 Conclusion

To achieve ZVS for wide variation in input voltage and load while maintaining high
efficiency has been a challenge, especially for low voltage higher input current
applications. The variation in pressure of the fuel input to the fuel cells causes the
variation in fuel cell stack voltage and the available power supplied to the load/utility
line. It causes the converter to enter into hard switching region at higher input voltage and
light load. A wide range ZVS L-L type active-clamped current-fed DC-DC converter has
been proposed in this Chapter. With increase in input voltage, the current though the
parallel inductor increases because of the increase in rectifier diode conduction time and
it helps in achieving ZVS of main switches at higher input voltage and light load and the
converter always operates in the soft-switching region. Because of higher Ly/Ls ratio, the

circulating current is low.

The analysis and a design procedure with design considerations of the proposed L-L
type ZVS active-clamped current-fed converter have been presented. Experimental results
verify the accuracy of the analysis and show that the proposed configuration is able to
maintain ZVS for all switches over a wide range of load and input voltage variation. It

features a simple and low cost solution and is suitable for the present application.

The fuel-cell voltage varies with fuel pressure causing variation in the output voltage
produced by the DC-DC converter at the input of the inverter and will affect the inverter
operation connected next to the DC-DC converter. Therefore, a closed loop control of the
front-end DC-DC converter is required to maintain a constant voltage at the output of the

DC-DC converter for wide variation in fuel pressure. The next Chapter deals with the
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small signal modeling and closed loop control design of the L-L type active-clamped

ZVS current-fed converter.



Closed Loop Control design of L-L Type Active-clamped Current-Fed Converter 102

Chapter 5

Closed Loop Control Design of Active-Clamped L-L
Type ZVS Current-Fed Isolated DC-DC Converter

5.1 Introduction

In the last Chapter, a wide range ZVS active-clamped L-L type current-fed converter
design has been proposed to achieve soft-switching over the wider operating range of
load over wide fuel cell stack voltage variation due to change in fuel pressure. Steady-
state analysis was presented along with the experimental results by using manual control
(open loop) for the regulation of output voltage under varying fuel cell stack voltage and
load conditions. The fuel-cell voltage varies with fuel pressure (Fig. 1.3) and causes the
variation in the output voltage produced by the DC-DC converter at the input of the next
inverter stage and will affect the inverter operation. Therefore, the front-end DC-DC
converter should be controlled to produce a constant voltage at the input of the inverter at
all fuel pressure values. A control circuit, therefore should be designed for the closed loop
control of the converter so that it can adjust the duty cycle by itself with any variation in

fuel pressure to regulate the output voltage of the converter at a specified constant value.

This Chapter presents the closed loop control design of the L-L type ZVS active-
clamped current-fed isolated DC-DC converter proposed and designed in Chapter 4.
Derivation of the small signal model of the converter is presented in section 5.2 using
state-space averaging. Transfer functions are derived and the frequency response curves

are plotted. Section 5.3 presents the controller design for the 200 W prototype converter
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designed in Chapter 4 using the model derived in section 5.2. In section 5.4, the stability
of the closed loop control system is verified by plotting the frequency response curves of
control-to-output by simulating the closed loop control system with the converter using
PSIM 6.0.1. The dynamic performance of the converter during transient duration is tested
for step change in load by simulating the converter driven by the designed closed loop

controller. The Chapter is concluded in section 5.5.

5.2. Small Signal Modeling of the Converter

In this section, the methodology and state-space equations for each interval of
operations are described. Then small signal AC model of the converter has been presented
based on state-space averaging technique. For the analysis, assumptions made are:

1) The two inductors are identical i.e. L; = L, = L.

2) The charging and discharging intervals of the snubber capacitors are very small as

compared to HF cycle and neglected.

3) The leakage inductance of the transformer is part of Ls.

4) Magnetizing inductance is a part of parallel inductance L.

5) All the components of the converter are ideal and lossless.

6) The voltage across the auxiliary clamp capacitor V¢, is assumed constant. The effect

of Vca is to increase the phase margin a little and reduces the low frequency gain. It
is seen that it increases the complexity of the analysis and design. Therefore, in the

present analysis, Vca is not considered as a state variable.
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5.2.1 Procedure of Small Signal Analysis [112-113]

The following steps are involved in the small signal analysis of the converter.

1.

Operational equivalent circuits of the converter during different intervals of
operation are developed.

State variables are defined and the circuit equations are written for each equivalent
circuit in a state variable format.

The state variables are averaged during each interval over a cycle and then
combined into a single set by summation.

The state variables and other circuit parameters are perturbed around the steady-
state (DC) operating point.

The steady-state DC and small signal AC terms are separated. Higher order AC
terms are neglected.

Small signal AC terms are transformed into frequency domain (s-domain) using
Laplace Transform.

The transfer functions of the converter are derived.

5.2.2 Equivalent Circuits and Operation

As discussed in Chapter 4, the active-clamped ZVS L-L type current-fed DC-DC

converter operates in continuous conduction mode and the duty cycle of main switches is

always greater than 50%. Transformer current or series inductor current i s and parallel

inductor current i, are continuous. Fixed-frequency duty cycle modulation is used to

regulate the output voltage of the converter. The converter undergoes through 9 different

intervals in half HF cycle. The four intervals of charging and discharging of the snubber
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capacitors are too small and neglected here. Therefore, for the analysis and design, the
rest 5 intervals of operation are considered in half HF cycle. The operating waveforms,
neglecting small intervals of snubber capacitors charging/discharging, are shown in Fig.
5.1. The equivalent circuits of five intervals in half HF cycle are shown in Fig. 5.2. For
the next half cycle, the intervals are repeated in the same sequence with other
symmetrical devices conducting to complete the full HF cycle.

A summary of the specifications and the designed values of the components of the
converter given in Chapter 4 to be used later for the design of the controller is as follow:

Input voltage Vi, = 22-41 V, output voltage V, = 350 V, switching frequency f; = 100
kHz, output power P, =200 W, series inductor Ls = 4 pH, parallel inductor Ly = 1.61 mH,
boost inductors L; = L, = 350 pH, transformer turns ratio n = 4, clamp capacitor C, = 2

uF, output capacitor C, = 470 uF and full-load load resistance R = 612.5 Q.

Define
diTs =t~ to, b Ts=tr- t), d3Ts =t3- b, duTs = ts- 3, dsTs = ts- ty, Ao Ts = t6- ts, A7 Ts = - tg,

dgTs = ts- t7, doTs = to- tg, dioTs = tjo- to.

The duty cycle of the main switches (including conduction of anti-parallel diode) are
ds; = (d; +d4 + dst dg +d7 + dg+ do +dj0) (5.1)
dsz = (d; +d, + dst ds +ds + det do +dj0) (5.2)

Turn-off durations of the main switches are
dsy' = 1-ds; = dy + d3 (5.3)

dsy' = 1-dsp = dy + dg (5.4)
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Fig. 5.1. Operating waveforms of the active clamped ZVS L-L type two-inductor current-fed DC-to-DC converter.
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Fig. 5.2. Equivalent circuits during different intervals of operation of the converter for the waveforms shown in Fig. 5.1.

5.2.3. State Variables and State Equations

The following five state variables are defined for the analysis.
1. Current through the boost inductors i, ; and ij5.
2. Transformer or series inductor current iys.
3. Parallel inductor current ip.

4. Output voltage V.

Interval 1 (t, <t <t;): In this interval, both the main switches S; and S, are ON. Boost
inductors L; and L, are storing energy. The power is transferred to the load by the output
filter capacitor C,. Constant current flows through the series and parallel inductors. The

state equations for this interval are
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%wm (5.7)
L d;Lt2 v, (5.8)
Sl o (5.9)
pd;%w (5.10)
0 %’}g—‘: .11)

Interval 2 (t; <t <t,): Main switch S; is turned off and the anti-parallel body diode Dy; of
auxiliary switch Sy starts conducting. A voltage (Vin + Vca - Vo/N) appears across the series
inductor Ls. Output voltage V, appears across the parallel inductor L, and the current
through it starts increasing. The rectified current charges the output capacitor C, through
rectifier diodes DR, and DR4 and power is transferred to the output. The state equations

for this interval are

di,

—L__y
ot ca (5.12)
di v

Ls dl,ES =Vin +Vea _70 (5.13)
di,,

p dt :Vo (514)
dv, i . v,

= =i, ——*= (5.15)

®d n * R,

Equation (5.8) holds good for the inductor current ij».
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Interval 3 (t; <t < t3): In this interval, auxiliary switch Sy; is turned on with ZVS. The
currents iis and iy increase with the same slope. At the end of this interval, the auxiliary

switch Sy; is turned-off. The same equations of interval 2 hold good for this interval also.

Interval 4 (t; <t <t,): In this interval, anti-parallel body diode D; of main switch S; starts
conducting and now S; can be gated for ZVS turn on. The current i s decreases with a
negative slope of [V,/(n-Ls)] and current iy, increases with the same slope. Equations (5.7),
(5.8), (5.14) and (5.15) hold good for this interval. The equation for series inductor
current is given by

dijg v,
*odt

(5.16)

Interval 5 (t4 <t <ts): In this interval, switch S; is turned ON with ZVS. At the end of this

interval, Iis goes to zero. The same equations of interval 4 hold good for this interval also.

Interval 6 (ts <t <tc): This interval is similar to the interval 1 and the same equations of

interval 1 hold good for this interval also.

Interval 7 (ts <t <t;): Main switch S, is turned off and the anti-parallel body diode D,; of
the auxiliary switch S, starts conducting. A negative voltage -(Vin + Vca - Vo/N) appears
across the series inductor Ls. Negative output voltage -V, appears across the parallel
inductor L, and the current through it starts decreasing. The rectified current charges the
output capacitor C, through rectifier diodes DR, and DR3 and power is transferred to the
output. Equations (5.7) & (5.15) hold good for this interval. The other state equations for

this interval are

LA Ly (5.17)
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di v
Ls d_lfz_(vin +Vea _Toj (5.18)
dip _ 519
Pt ° (5.19)

Interval 8 (t; <t < tg): In this interval, the auxiliary switch S, is turned on with ZVS.
The currents i.s and ip change with the same slope. At the end of this interval, the
auxiliary switch Sy, is turned-off. The same equations of interval 7 hold good for this

interval also.

Interval 9 (tg <t <ty): In this interval, the anti-parallel body diode D, of the main switch
S, starts conducting and now S, can be gated for ZVS turn on. The current i s increases
with a positive slope of [Vo/(n-Ls)] and current i, decreases with the same slope.
Equations (5.7), (5.8), (5.15) and (5.19) hold good for this interval. The equation for

series inductor current is given by

dijg Vv

st TO (5.20)

Interval 10 [ty <t < (Ts+t,)]: In this interval, switch S; is turned ON with ZVS. At the end
of this interval, i s goes to zero. The same equations of interval 9 hold good for this

interval also.

5.2.4 Small Signal AC Modeling Using Sate-Space Averaging

Averaging of the state equations of the defined state variables over a HF cycle gives

di
L< dt1>:(d1 +dy +ds +dg +d; +dg +dg +dig)-Vip —(d +d3)-Veq (5.21)
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L<d:j%>:(d1 +d, +dy +dy +ds+dg +dg +0yg)-vip —(dy +dg)-Vea (5.22)
Ls<%> = (Vca + Vin —VFO)'(dz +d3)—v7°'(d4 +ds )~ (Vea +Vin —VTO)'(d7 +d8)+v70'(d9 +dyo) (5.23)
Lp<%> = Vo -(dy +d; +dy +ds)-V, - (dy +dg +dg +dyg) (5.24)
Cy-(Ber) (e~ ‘ij,rect,av R (5.29)

The average rectified current is given by

i . 1r. .
(%"ij = F[ILI '(dz +dy+dy+ d5)+ IL2 '(d7 +dg +dg + le)]
,rect,av

) 5.26
+%-[(o|2 g+ dy +dsXdy +ds)+ (dy + dg + dg +dyo Xy + dyo)] (5-26)
“Lp
Substituting value from (5.26) into (5.25) gives
dv, 1. .
C0< at > = H['Ll '(dz +dy+dy + d5)+ ) '(d7 +dg +dg + le)]
(5.27)

Jr%-[(d2 £+ dy +dsXdy +dg)+ (dy + dg + do + dy Xl +d10)]—|\;—°
T, :

Simplifying (5.21)-(5.24) and (5.27) in terms of duty cycles by substituting the values

from (5.1)-(5.6) results in the following equations

L<%>=(d81)'vin _(1_d51)'VCa (5.28)

L<d;|i2>=(d82)'vin _(l_dsz)'VCa (529)
di V V n 14

Ls< dlis>:(VCa *Vin —70)‘(—%1 +dsz)_70'(d31 -dg,) (5.30)

di
Lp<i>:vo-(—d51+d52+d§1—d§2) (5:31)
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dv 1. " . "
Co< dto > = F[lLl ~(1-dg; +d&) +iL, - (1-dgy +dgy)]
V .T 14 n n n V (5.32)

+0 s [(1—dg; +dg))-dg + (1-dg, +dgy)-ddy |- =2

21, R,

Introducing perturbation around the steady state values for the state variables and other
quantities such that
g =lo+iy, =l +in,  Vie=Vio ¥, Vo =Ve+¥,, dg =D+dg, dg, =D+ds,.

dSl =D +dSl ) dsz :D”+d’\82”, d1:D1+a1, d2:D2+&2, d3:D3+(j3, d4:D4+d4,

ds =Ds+ds, dg =D +dg, d; =Dy +d;, dy =Dy +dg, dy =Dy +dy, dyg =Dyg +dg.

where

D = duty cycle of the main switches = D;+D,+Ds+Ds+D;+Dg+Dyg+D)y = D, +Dy+Ds+

D, +Ds+DgtDyt+Dyg
D" = discharging duration of series inductor = D4+Ds = Dy+D,.

Substituting the perturbed values of the state variables and other quantities defined above

in the averaged equations (5.28)-(5. 32) results in the following respective equations

L—d(l Ld: ) (D+ds, ) Wiy +930)-1-D-dg, Ve, (5.33)

Ll—)d IL+iAL2 :(D+d82)’(vin+\7in)7(17D7dA32)'VCa (534)

dt
LSd!IL;:iLs!:(VCa+Vin_V70+\7in_\%0).<_&81+d82)_ (vo:vo),(agl_agz) (5.35)
dll, +1 Ao PR
L ( Lp +I|_p):(V0 +\70)-(—d51 +dg, +dZ, _dé’z) (5.36)

P dt
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C<M> Ll +3)-0-D—dg; + D"+ )+ (1, +i02)-(1- D —dg, + D"+ L)

dt n
+—N°;VE)'TS -[(1— D-dg, +D"+d)-(D"+d)+(1-D—dg, + D"+dgz)-(D"+&g2)]——(V°R+V°)
Ly L
(5.37)

Comparing DC quantities in (5.33)-(5.37) results in the following steady-state equations.

Using (5.33) or (5.34) gives voltage across the auxiliary clamp capacitor

(5.38)

Equations (5.35) and (5.36) result in zero average values of the currents through series
and parallel inductors.
Using (5.37) gives the output current

2l o (5.39)
n

2[00 09) % 000009 2 .09,
p

Comparing AC quantities in (5.33)-(5.37), while neglecting the second order terms,
results in the following AC equations

~

di,

L dt :(Vin +VCa)'aSl+D'\7in (540)
d(lj%:(vin +VCa)'aSZ+D'\7in (541)
df V 2 ) \Y% n n

Ls d_l'j:(vca +Vip __OJ'(_dSA +dgy)——=-(dg; —ds,) (5.42)

n n
dep A A n Tn

Ly~ =Vo (=g +ds, +dg, —dEy) (5.43)
dv [~ a ” q J jr i TS " " ! Y

o (;/to :ﬁ[(IL1+I|_2)‘(1—D+D )=l -(dg; +dsy) + ||_'(d51+dsz)]+ Lip.D -1-D+D )—?L Vo (5.44)

V.- T A ~ VO'TS " n In
,720. L: D" (dgy +ds,) + 2-L, -(1-D+2D")-(ds; +ds>)

Taking Laplace transform of (5.40)-(5.44) results in following equations
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s-L-i(s) = (i, +Ve, )'651(5)‘*‘ D Vi, (s) (5.45)
s+ L-i5(8)= (Vi) +Vea) sy (8)+ D Vi (s) (5.46)
~ VO i 1 VO an n

$-Lg 15(8) = (Vg +Vin =) [y (5) + s (8)] =[5, (8) ~d5 (9)] (5.47)
$+ Ly - p(8) =V, [ds; (5) + g (5) + A2y (5) 48, (9)] (5.48)
(sCy +Ky) Vo (5) = @ﬁlm +iLo(9)]= Ky -[ds, (8) + A (9)]+ Ky -[d2,(5) + d2(9)] (5.49)

L T 5rd_pap VoTs pro i o Vo Ts o no

Here, Kl_[RL L D"-1-D+D" |, K, 2L, D"+ it K; L, (1-D+2D")+ o

Relation between ds; and d"s; is given by the following equations and the complete
derivation has been given in Appendix H.
_ - V,

Ve +Vi, ——2
o), ca *+Vin n-v | s 1-D) . !
Vo'( +L] -dg;(s) = - po ‘d51(5)+( L )‘Vin(s)—[m

+C] 1-D+D"-1,i5) (3-30)

S p

Vea +Vip ——2
1 n ) Ca in n-v A 1-D) . 1
Vo‘[ +] -dg,(8) = n_——o 'dsz(5)+( )'Vin(s)_[
L p L n

N depsDpn.gs (O51)
L+L](1 D+ D")-V,(s)

‘L P

Equations (5.50) and (5.51) can be re-written as

dgy(s) = —a-dgy(5) +b -V (5) — -V, (5) (5.52)
d8,(s) = —a-dg, (8)+b-Viy ()~ - () (5.53)
where
VO
VCa +Vin_F_ I'I'Vo

L L,

a= , b= (I_D) 5 c:@
VO' 1 +L LS .VO. L_FL 0
n-Lg L, n-L, L,

Substituting the values of d"s;(S) and d"sy(S) from (5.52) and (5.53) in (5.47)-(5.49) gives
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av |

. ds;(8) —ds,(8)]

s+ Lg 15(8) = (Ve +Vin _VFO)'[_&SI(S)"' ds,(5)]+

oy (5.54)
= {— [VCa +Vip — (a+n)- 0 H'[dm(s)—dsz(s)]
5Ly -ip(s) = (1+a) -V, -[dg;(5) + ds,(5)] (5.55)
~ —D D” ~ n ~ A R
(sG+K; +2¢- K3)'Vo(5):(l—n+)'['L1(5)+|L2(5)]—(K2 +a-Ky) [dg;®) +dsy91+(20-K) Un®)  (5.56)

Arranging (5.45)-(5.46), (5.54)-(5.56) in matrix form results in

le(S) Vin JrVCa 0 D
iL2(5) 0 Vin +Vea D
! @+D-V || - at))-V, )| - i
A(S) | is(s) |=| =1 Vin +Vea - 0} ~dgi(s) + {Vin +VCa—%} dsa(9)+| 0 | Vin(9) (5.57)
ILp(s) —(@+1)-V @+1)-V, 0
Vo(s) (K, +a-Kjy) ~(Ky+a-Ky) 2b- Ky
sL 0 0 0 0
0 sL 0 0 0
where, A6)= 0 0 sl 0 0
0 0 0 sL, 0
_(-b+DH  _(-D+D) 0 0 SCy + Ky +2-C- Ky
L n n J

Equation (5.57) can be re-written as

NEO) Vin +Vea 0 5
iL2(9) O ain.y Vin + Yea D

i (9) | = A7) *{Vchﬁﬁ%} ~dgi () + AT (s)- {vin +vc37(a+;)'v°} gy () +AT(S) | 0 [Vi(9)
iy () —(@a+1)-v, (@+1)-V, 0

Vo (s) - (K, +a-K3) —(K, +a-Kj) 2b- K

(5.58)



Closed Loop Control design of L-L Type Active-clamped Current-Fed Converter 116

where
L 0 0 0 0
sL
L 0 0 0
sL
Al(s)= 0 0 L 0 0
(s)= i
0 0 0 € 0
sL,
(1-D+D" (1-D+D" 0 0 1
sL-n-(Kj+2-¢c-K;3) sL-n-(K;+2-c-K3) SCy + K| +2-C- Ky

5.2.4(a) Control-to-output Transfer Function
From (5.58), the control-to-output transfer function is found by settingV;, =0. It results
in the following equation

(K, +a-Ks)- (1-D+D")  (Vin +Vca) s

Uy (5) _ n-L (Ky+a-Ky)
dsy(s) +ds(5) $+(sCo +Kj+2-C-K3) (5.59)
Substituting the values of 200 W converter in (5.59) gives
Up(5) _ (3191.5)-(12663.62—53)
ds;(s) + dg,(s) s-(s+7.84) (5.60)

The bode plot of the control-to-output transfer function given by (5.60) is shown in
Fig. 5.3. The phase margin (PM) of the uncompensated control-to-output transfer function
is negative and is equal to -30.2° that makes the system unstable when small disturbances

are introduced.
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Fig. 5.3. Bode plot of uncompensated control-to-output transfer function: PM = -31.2° and crossover

frequency = 7 krad/sec.

5.2.4(b) Line-to-output Transfer Function
From (5.58), the line-to-output transfer function is found by settingds, (s)=dg,(s)=0. It

results in the following equation.

A 2K, S+2D(1—D+D")

Uo(S) 2bK; -nL !

Uin(s)  5-(5C, + K, +2-c-Kj) (5.61)
Substituting the values of 200 W converter in (5.61) gives

Vo(s) _ (14.7):(s+39960) (5.62)

Vin () s-(s+7.86)
The bode plot of the line-to-output transfer function given by (5.62) is shown in Fig. 5.4.

It indicates that the perturbation at the input is attenuated for frequencies above 122 Hz.
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Fig. 5.4. Bode plot of uncompensated line-to-output transfer function

5.3 Design of Control System

Current-mode control is a two-loop system. Inner loop is a current control loop and the
outer loop is a voltage control loop. The purpose of the outer voltage control loop is to
control the output voltage and generate the current reference for the inner current control
loop. The purpose of the inner current control loop is to control the sum of the average
inductor currents and generate the gating signals of required duty ratio for the main
switches. In this section, the design of the voltage and current loops are given separately

and then combined to form a closed loop system.

Fig. 5.5 shows the complete two-loop feedback control system of the average current
controlled DC-DC converter using 2 PI controllers and 2 modulators having the same

values of frequency and amplitude but phase-shifted by 180°. These two modulators
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(shifted in phase by 180°) produce 180° phase shift in gating signals of the two main

switches.
Hi(s) |
Vorref(S) PI controller Tei(s) T(s) &1 _
KtKi/s |-l Limiter K,+Ki/s —® Limiter [[»{1/V,, | V_n(;)
D =
Teo(s) Multiplier !::r PI Controller Modulator-1 &l 3
§ Tp(8) 5| o

{1/ V

[RN—

[(5)271+(s)171]

Modulator-2 L

Hx(s) [
Fig. 5.5. Two-loop average current controlled system.
Separate power stage transfer functions of the two control loops are derived along with

the transfer functions of other components (compensator, modulator, feedback gain). The

values of the controller parameters are calculated based on the certain criteria of PM and
bandwidth of that loop.

5.3.1. Current Loop Design

The inner current control loop is shown in Fig. 5.6. The current controller design
involves defining the current-loop quantitatively and then designing the controller to

achieve certain design criteria of PM and bandwidth.

T R Tpl(s) |
ci® T® Gy s) | | L©+ i)
Ko +Ki/s 1/Vm,p»p | | —>
fiis)+i2(9) | | dea(s)
1/mep’P _I |> T (S) |
pl
| |

Hi(s) |-

Fig. 5.6. Current control loop using PI controller.
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The current loop transfer function (control to inductor currents) using (5.58) is given by

i (8)+1,(5)  Vin+V,
T — ALl I:2 _ Yin Ca
pC(S) dg; () +ds,(8) s-L (5.63)

In the proposed technique (as shown in Fig. 5.6), total of the average inductor currents
is controlled. The error is processed in an error amplifier to generate a common control
signal as shown in Fig. 5.6 and produces gating signals of same duty ratio for the two
main switches after comparison with two modulators of same gain. Therefore, the power

stage transfer function used to design the current controller using (5.58) is given as

L (S) _ 1(8) _ Vi +Ven) (5.64)

Te(s) = :
n(® dg(5) dg,(s)  s-L

Substituting the values of the 200 W experimental converter in (5.64) gives

314285.7
Tp (S) = — (5.65)

Transfer function of the current loop given by (5.65) has a single pole at zero

producing PM of 90°.

A PI controller is designed to improve the low frequency gain and reduce the steady
state error between the desired and actual inductor currents while maintaining the
minimum PM at a certain value of crossover frequency so that the output is well regulated
at frequencies below the crossover frequency. The inner current control loop is designed

to be fast and therefore, the bandwidth is set high.

A. Modulator Design
A triangle wave is selected as modulating signal for the current controller. Second

modulator is generated from the first modulating signal by inverting it using an
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operational amplifier in inverting mode. The frequency of the modulating signals is same

as the switching frequency and is equal to 100 kHz. Here, Tn(S) = Tmi(S) = Tma(S).

The slope of the inductor current is maximum when one main switch is off and that is

Vco/L. For minimum input voltage of 22 V and D = 0.8, using (5.38) Vca is equal to 88 V.

In half of the triangle period (Ts/2), the current ripple reaches a value, equal to peak-to-

peak value of the triangular modulating signal and is given by

(5.66)

where Ky 1s a multiplying factor and its value is 1V/A for the used hall effect current

sS€nsor.

From (5.66), the calculated value is Vipp=1.257 V.
Giving some tolerance for noise etc., peak-to-peak value of the triangle wave chosen is
2.5V.
The transfer function or gain of the modulator is given by
Tm(s) =1/ Vimp-p = 0.4. (5.67)
Assuming the converter efficiency n = 90%, the total average inductor currents I+ Ii»
= 10.1 A. Selecting the total current reference = 10 A and unity current sensor gain

(1V/A), the feedback gain of the current loop is given by
H(s)—£—099~1 (5.68)
00 T '

Therefore, a unity feedback current-loop is designed.
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B. PI Controller Design

The transfer function of the PI controller is given by

K, Kp(s+Ki/Ky)

Tei(9) =K, +?'— 5 (5.69)
Open loop transfer function of the current control loop is given by
Toui(s) =2.Tci(s).Tm(s). Tpi(s).Hi(s) (5.70)

Substituting the values from (5.65) and (5.67)-(5.69) in (5.70), the open loop transfer
function of the current control loop is given by

(251428.6)- K, - (s + K; /K )

ToLi(5) = . (5.71)

The controller is designed to achieve PM of 60° [114-116] at the selected cross over
frequency fc = 15.92 kHz or w; = 100 krad/sec. The PM is defined as
PM = phase angle of the system (Topi(s)) + 180

Therefore, the phase angle of the system (Top(s)) = PM -180 = 60-180 = -120°.
ZLToL(8) |, = —120° (5.72)
Applying the condition given in (5.72) into (5.71) gives Ki/Ky = 57735.
The time constant of the integrator sT = Ky/K; = 17.32 ps.
The magnitude of the open loop transfer function Toyi(s) should be equal to 1 at the
gain cross over frequency f. = 15.92 kHz.
| ToL1(8)|o—ee = 1 (5.73)
Applying the condition given in (5.73) into (5.71) gives K, = 0.35.
Fig. 5.7 gives the bode plot of the current control loop with PI controller. The PM of

the control loop is 60 degrees at crossover frequency of 102 krad/sec or 16.32 kHz.
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Fig. 5.7. Bode plot of current control loop with PI controller

5.3.2. Voltage Loop Design

The voltage loop, shown in Fig. 5.8, generates the inductor current reference (i 1+

IL2) ref for the inner current loop.

Vo,ref (S)
—

Inner Vo (S)
Tea(s) > Too(s) [ o»

current loop

Fig. 5.8. Voltage control loop using controller.

The inner current loop is an averaged loop and has higher bandwidth or fast dynamics.

The voltage loop is designed for lower bandwidth and is slow. Therefore, time scale

separation exists between the two loops and the state variables. Therefore, the duty cycle

d can be replaced by its steady-state equivalent in voltage loop transfer function design

[117]. The same approximation is used in [118-119]. Although for the controller design,
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the inner current loop is accounted in the signal flow path or gain and therefore, the duty
cycle perturbations are taken care of with inner current loop. Therefore, the perturbations
in duty cycle can be neglected in (5.56) and thus gives

Uy(5) I (1-D+D"
To,(s) =0 _ 1
P2l8) L (S)+ia(s) N (SCo+K;+2-CKy) (5.74)

Equation (5.74) defines a small signal transfer function between output voltage and
total inductor currents and is used as power stage transfer function Tp(s) to design the

voltage control loop.

Substituting the values of the 200 W converter in (5.74) and D = 0.8, D"'= 0.05 gives

128.6
Tpa(s) Zm (5.75)

Fig. 5.9 gives the bode plot of the power stage transfer function given by (5.75) of the
voltage control loop. The PM of the control loop is 93.6 degrees at crossover frequency of

128.3 rad/sec or 20.5 Hz.
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Fig. 5.9. Bode plot of voltage control loop without controller.
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A PI controller is designed to reduce the steady state error between the desired and
actual output voltage and to increase the low frequency gain while maintaining the
minimum phase-margin of 60 degrees at a certain value of crossover frequency of 100
Hz. Since the fuel cell response is slow, the voltage control loop is designed to be slower

than current control loop. Therefore, the bandwidth of the voltage loop is kept low.

A. Pl Controller Design
Selecting voltage reference Vo et = 5 V, the feedback gain Hx(s) of the voltage loop is

given by

5
H =——~0.0143
T (5.76)

The bandwidth of the voltage loop is set at 100 Hz.
A PI controller Tcy(S), of the form given in (5.69) is used.

The open loop transfer function of the voltage control loop is given by

2-Tpi(8) Ty (8) - T (8)

R Tn ) Ta®) Tae) FEy | 1720 Tex@)Ha0) 77

Tor2(8) =

Substituting the values from (5.65), (5.67)-(5.69) and (5.75)-(5.76) in (5.77) gives

161668-K , -(s+57735).(5+%)

T (s)— p 5.78
o2(8) 5-(s+7.86)-(s2 + 880005 +5.1x10%) (578)

Following the same procedure described in the inner current control loop for the PI
controller design for the designed criteria discussed, the values of the parameters of the PI
controller for the voltage control loop are calculated.

Using (5.72), the phase angle of the voltage control loop (ToL2(s)) = PM -180 = -120°

or  ZToL,(S)]u, =—120° at the selected crossover frequency.
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This condition gives Ki/K, = 370. The time constant of the integrator = Ky/Kj = 2.7 ms.

The magnitude of the open loop transfer function To2(s) should be equal to 1 at the
gain cross over frequency f. = 100 Hz.

Applying this condition gives K, = 290.

The bode plot of the compensated open loop voltage control loop Tor2(s), given by
(5.78) is plotted and given in Fig. 5.10. The PM of 60 degrees is achieved at the desired
crossover frequency of f; = 100 Hz or w. = 629.5 rad/sec. Low frequency gain is
improved.
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Fig. 5.10. Bode plot of voltage control loop with PI controller.

5.4 Small Signal Model and Closed Loop Design Verification

The stability of the closed loop control system and the controller design are verified by
plotting the frequency response curves of control-to-output transfer function by

simulating the converter with the designed controller using PSIM 6.0.1. The closed loop
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design is also tested using PSIM 6.0.1 for step change in load to see the dynamic
performance of the converter when driven by the designed controller.

Fig. 5.11 shows the circuit schematic of the closed loop control system of the L-L type

ZVS active-clamped current-fed DC-DC converter developed using simulation software
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Fig. 5.11. Schematic diagram of two-loop average current control of active-clamped ZVS current-fed
DC-DC converter.

The output voltage error is processed in a voltage loop to generate the reference
current for the inner current loop. The amplified voltage error (output of voltage loop PI
controller) is limited to full load inductor currents at Vinmin = 22 V and that is 10 A. The
current reference generated by the voltage control loop is compared with the actual
inductor currents (sum of the two inductor currents) and the error is amplified by another
PI controller. The maximum value of the output of current loop PI controller is limited to

a value to limit the duty cycle value at 0.85 in order to control the voltage across the main
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and auxiliary switches of the converter to protect them. The limiter output is compared
with the modulating signals of 100 kHz and same gain using voltage comparators.
Whenever the amplified error signal is higher than the modulating signal, the output is
high to turn the main switch on and when the amplified error signal is lower than the
modulating signal, the output is low and the switch main switch will be turned off. There
is a driver circuitry between the modulator and power stage to drive the switches on and
off. The auxiliary switches of the active-clamped converters are switched on/off by gating

signals complementary to the corresponding main switch gating signal.

5.4.1 Frequency Response Curves of Closed Loop Control System

The frequency response curves of the control-to-output of the closed loop control
system described above are plotted for the extreme operating conditions of input voltage
of 22 and 41 V and at full, half and 10% load conditions by simulation using PSIM 6.0.1.
The curves are plotted for limited but sufficient frequency range in order to limit the
simulation time. This is done by frequency sweeping and performing AC analysis during
simulation. The range of frequency sweep, AC analysis time and number of points are to
be defined for measurements during the analysis. The PM and crossover frequency are

mentioned. The curves are shown in Figs. 5.12 and 5.13.

It can be seen from Figs. 5.12 and 5.13 that the PM for the given conditions is between
58-71 degrees and therefore it can be concluded that the closed loop control system is
stable for the entire given operating range of input voltage and from full load to light
load. There is a slight difference in the crossover frequencies. The simulation was done

for a few discrete frequency points and the time scale for simulation was 0.1 ps (to reduce
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the simulation time with reasonably good accuracy) and may not be sufficient sometimes

for creating a smooth curve. This may be a possible reason.
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Fig. 5. 12. Frequency response curves of closed loop control system (control to output) obtained from
PSIM simulation for different load conditions at input voltage of 22 V (a) Full load: PM = 60° and
crossover frequency = 90 Hz, (b) Half load: PM = 58° and crossover frequency = 100 Hz, (c) 10% load: PM

= 58° and crossover frequency = 90 Hz.
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Fig. 5. 13. Frequency response curves of closed loop control system (control to output) obtained from
PSIM simulation for different load conditions at input voltage of 41 V (a) Full load: PM = 68° and

crossover frequency = 168 Hz., (b) Half load: PM = 71° and crossover frequency = 168 Hz., (c) 10% load:
PM = 76° and crossover frequency = 108 Hz.
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5.4.2 Dynamic Performance for Step Load Variation

Simulation results in Figs. 5.14-5.17 show the dynamic performance of the converter
for step change in load when driven by the designed closed loop controller.

Fig. 5.14(a) gives the variation of output voltage V, and current i, with respect to time
and 5.14(b) shows the variation of input current ij, and boost inductor currents i, and i,
with respect to time when there is a step-change in load from full-load to half-load at
fixed input voltage of 22 V.

Fig. 5.15(a) gives the variation of output voltage V, and current i, with respect to time
and 5.15(b) shows the variation of input current ij, and boost inductor currents i, and i,
with respect to time when there is a step-change in load from half-load to full-load at
fixed input voltage of 22 V.

Fig. 5.16(a) gives the variation of output voltage v, and current i, with respect to time
and 5.16(b) shows the variation of input current ij, and boost inductor currents i, and i,
with respect to time when there is a step-change in load from full-load to half-load at
fixed input voltage of 41 V.

Fig. 5.17(a) gives the variation of output voltage V, and current i, with respect to time
and 5.17(b) shows the variation of input current ij, and boost inductor currents i ; and i,
with respect to time when there is a step-change in load from half-load to full-load at

fixed input voltage of 41 V.
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Fig. 5.14. Simulation waveforms of two-loop average current controlled active-clamped ZVS current-fed

DC-DC converter at input voltage Vi, =22 V and step load change from full load to half load at t=10.5 s.
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Fig.5.15. Simulation waveforms of two-loop average current controlled active-clamped ZVS current-fed

DC-DC converter at input voltage Vi, =22 V and step load change from half load to full load att=0.5s.
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Fig. 5.16. Simulation waveforms of two-loop average current controlled active-clamped ZVS current-fed

DC-DC converter at input voltage Vi, =41 V and step load change from full load to half load att=0.5 s.
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Fig. 5.17. Simulation waveforms of two-loop average current controlled active-clamped ZVS current-fed

DC-DC converter at input voltage Vi, =41 V and step load change from half load to full load att=0.5s.
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It is clear from simulation results that DC-DC converter output voltage overshoot and
undershoot are less than 1 V for step change in load making the voltage at the
intermediate DC link or input of the next inverter stage at constant. Similarly the
overshoot and undershoot in the inductor currents is always less than 1 A from their next
steady state value for step change in load. Also, the fuel cell input current does not show a
sudden high overshoot but it changes smoothly to the next steady state value. The settling
time is around 20 ms. The sudden change in load causes a jump in switch voltage and
current during transient operation but these values are within safe limiting values of the
switches’ ratings (due to the limiters) and the converter continues its safe operation. Also,

the converter maintains soft-switching during the transient operation.

The designed controller was built in the laboratory for the 200 W experimental
converter. The reference output voltage Vo rer, equal to +5 V is generated using 7805
voltage regulator IC. The converter output voltage is reduced and fed back to the
controller using resistive voltage divider. High-speed dual OPAMPs OPA2132P are used
to design the two PI controllers. Two Zener diodes (1N4732, 4.7 V) in series with a high
speed diode 1N4148 are used for limiting the output of voltage control loop PI controller.
Two high speed diodes MURI1100E in series are used to limit the current control loop PI
controller output. Current sensors LEM LAS55-P are used for sensing the two inductor
currents and provide the required isolation as well. IR2110 driver ICs are used to drive
the four switches. Opto-coupler IC HCL2601 is used for isolation between the driver and
the comparator outputs to isolate the converter ground with controller ground. Fast TI

comparator IC TLC374CN is used.
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5.5 Conclusion

In this Chapter, small signal modeling of the L-L type ZVS active-clamped current-fed
isolated DC-DC converter is derived using state-space averaging technique. A closed loop
control design using 2 PI controllers and 2 modulators is presented. Frequency response
curves have been plotted by simulating the converter with the designed controller using
PSIM 6.0.1 to verify the controller design and to test the stability of the closed loop
system for different operating conditions of input voltage and load. The system is stable
at all given operating conditions. The performance of the converter driven by closed loop
controller was tested for step variation in load at different fixed input voltage conditions
using PSIM 6.0.1 and the simulation results have been presented. The designed controller
shows good performance for wide variation in input voltage and load conditions.
Simulation results show that the voltage and current overshoot values are under limits and
the converter is able to operate safely under transient period while maintaining its soft-
switching operation. The fuel cell current changes smoothly to its next steady-state value
and the overshoot is very small than the next steady-state value assuring the operation of

the fuel cell into R-II region and continuity of the power without shut-down.



Current Controlled Inverter and Utility Interface 139

Chapter 6

Fixed Frequency Average Current Controlled Inverter

and Utility Interface

6.1 Introduction

In the last Chapter, closed loop control design of the L-L type active-clamped current-
fed DC-DC converter has been presented to produce constant voltage at the intermediate
DC link which forms the input to the next inverter stage of the power conditioning unit
(PCU). In this Chapter, design of the current controlled inverter along with the

experimental results of the complete power conditioning unit is presented.

Section 6.2 presents the design of control circuit for fixed-frequency average current
controlled inverter for converting constant intermediate DC link voltage into utility
voltage at line frequency with current mode control. Section 6.3 presents the operation
and control of the complete power electronic system connecting fuel cells to a utility line.
Section 6.4 presents the simulation results of the complete PCU rated at 200 W connected
to the utility line using PSIM 6.0.1. Section 6.5 presents the experimental results of the
complete PCU rated at 200 W with resistive load as well as with utility interface. Section
6.6 gives the operation of multi-cell DC-DC converters followed by a single inverter for

higher power applications. The Chapter is concluded in Section 6.7.
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6.2 Fixed-Frequency Average Current Control Design of Full-

Bridge Inverter

Fig. 6.1 shows a full-bridge inverter connected to a single-phase utility line. In Chapter

2, the current controlled scheme for the inverter stage was selected.
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Fig. 6.1. Full-bridge utility interfaced inverter.

Some widely used and referred current control schemes are mentioned below.
1. Hysteresis band current control or bang-bang control [32, 42, 45, 109, 114].
2. Peak current control [109, 114].

3. Average current control [34, 36-37, 109, 112-119].

Hysteresis band current control scheme is a variable frequency control. Variable
frequency makes the snubber and filter design difficult. The switching frequency may go

high and circuit parasitics will cause EMI if the switches are hard-switched.

Peak current control is a fixed frequency control but it requires slope compensation for
stability and introduces error at high ripple currents at light load conditions. Therefore,

the objective is achieved by using average current control technique.
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Average current control is a fixed frequency control and can be designed for low

steady state error by designing a proper compensator. Constant frequency operation

makes the output filter design easy and no slope compensation is required for stability.

Therefore, in this Chapter fixed-frequency average current controller is designed for the

full-bridge inverter connected to the utility using an inductor.

6.2.1 Controller Design

Fig. 6.2 shows a current controller driving a full-bridge inverter to control the current

and hence the power fed into the utility line. The DC voltage at intermediate DC bus

forms the input voltage source for the inverter. The design of the current controller is

given in this sub-section.
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Fig. 6.2. Current controller for inverter connected to a single-phase utility line.

Following assumptions are made for the controller design:

1. The components of the inverter are assumed ideal.
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2. Since the switching frequency is higher than the line frequency during a switching

frequency cycle, the utility line voltage during that HF period is assumed constant.

3. Snubbers’ charging/discharging intervals are very small and not considered.

Fig. 6.3 shows the block diagram of the average current control of the utility line current.

Vu(S}— Toil9) |

PI
Controller Modulator _()
, 1,(S
1y ref(S, u
urer) 74s) ] Limiter || 7(9) |95 Tods)

H(s) |-

Fig. 6.3 Controller for average current control of utility line current.

In half of a line frequency cycle, several HF cycle appears. The analysis during a HF

cycle is presented.
During k™ HF cycle,
When two diagonal switches (S3-Se) are conducting:

L A =V —V
0 dt d Uk (61)

When two anti-parallel diodes (D4-Ds) of the other pair of switches are conducting:

diy,
Lo pratn (R (6.2)
f
where k =1, 2, 3, ....... N, N = 5 :l . fL = line frequency in Hz and f, = switching
an

frequency in Hz.
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Vy, =2V, sin27f_ k) (6.3)

where V, is RMS value of utility line voltage.

Averaging the state equations results in the following equation

L Ay =@2d, —1)-vq -V
o\ gt - k d Uk (6.4)

where dy is duty cycle of inverter switching during k™ HF cycle.

Introducing perturbation around the steady state value such thati, =1, + fuk , d =Dy +dy,

Vg =Vg +Vq , Yy, =Vy, +Vy, and substituting in (6.4) gives

d(ly, +iy,) ] . .
Lo{ =5 ) = @D +2d =1+ Vg +7a) = Vo, +y,) (6.5)

Comparing AC quantities in (6.5) and neglecting the second order terms gives

A

di A P
L0 dl:;:k = 2Vd 'dk +(2Dk- —1)'Vd _Vuk (66)

Taking Laplace transform of (6.6) gives
SLo -1y, (5) = Vg -G (8) + (2D, ~1) ¥y (5) Y, () (6.7)

The voltage Vy at the intermediate DC bus is maintained constant by the controller
provided with front-end DC-DC converter. The simulation results for step-change in load
show that the overshoot at the intermediate DC bus is less than 1 V and therefore, here for

the controller design of the inverter perturbation in Vq is neglected, i.e., V4 = 0.

From (6.7), the control-to-current transfer function (V,, =0) is given by
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) _ i\uk (S) _ 2Vd
Tpia (S) = R (6.8)

From (6.7), the utility line voltage-to-current transfer function ( d « =0)is given by

) w® L
Tow(s) = Ve (5) sL, (6.9)

Inductor design (Lo): The ripple in the inductor L, current is maximum at zero crossing
and the duty cycle of the switches is equal to 0.5. Therefore, the value of filter inductor

can be designed by the following equation

_ V4
2 fg Al

0

(6.10)

The specifications used to design the controller are: Intermediate DC bus voltage Vg =
350 V, switching frequency fs = 20 kHz, utility line voltage V, = 208 V RMS (294 V

peak) and utility line RMS current I, = 0.96 A (1.36 A peak).

Accepting ripple in inductor current Al, = 0.25 A, the inductor value using (6.10) is 35

mH.

Substituting the values of the components and the specifications in (6.8) gives

20000

Thig (8) = (6.11)

A PI controller is designed to reduce the steady-state error in the reference and the
actual values of the inductor/utility line current while maintaining the minimum phase
margin of 60° at a crossover frequency of 2 kHz. The transfer function of a PI controller

Tc (s) is given by (5.69).
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A current sensor with unity gain to measure 1V/A is selected. Therefore the feedback

factor or gain is unity.
He(s)=1 (6.12)

A triangular modulating signal of peak value equal to 2 V is selected. Therefore the

gain or the transfer function of the PWM modulator block is given by

Tn(s)=5 =0 (6.13)

From Fig. 6.2, the open loop gain of the controller is given by

Tow(s) = Tc (s). Tm(s).Tpid(s).Hc(s) (6.14)

By following the procedure to design a PI controller as described in Chapter 5, Section
5.3, the calculated values of the PI controller parameters based on the abovementioned
design criteria of phase margin = 60° and crossover frequency = 2 kHz are K, = 1.1 and
Ki/Kp = 7255. The integrator time constant ST = K,/K; = 138 ps. Therefore, the transfer

function of the designed PI controller is

To(s)= (1.1 (Ss+ 7255) 6.15)

Substituting the values from (6.11)-(6.13) and (6.15) in (6.14) gives

11000-(s+ 7255
ToL(s) = (S; ) (6.16)

Fig. 6.4 shows a bode plot of open loop transfer function given by (6.16). The

crossover frequency and phase margin are 2 kHz and 60.1° respectively.
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Fig. 6.4. Bode plot of open loop system: PM = 60.1 degrees; Crossover frequency: 2 kHz.

Equation (6.9) shows the admittance offered by the utility in the path of the current
flowing from the inverter to the utility line. This tends to drop the loop gain at line
frequency [121]. At low current command case (light load condition), the gain can fall
below unity which will change the inverter function to rectifier and the current will
charge back to the DC bus, resulting in possible over-voltage failure under light-load
conditions [121]. This admittance should be compensated in the current controller
designed for the inverter. Two methods are suggested in [121-122]:

1. Compensation in the reference current.

2. Compensation in the control signal.

The second type of compensation method is adopted and a feedforward gain is added
in the current loop to compensate for the admittance offered by the utility line. The gain is

given by [122]
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1
Gc(s)—m (6.17)

For the given values and Kk, = 1/294; G¢(s) = 1.68.
The effect of this compensator block G¢(S) is to cancel the effect of Tpi(S) [121].

The controller shown in Fig. 6.3 is modified and the modified controller with

admittance compensation is shown in Fig. 6.5.

+ K)? T. . |
PI G(9) Modul tVU(S)J_> s
N Controller odua Ora’(s 1u(S)
749) Limiter ]  7,(3) Thi S)
He(s) [«

Fig. 6.5. Controller for average current control of utility line current.

It has not been mentioned in [121-122] but it has been found by simulation results
(given in later Section) that this admittance compensation reduces the harmonics content
and hence the THD of the current fed into the utility line, in particular at light load

conditions.

Fig. 6.6 shows the circuit diagram of the current controller designed in the previous
sub-section for controlling the average current through the inductor. Fig. 6.7 shows the

gating signals generated by the controller for the inverter switches.
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Fig. 6.7. Gating signal waveforms generated by the designed current controller (Fig. 6.6) in line frequency cycle to control the average current through the

indcutor or shape the utility line current.
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6.3 Complete Power Conditioning System

Fig. 6.8 shows a complete power conditioning unit connecting fuel cells to a single-

phase utility line.

L ., CB2
L-L Type CBI | _mrvw?\r\_/"»_—
active- Average
Ha Fuel cell + clamped . current %
—»  stack Vo= Cu | currentfed | Ve=—=Ca controlled vV,
) isolated ) full-bridge Utility
converter y inverter
0’? A {
H;
Two-loop
Visror average -
Look-up ) » current b \
Table control
ko
5%
Multiplier Controller d 2 o
frer g_j §
Kn | Pl | Limiter |- PWM z
p=}
Scaling factor T
Precision

¢ Kp

full-wave rectifier

Fig. 6.8. Complete power conditioning unit connecting fuel cells to utility line.

The unit is turned on with the breakers CB1 and CB2 open during the starting-up the
fuel cell. When the voltage Vy at the intermediate DC bus reaches 350 V, the breakers are

closed.

As discussed in Chapter 1, the fuel flow (pressure) inside the fuel cell stack decides the
maximum/optimum power available to load to operate the fuel cell safely in region R-II.
The look-up table generates a command signal for the reference power corresponds to the
maximum/optimum power that can be drawn from the fuel cell stack fuel at that particular

pressure. The utility line voltage is reduced, rectified and then multiplied with the fuel
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cell power command signal after scaling to generate the reference current input to the
inverter controller which is sinusoidal in shape. The inductor current is sensed by a
current transducer/sensor, rectified and fed to the error amplifier for error compensation
which is a PI controller. The control signal generated by the PI controller is compared
with the modulator which is a triangular signal to generate the switching logic (gating

signals) for the inverter switches.

When the inverter draws power from the intermediate DC bus capacitor to feed into
the utility line, the voltage Vy at the intermediate DC bus tries to decrease, but the
controller connected with the front-end DC-DC converter maintains the voltage at
intermediate DC bus constant by varying the duty cycle of the DC-DC converter
switches. The average current control built inside the DC-DC converter controller
controls the average current drawn from the fuel cell stack. In this respect, the fuel cell
current and output current/power supplied to utility line is adjusted to the next value

corresponding to the new fuel pressure value.

6.4 Simulation Results

Fig. 6.9 shows the circuit schematic of the complete utility interfaced power electronic

system developed on PSIM 6.0.1.

L-L type ZVS active-clamped current-fed isolated DC-DC converter with C-filter
(analyzed and designed in Chapter 4) is the front-end converter with two-loop average
current controller (designed in Chapter 5) and maintains constant voltage of 350 V at the

intermediate DC link irrespective of the values of fuel pressure inside the fuel cell stack.



Current Controlled Inverter and Utility Interface 152

The ultracapacitor Cy at the input connected across the fuel cell stack takes care of the
load transients in case of sudden increase in power level (load demand) or increase in fuel

pressure.

The next inverter stage is a full-bridge inverter with single-loop average current
controller designed in previous Section connected to a single-phase utility line using L-
filter. Electrolytic capacitor Cq at the intermediate DC link absorbs the second harmonic

component of the line current.

The complete power electronic system with utility interface is simulated and the
inverter output waveforms are shown in Figs. 6.10-6.15 for extreme values of fuel cell
stack voltage from given specifications, i.e., 22 V and 41 V at full-load, half-load and
10% load. In simulation, the THD in the line current is calculated using Fast Fourier

transform (FFT) of the utility line current n and is shown in Table 6.1.
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Fig. 6.10. PSIM simulation waveforms for Vi, =22 V at full load: utility line voltage (v,) and current (i)
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Fig. 6.11. PSIM simulation waveforms for Vi, =22 V at half load: utility line voltage (v,) and current (iy).
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Fig. 6.12. PSIM simulation waveforms for Vi, = 22 V at 10% load: utility line voltage (v,) and current (iy).
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Fig. 6.13. PSIM simulation waveforms for Vi, = 41 V at full load: (a) utility line voltage (v,) and current (iy).
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Fig. 6.14. PSIM simulation waveforms for Vi, =41 V at half load: (a) utility line voltage (v,) and current (iy).
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Fig. 6.15. PSIM simulation waveforms for Vi, =41 V at 10% load: (a) utility line voltage (v,) and current (i).
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Simulation waveforms in Figs. 6.10-6.11 and 6.13-6.14 show that at full and half
loads, the utility line current is a sine wave in phase with utility line voltage maintaining
power transfer at unity line power factor. Figs. 6.12 and 6.15 show that at light load (10%
load), the THD increases and the line current is no more a sine wave because of higher

distortion and the power factor is reduced.

Table 6.1 shows the THD in the line current at various input voltage and load

conditions. It shows that THD increases with reduction in load current.

Table 6.1: THD in line-current at various input voltage and load conditions.

Input voltage and Vin=22V Vin=41V
load conditions
Full load Half load 10% load Full load Half load 10% load
THD (%) 5 9.1 31 5 9.1 31

6.5 Experimental Results

The designed controller was built in the laboratory for 200 W rated inverter or PCU.

The details of the designed controller and the full-bridge inverter are as follow:

Full-bridge Inverter

Switches: IRG4PC40UD: 600 V, 20 A, IGBT with ultra-fast anti-parallel diode.
Snubber across the inverter switches: RC snubber, R = 820 Q and C = 1 nF.
Inductor: Toroid D-927156-3 (stack of two), 273 turns, measured value = 25 mH.

A high frequency capacitor of 1 pF (ASC capacitor, 329S, 500 V AC) is connected in

parallel to the load to absorb the switching frequency harmonics.
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Average Current Controller

Current sensor: LEM LAS55-P current transducer (LEM).

Operational amplifiers used for the PI controller and precision full-wave rectifiers:

OPA2132P (Texas Instruments).
Comparators: TLC374CN (Texas Instruments).
AND gate: CD4081BE (CMOS IC; Texas Instruments).

Voltage translator IC (To translate 5 V comparator output to 15 V): LTC1045CN (Linear

Technology).
Driver (to drive inverter switches): IR2110PBF (International Rectifier).

Opto-isolation (for isolation between control ground and driver ground): Opto-coupler

HCPL2630 (Fairchild Semiconductor).

6.5.1 Resistive-Load Testing

Initially the power electronic system built in the laboratory rated at 200 W was tested
with the R-load before connecting to the utility line. The inverter output waveforms are
presented in Figs. 6.16-6.19 for extreme fuel cell stack voltages of given operating range,

i.e.,22 V and 41 V at full-load and half-load conditions.
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Al 20.0%- [H F 0.00s 5.00%/ fA2 STOP
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Fig. 6.16. Experimental waveforms of the utility line voltage v, and current i, with resistive load at Vi, = 22
V and full load (200 W); bottom waveform is zoomed version of top waveform.
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Fig. 6.17. Experimental waveforms of the utility line voltage v, and current i, with resistive load at V;, =
22 V and half load (100 W); bottom waveform is zoomed version of top waveform.
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Fig. 6.18. Experimental waveforms of the utility line voltage v, and current i, with resistive load at V;, = 41
V and full load (200 W); bottom waveform is zoomed version of top waveform.
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Fig. 6.19. Experimental waveforms of the utility line voltage v, and current i, with resistive load at Vj, = 41
V and half load (100 W); bottom waveform is zoomed version of top waveform.
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It is clear from Figs. 6.16-6.19 taken for full-load and half load for different input
voltages of 22 V and 41 V, that current output from inverter is in phase with the utility
voltage, which is used to generate the reference inverter current command. It ensures that
with utility load, the line power factor will be unity since the utility line voltage is in
phase with inverter output current. After this verification and seeing the performance of
the average current controller designed for full-bridge inverter, the system was therefore

connected to the utility line for further testing and is discussed next.

6.5.2 Testing with Utility Interface
The complete power electronics system, tested earlier with R-load was connected to
the single-phase utility line (208 V RMS, 60 Hz). The experimental results are shown in

Figs. 6.20 and 6.21.

- 1.90% 5.00%/ A2 STOP

AL 20.0% [FENEENE

(a)

A1 10.0%- F —1002 5,008 fA2 STOP

(b)

Fig. 6.20. Experimental waveforms of the line utility voltage v, and current iy with utility interface at V;,
=22V (a) full-load (200 W) (b) half-load (100 W).
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Fig. 6.21. Experimental waveforms of the line utility voltage v, and current iy with utility interface at V;,
=41V (a) full-load (200 W) (b) half-load (100 W).

Figs. 6.20 and 6.21 at 22 V and 41 V, respectively, supplying 200 W (full-load) and
100 W (half-load) power to the utility line show that the line current and the utility
voltage are in same phase. The distortion is higher at half-load that is obvious due to the
reduced magnitude of the current because the ripple increases with the same filter

designed at full-load.

There is some distortion present in the utility line voltage that is due to the noise
picked-up by the ICs and probes during measurements. The controller was built on
breadboard and using OPAMP ICs instead of using a dedicated controller IC that is more

sensitive to noise. Also, the utility voltage, which is used to generate the reference current
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command has some harmonics (distortion) and introduces the same in reference current

and therefore, in the inverter output or line current.

During the measurements, the current reference was varied and the inverter output
current as well as the input current were adjusted to the new steady-state value
automatically because of closed loop controllers. The unity line power factor operation is
stable with variation in reference current or power drawn from the input for the given

experimental conditions.

6.6 Multi-Cell Power Conversion

Fig. 6.22 shows multi-cell DC-DC converters followed by a single-cell inverter to

transfer higher power from fuel cell stack to the load or utility line.
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Fuel cell Ci Cy Va Inverter Vy p
—|_ Cell 1 T

+

A%
\ %

DC-DC
Converter
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\J

DC-DC
Converter
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Fig. 6.22. Multi-cell DC-DC converters followed by a single-cell inverter for higher power design.
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Since the fuel cell voltage is low, a number of DC-DC converter cells are adopted to
divide the high input current for large power application. The inverter connected at
intermediate DC bus draws low current and therefore only one cell is sufficient to serve

the purpose. The multi-cell configuration reduces the value of the HF capacitors at the

input and the intermediate DC bus.

Fig. 6.23 shows the power conditioning unit having 3 cells of front-end DC-DC
converter followed by a single-cell full-bridge inverter connected to the single-phase

utility line drawn using PSIM 6.0.1.
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Fig. 6.23. Power conditioning unit using 3 cells of DC-DC converter and single-cell inverter drawn using

PSIM 6.0.1
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Each cell of front-end DC-DC converter and the inverter is same as designed in this
thesis. The three DC-DC converter cells are connected in parallel to the fuel cell stack and
their output rectified current is charging the intermediate DC bus capacitor Cy. The power
transferred to the utility from the fuel cell stack is divided equally in three DC-DC

converter cells.

The phase-shift of 120° is introduced between the three symmetrical legs of the three
converter cells to reduce the HF ripples. The gating signal control for the three DC-DC

converter cells is shown in Fig. 6.24.
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Fig. 6.24. Gating pattern of the main and auxiliary switches for 3 cell converter system.
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6.7 Conclusion

In this Chapter, average current controller for a full-bridge inverter connected to a
single-phase utility line using an inductor was designed. The complete control of the
power electronic system was discussed. The complete power electronics system rated at
200 W was simulated using PSIM 6.0.1 and the simulation waveforms of the inverter
output were presented. Experimental results of the PCU rated at 200 W for extreme
values of fuel cell stack voltage from the given specifications were presented at full-load
and half-load conditions with R-load and utility interface. In the last, multi-cell DC-DC
converter followed by a single-cell inverter for higher power application was discussed

along with its control.

The next Chapter presents summary of contributions and results presented by this
thesis work. Suggestions for further work to extend this thesis work will also be

discussed.
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Chapter 7

Conclusions and Suggestions for Further Work

7.1 Introduction

This Chapter summarizes the main contributions and summary of results of this thesis
work along with the suggestions for future work. The contributions are outlined in
Section 7.2. The summary of the results presented in the thesis is given in Section 7.3.

The Chapter ends with suggestions for future work in Section 7.4.

7.2 Major Contributions

This thesis presented analysis, design and control of high-frequency transformer
isolated power converters for connecting fuel cells to a single-phase utility line. Starting
with selection of a suitable scheme for interfacing fuel cells to a single-phase utility line,
the thesis ends with the experimental results of utility interfaced power electronic system.
The power electronic system includes power converters for converting low fuel cell DC
voltage into higher AC voltage at line frequency. The designed controllers ensure the safe

and continuous operation of fuel cells.

The major contributions of this thesis are summarized below:
1. Classification of interfacing schemes for connecting a DC source in particular fuel
cells, to a single-phase utility line and selection of a scheme for the fuel cells to

utility interface application.
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Comparison of soft-switched DC-DC converters for fuel cells to utility interface
application and selection of one suitable converter topology.

An active-clamped current source DC-DC converter that is a modification to the
selected DC-DC converter topology and can operate with wide ZVS range has
been proposed, analyzed and designed and the experimental results were
presented.

Small signal modeling and closed loop control design of the proposed wide range
ZVS L-L type active-clamped current-fed DC-DC converter.

Design of a fixed-frequency average current controller for utility connected full-

bridge inverter and experimental results of complete PCU with utility interface.

The minor contributions of this thesis are summarized below:

1.

Analysis and systematic design of active-clamped current-fed isolated DC-DC
converter.
Small signal modeling and closed loop control design of active-clamped current-

fed isolated DC-DC converter.

7.3 Summary of Results

In Chapter 3, the performance of the selected front-end DC-DC converter i.e. active-

clamped two-inductor current-fed isolated DC-DC converter (after comparison of various

soft-switched DC-DC converter topologies) was evaluated using simulation results for

varying load and input voltage. The steady-state analysis (Appendix E) and design

(Appendix F) of the converter were reported. The experimental results of 200 W
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laboratory prototype operating in steady-state under open loop conditions were given for
input voltage of 22 V and 41 V at full-load (200 W). The converter looses ZVS at light

load conditions.

In Chapter 4, the selected active-clamped current-fed DC-DC converter discussed in
Chapter 3 was modified by connecting an inductor in parallel to the HF transformer on
secondary side leading to L-L type active-clamped current-fed isolated DC-DC converter.
The effect of this parallel inductor together with the magnetizing inductance of the HF
transformer is to improve the soft-switching range of the converter over wide range of
input voltage from full-load till 10% load conditions. The simulation and experimental
results of 200 W laboratory prototype operating in steady-state under open loop
conditions were given for input voltage of 22 V and 41 V at full-load (200 W) and 10%
load to verify the proposed design. The experimental results show that the proposed
converter maintains ZVS over given wide input voltage and load variation caused by the

change in fuel flow (pressure) input to the fuel cell stack.

In Chapter 5, the small signal model of the L-L type converter, designed in previous
Chapter, was derived to design a closed loop control system to control the fuel cell
current directly with variation in fuel pressure and maintain a constant voltage at the
output of the converter (intermediate DC link that will form the input of the next inverter
stage). The 200 W designed converter integrated with the closed loop control system was
simulated for input voltages of 22 V and 41 V at full-load (200 W) and 10% load, to
verify the stability by plotting the frequency response curves of the control-to-output. The
frequency response curves obtained from simulation verifies that the system is stable for

the given specifications of input voltage over wide variations in load. The closed loop
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design is also verified by simulating the converter driven by the designed closed loop
controller for step change in load for different fixed input voltage conditions. Simulation
results for transient duration are presented. Experimental details of the practically

implemented controller circuit were presented.

In Chapter 6, the designed average current controlled full-bridge inverter operating at
20 kHz and the utility line voltage of 208 V RMS was connected at the output of the
front-end DC-DC converter. The complete power conditioning unit (front-end DC-DC
converter along with its two-loop average current control connected to the average
current controlled full-bridge inverter) was experimentally tested for the given
specifications. The experimental results of the inverter output with resistive-load and
utility interface were presented at full-load (200 W) and 50% load (100 W) for input

voltages of 22 V and 41 V, respectively.

7.4 Suggestions for Further Work

Multi-cell power conversion as presented in the last Chapter along with the gating
control for high power application should be experimentally tested to verify the

performance of the system.

The inverter used in this thesis is a hard-switched full-bridge inverter operating at 20
kHz. The filter inductor L, is large in value. A soft-switched inverter operating at higher
frequency will reduce the size and cost of the filter inductor. A soft-switched inverter
design should be done next. Some of the soft-switched inverter topologies are already

mentioned in literature [87, 123-127].
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The proposed scheme with power conditioning unit should be good for connecting the
DC source or fuel cells to three-phase line as well. The comparison and evaluation should

be done to extend this work for interfacing with three-phase AC line.

The THD at light load is higher and needs to be reduced. Therefore, a different filter
can be adopted to interface the inverter with the utility and the inverter current control

should be modified accordingly.
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APPENDICES

APPENDIX A
Design Equations for LCL SRC with C-Filter [94]

Base Values for the converter are defined as follow:
Base voltage Vg = Vinmin.
Base impedance Zg = (LS/CS)” 2,

Base current Iz = Vg/Zg. Converter gain, M =V, V5.

181

Where V,' is the output voltage referred to the primary side of the HF transformer and is

equal to (ny)(Vo).

Normalized load current, J = (I,/ny)/lg.
Normalized switching frequency F = oy/w, = fJ/f;.
Switching frequency ws =27 fs.

Resonant frequency oy = 1/(LSCS)1/2.

The values of Ls and C; are calculated by following equations [94]:

B 2
R 2.7 f,

c. - R (A.2)
271, -M -3V,

Selecting suitable ratio of series resonant inductor to parallel inductor Ly/L,’, the value of

L' or L, (=L,/n¢) can be calculated [94].
The values at optimum point are as follows:

J=0.427,M=0.965F=1.1, LyL,"=0.1.
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Appendix B

Design Equations for LCL SRC with L-Filter [97]

The base quantities used for this converter are:
Base voltage Vg = Vinmin; Base impedance Zg = R, Base current Ig = Vp/Zs.

The reflected output voltage at the primary side of the HF transformer V," = nV,.

Normalized reflected output voltage is given by

Voou :%:% (B.1)
where
oo | 52
D>= [Xispu = Xcspul (B.3)
Xispu= (QsF)(F), Xespu= Qsr/F, Xuppu= (F)(Qsp)(Lp7Ls) (B.4)

Normalized switching frequency, F = /o, = f/f;,

Resonant frequency o, = 1/(LCo) "% Angular switching frequency ws = 27 fs,

0 = inverter output pulse width. Full-load quality factor Qsg = (LS/CS)W/ R."

R.'= ntzRL is the load resistance referred to the primary side of the HF transformer.

The values at optimum point are as follows [97]:

V,' (converter gain) = 0.795, F = 1.1, Qse = 0.5, Ly/Lp'= 0.075, n¢= 0.05.

The values of Cs and L are calculated using the following equations [97]:
Cs=F/[2nfy(Qsr)(RL)] (B.5)
L= [Qsr -RUTA(Cs) (B.6)

L,'= (ntsz) = L¢/0.075 (optimum point).
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Appendix C

Design Equations for Phase-Shifted Full-Bridge PWM
Converter [99-100]

Assume a peak-to-peak ripple current of Al, = 0.3 A (10% of full load current) in the
output at minimum input voltage and full load. Taking the effect of duty cycle loss and
dead gaps, effective duty ratio is assumed to be Dt = 0.85. Then the transformer turns

ratio is given by [100]

n, =—o (C.1)

The value of series resonant inductor Ly is given by

_ n 'Vin(l_Deff)
: 4-1, - f,

(C.2)
The value of output filter inductor is given by

V.
(% _Vo) : Deff

_ t
Lo = 2-Al, - €3)
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Appendix D

Design Equations for Secondary Controlled Full-
Bridge Converter [78, 101-102]

ZVS condition for the primary switches can be given as

1 T

ZVS condition for the secondary side switches can be given as

5> (1-M)- g (D.2)

n.
where M = +——2; n,=—

Series tank inductance can be calculated by [78, 102]

NVo -Vin '5'(7[_5)

L, =
ws -7 - P,

(D.3)

P, = output power, s = angular switching frequency (rad/sec), & = phase-shift between

primary and secondary side voltage across the transformer leakage inductance.



Appendices 185

APPENDIX E

Analysis of Active-Clamped ZVS Current-fed DC-
DC Converter

Introduction

In Chapter 3, the active-clamped ZVS current-fed isolated DC-DC converter is
selected as the front-end converter topology for the present application. The converter
was proposed earlier [107] but a complete analysis and a systematic design of this
converter are not reported in literature. A complete design illustrated by a design example
is given in Appendix F. A complete operation and analysis of this converter is presented

in this Appendix.

Converter Analysis

In this section, operation and analysis of the active-clamped ZVS current-fed DC-DC
converter are presented based on the following assumptions:

(a) Effect of the magnetizing inductance of the HF transformer is neglected.

(b) Switches and diodes are assumed ideal.

(c) Auxiliary capacitor C, is large enough to maintain constant voltage across it.

(d) Boost inductors are sufficiently large to maintain constant current through them.

(e) Transformer leakage inductance is part of series inductance Ls.
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The operating waveforms of the active-clamped current-fed isolated DC-DC converter
(Fig. 3.12) with these assumptions are shown in Fig. E.1. The detailed operation of the
converter during different intervals in a half cycle is explained using equivalent circuits as
shown in Fig. E.2. For the next half cycle, the intervals are repeated in the same sequence

with other symmetrical devices conducting to complete the full HF cycle.

Interval 1 (Fig. E.2a; t, <t < t3): In this interval, both the main switches S; and S, are
ON. Boost inductors L, and L, are storing energy. The power is transferred to the load by
the output filter capacitor C,. Current (i s) through the series tank inductor Ly or HF
transformer is zero.

Voltage across auxiliary capacitor C, is

D
Vea =15 Vin (E.1)

The voltage across auxiliary switches is:

Vin
-D

(E.2)

Vsai =Vsaz = Vin +Vea = 1

Duty ratio of main switches S; and S;, D = Ton/Ts; Ton = main switch conduction time and
Ts = switching period of the main switch.
Voltage across the rectifier diodes

Vor = Vo/2 (E.3)
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Fig. E.1. Operating waveforms of active-clamped ZVS current-fed DC-DC converter (Fig. 3.12).
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Fig. E.2. Equivalent circuits during different intervals of operation of the converter for the waveforms
shown in Fig. E.1.
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Interval 2 (Fig. E.2b; t; < t < ty): Main switch S; is turned off. The boost inductor L,
current (lip/2) charges the snubber capacitor C; and discharges the auxiliary snubber
capacitor Cy; linearly. The boost inductor L; current (lin/2) is divided in proportion of
snubber capacitances. Rectifier diodes are reverse biased and the power is still transferred
to the output through filter capacitor. The current through series inductor L (iis) is zero
and the current through the switch S; is liy/2.

At the end of this interval, the voltage across the main switch reaches Vo/ni.e. Vsi(ty) =

Vo/n and VSal(tz) = Vin+VCa'Vo/n.

Interval 3 (Fig. E.2c; t; < t < t3): The boost inductor current is still charging and
discharging the snubber capacitors. The main switch voltage vs; increases from Vo/n to
VintVca. A positive voltage (Vs; - Vo/N) appears across the series inductor Ls and current
through it starts increasing. Rectifier diodes DR; and DRy are forward biased and start
conducting and the power is transferred to the output.
The current through series inductor L, is is given by

VSI _(VO/n) . (t—tz) (E,4)

i =
Current through the switch S, is given by

is2 =%+w (t-t) (E.5)

S
Voltage across the non-conducting rectifier diodes, Vpr = V,. At the end of this interval,
i.e., at t = t3, Cy is discharged completely and the main switch snubber capacitor C; is

charged to its full voltage, i.e., equal to initial value of Vcai(t,). Final values are

Vin
ICl(tS) = ICal(t3) = 0; V(;al(t3) = O; Vs1(t3) =Vei(t3) = Vin +Vea = l_l D
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Interval 4 (Fig. E.2d; t3 < t < t;): In this interval, the anti-parallel body diode Djs; of
auxiliary switch S, starts conducting. Now the auxiliary switch S5 can be gated for ZVS
turn-on. Current through the series inductor i is increasing with the slope of [(Vin+ Vca -
Vo/n)/Ls]. At the start of this interval (t = t3), auxiliary capacitor current icy has a peak
value given by

Icapeak = (lin/2) — lis(t3) (E.6)
Interval 3 is very small and lca peak can be considered approximately equal to /2.

The current through series inductor L, is is given by

VCa +Vin _(VO /n) ) (t _t3) (E7)

s =1l (ty)+ L
S

Current through the switch S, is given by

Isy = |sz(t3)+vca +V"|1__(V°/n) (t-t5) (E.8)

S

At the end of this interval, i.e., at t = t, icy reaches zero and the series inductor current

reaches lin/2. The auxiliary switch S;; can be gated for ZVS turn on. Final values are

ILs(ts) = lin/2; Isa(ts) = lin; lca(ts) = 0.

Interval 5 (Fig. E.2e; t; <t < t5): In this interval, auxiliary switch Sy; is turned on with
ZVS. The auxiliary capacitor current ic, decreases linearly (negative direction) and i
increases above lin/2 with the same slope. At the end of this interval, the auxiliary switch
Sai is turned-off. According to the amp-sec balance for the auxiliary capacitor C,, the
auxiliary capacitor current rises to negative lcapeak and therefore the series inductor
current reaches (lin/2 + lcapeak) that is approximately equal to the input current lj, and
current through the switch is equal to 31;,/2. Final values are

ILs(ts) = lin; Isa(ts) = 31in/2.
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Interval 6 (Fig. E.2f; ts <t < tg): The series inductor current i starts charging C,; and
discharging C; in a resonant fashion. This period is very small and the series inductor

current increases a very little in this interval. The resonant frequency is given by

1

TG "
Voltage across capacitor C; or switch S; is given by
Vo1 = Mea Vi)~ o sin(ep (1)
2 V(G +Ca)
- (]t st (E.10)
iso = lin/2 + iLs(t — ts) (E.11)

Voltage across switch Sy is given by

i = (1 e~ 2] iy 1) (E12)

At the end of this interval, the capacitor C; discharges upto Vo/n and capacitor Cj
charges to Vint+Vca- Vo/n. The final values are (neglecting small increase in current in this
small interval)

Vsai(ts) = Vca+ Vin - Vo/N; Vsi(ts) = Vo/n, Iis(ts) = ILs,peak = lin; Is2(t6) :|52,peak =31;n/2.

Interval 7 (Fig. E.2g; ts < t < t7): The current i is still charging Cj,; and discharging C,
in a resonant fashion. This period is also very small and the series inductor current
decreases a very little in this interval. The resonant frequency is same and given by (E.9).

At the end of this interval, the capacitor C; discharges completely to zero and capacitor
Cai charges to its initial value. The final values are

Vsi(t7) = 05 Vsai(ty) = Vca t+ Vin.
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Interval 8 (Fig. E.2h; t; < t < tg): In this interval, anti-parallel body diode D; of main
switch S; starts conducting and now S; can be gated for ZVS turn on. The current i

decreases with a negative slope of [V,/(n-Ls)].

i = 1s(t)- VOL (t-t;) (E.13)

S

ip1= iLs = lin/2 (E.14)
This mode ends when the series inductor current reaches lin/2. Final values are

Ipi(ts) = 0; Is(tg) = lin/2

Interval 9 (Fig. E.2i; tg < t < tg): In this interval, switch S; is turned ON with ZVS. The

current through S; starts increasing.

. l; V

i = %—n."LS (t-t5) (E.15)
. V

Is; = n~?_ t-t5) (E.16)
. V

Isy = Iin_n.(l)_ t-t5) (E.17)

S

This interval ends when the series inductor current is transferred to switch S;. At the end

of this interval, i s goes to zero and switch current is equal to li/2. Final values are

Isi1(to) = lin/2; ILs(t9) = 0
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In the above analysis, the boost inductors are assumed very large to keep the current
through them constant. But in practice, boost inductors are designed for a permissible
ripple current through them and this ripple current is higher at light load. If the boost
inductor value is less than a critical value, then at light load condition, one of the boost
inductors carries negative current in a half cycle. These intervals appear when auxiliary
capacitor discharges, i.e., between intervals 5 and 8. In these intervals, one boost inductor
carries negative current while the other boost inductor carries positive current. The extra
intervals appears when the load is reduced below about 5.5% at 22 V input and 10.25% at
41 V. Although, there these intervals do not have importance in the design, but just to
complete the analysis these different intervals appearing at reduced load condition are

explained here and shown in Fig. E.3. These intervals are as follows:

Different Interval 1 (Fig. E.3a): This interval comes when the auxiliary switch is
conducting and the auxiliary capacitor C, is discharging through it. The boost inductor
current becomes negative when ica > iis. In this interval,

IL1= lca- s (E.18)

Different Interval 2 (Fig. E.3b): Charging and discharging of C, and Cj;. In this interval

i1 = i+ ica - is (E.19)

Different Interval 3 (Fig. E.3c): Anti-parallel diode D; of main switch S; is conducting
and in this interval,

I = ipp + s (E.20)
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Fig. E.3. Equivalent circuits during extra intervals of operation of the converter.

ZVS Conditions

(A) ZVS of auxiliary switches is achieved by the energy stored in the boost inductors. In
interval 2, the dead-gap between the main switch gating signal Gg; and auxiliary switch
gating signal Ggsa; (Fig. E.1) should be of sufficient duration to allow charging and
discharging of the snubber capacitors C; and C,; respectively by the boost inductor

current ljp/2. The value is given by

V.
(€ +Ca1)'(1JnDJ

Tdgl = (E21)

(B) ZVS of main switches is achieved by the energy stored in the series inductor Ls. In
interval 5, the discharging and charging of the snubber capacitors C; and Cj,; respectively
should be done by the series inductor current ljspeak = lin In a quarter of the resonant
period and is equal to the dead-gap between the auxiliary switch gating signal Gsa; and

main switch gating signal Gs; and is given by

Tag2 :g Ls '(Cl +Ca1) (E.22)
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(C) The energy stored in the series inductor Ls at t = ts must be sufficient to charge and
discharge the capacitors C; and C,, respectively. Capacitor Cy; is charged from zero to

Vin/(1-D) and capacitor C; is discharged from Vjy/(1-D) to zero.

Lo Mo pea (G + Co)- ()’ (E.23)
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APPENDIX F

Design of Active-Clamped ZVS Current-fed DC-DC
Converter

In Chapter 3, the active-clamped ZVS current-fed isolated DC-DC converter is
compared with other converter topologies and selected as the front-end converter
topology for the present application. The converter was proposed earlier [107] but a
complete design of this converter were not reported in literature. A complete design with
design considerations of the converter illustrated by a design example is presented in this

Appendix.

Specifications of the converter used for illustration are: Input voltage, Vin =22 to 41 V;
output voltage, V, = 350 V; output power, P, = 1 kW. Switching frequency, fs = 100 kHz.
A systematic design procedure is presented below together with design considerations

using the given specifications for illustration.

(1) Transformer turns ratio n =1/n = Ng/N,, (Fig. 3.12) , is selected based on
D=1-(nVin/V,) (F.1)
In this converter, duty ratio D is always greater than 50% since the two main switches
can’t be turned-off at the same time. Therefore, a minimum overlap is always required at
all conditions of load and input voltage. For Vi, =22 V and V, =350 V, n =4, gives D =
0.75 and D = 0.53 for Vi, = 41 V. However, the practical values of D will be higher than
the theoretical values to compensate for the device drops, etc. The maximum value of

transformer turns ratio n is 4 since N > 4 requires D < 0.5 for Vi,=41 V. But n < 3 makes
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duty ratio D very high at minimum input voltage that will cause very narrow power
transfer duration. Hence transformer turns ratio must be between 3 and 4. Higher value of
transformer turns ratio will allow transfer of higher power to the load. For D > 0.5 and

voltage regulation range for variation in load and fuel cell stack voltage n = 4 is selected.

(2) Maximum duty ratio (Dmax) is selected at minimum input voltage condition, i.e., Vi, =
22 V and full load.
Dimax = 1- (Vin/Vsw(max)) (F.2)
Higher value of maximum duty ratio will allow satisfactory range of voltage regulation
and use of large value of series inductance to increase the ZVS range with variation in
load and input voltage. But it demands for high voltage MOSFETs, having larger ON
resistance resulting in higher conduction losses. Therefore, a compromise between ZVS
range and efficiency of the converter has to be made. For the present application,
maximum duty ratio of 80% (Dmax = 0.8) is selected. This gives the theoretical maximum
switch voltage of 110 V. In practice higher voltage rating switch should be selected to

give safety margin.

(3) Average input current is lip = Po/(nVo).

Assuming an efficiency n of 100%, li, = 45.45 A.

(4) Series Inductor Ls: The series inductor is selected at minimum input voltage (22 V)

and full load (1 kW) condition by using following equation

Vo n 'Vin
Ls = ] 'Iin |: v _(1_Dmax):| (F3)

Using Dmax = 0.8, n =4 and for given specifications, Ls =1 pH.
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(5) The RMS current through the series inductor L is given by

2 ] n'Vin

1/2
ILs,rms = Iin {5 v } (F4)
0

Here, ILs,rms = 18.63 A.

Peak current through the series inductor, i peak = lin = 45.45 A.

(6) Values of boost inductors are given by
Li = Lo = (Vi (D)[(Alin)(fs)] (F.5)

where Alj, is the boost inductor ripple current. For Alin=2 A, L; =L, = 88 uH.

(7) Switch current ratings: RMS current through the main and auxiliary switches are

I\
I sw,rms— \/(%j D+ 1P sms (F.6)

Lauxsw.rms = lin [(1 - D)/24]1/2 (F.7)

The values of lgw ms and laux rms are calculated to be 27.6 A and 4.15 A respectively.

The peak currents through the main switches lswpeak = 3lin/2 = 68.18 A and auxiliary
switches layxpeak = lin/2 = 22.73 A.

Average current through auxiliary switches as well anti-parallel diodes is given by

li,-1-D
Lauxsw.av :% (F8)

Here, layxswav = 1.14 A.

Average current through the main switches lgy av = lin/2=22.73 A.

(8) Auxiliary capacitor: Substituting, Vi, = 22 V and D = Dpax = 0.8 in (E.1) from

Appendix E; Vca =88 V.
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Peak current through Cj is lcapeak = lin/2 = 22.73 A.

The value of auxiliary capacitor C, is

ICa,peak : 2(1_ D)/3
4.7 f, - AVg,

C, = (F.9)

In this example, for a ripple voltage of AVca = 1.32 V, C3 =5 pF. RMS current through

auxiliary capacitor is
2

ICa,rms = ICa,peak . (g(l_ D)j (FIO)
Here, lcarms = 8.3 A.

Auxiliary capacitor carries current of 200 kHz (twice the switching frequency).

(9) Output filter capacitor: Value of output filter capacitor C, is

c :M (F.11)

° AV,

AV, = Allowable ripple in output voltage.

Co =10 pF for AV,=0.7 V.

(10) Output rectifier diodes: Average rectifier diode current is given by
IDR,avg =Py /(2\/0) (F.IZ)

Here, Ipravg = 2.86 A. Voltage rating of rectifier diodes, Vpr =V, =350 V.

(11) Snubber design: The equation for the calculation of snubber capacitors is given by

(ClJrCa1)=tf [I;j

i)

Here, t; is fall time of the switches during turn-off.

(F.13)
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Ci = Coss s1; Ca1 = (C1+Cai) — Coss s1.

For the selected main switches IXFH/IXFT60N20 (Vgs =200 V, Ip = 60 A, Coss = 603
pF, Rgson = 33 mQ at 25°C, Cos = 880 pF, t; = 26 ns) and auxiliary switches
FQDI18N20V2 (Vgs =200 V, Ip =15 A, Rgson = 0.14 Q at 25°C, Coss = 135 pF, tr = 60 ns);

C;=0.88nF and C;; =11.72 nF.

(12) Dead-gap timings: For the ZVS of main switches, using (4.32) and (4.33)
Tag1 = 60 ns and Tygo = 178 ns.
Identical dead-gaps Tagi = Tdgx = 178 ns is provided between the main and auxiliary

gating signals.
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Appendix G

Generation and Duty Cycle Modulation of Gating
Signals for Active- Clamped ZVS Current-Fed
Isolated DC-DC Converters (Standard and L-L Type)
Using FPGA

Introduction

In this Appendix, generation of gating signals with duty cycle control for the main and
auxiliary switches of active-clamped ZVS current-fed isolated DC-DC converters using
FPGA is explained. The logic design using VHDL programming with a flow chart is
explained. A picture of the complete driving circuit from FPGA board to the power

converter switches is given and explained in section.

Fig. G.1 shows the block diagram of the complete driving scheme to control the

switching action of the switches of the converter.

DC power supply

12V 15V
] G Gating signals
33V 12v 12V rz2110 [ i
> o i ) V. ——» Gg,; formainand
FPGA Board LTC 1045 CN | Opto-Isolation MOSFET Driver—» G = auxiliary
. Gs2  switches

Fig. G-1. FPGA-to-driver circuit for processing gating signals for switching main and auxiliary switches of
the converter.
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Logic Design of Gating Signals on FPGA Board Using VHDL

Programming

In this section, VHDL programming is done to get the desired gating signals with duty
cycle control done using external switches as the inputs. The following are the notations
and specifications of the design.

Designed control type: Fixed-frequency duty cycle modulation

FPGA Board: Spartan-I1 LC

Software: Xilinx ISE web pack 6.1

Clock frequency: FPGA clock of 25 MHz frequency

No. of gating signals = 4 i.e. Gs, Gsz, Gsa; and Gsa, of 100 kHz frequency

Data_in: 8-bit input signal

Reset: 1-bit input signal

Resolution (minimum increase/decrease in duty cycle): 1.4 degrees or 0.39% or 39 ns.

Dead-gap: 2.3 % (8.4 degrees or 234 ns) between main and auxiliary switches.

Fig. G.2 shows the schematic diagram of the logic circuit designed on FPGA using
VHDL programming using Xilinx ISE web pack 6.1. The logic is designed in order to

generate four gating signals Gs;, Gs,, Gsa; and Gsa, of 100 kHz frequency.

Clock
| ) | |

R . —» G
C F -
Data_in Data Up/Down . . ) Go
(8-bit) — ™ Register Counter Flip-Flop Shift Register
> Gsat
|—> - ngz
Reset

Fig. G.2. Block diagram of the digital system for the‘generation of the gating

cinnale
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A data register is used to store the value of Data in, which is further loaded to
up/down counter. Both of these actions take place at the positive edge (rising edge) of the
clock when Reset = “0°. This value of Data in determines the pulse width and hence the
duty cycle of the gating signals. When the Data in value is loaded to the counter, it starts
counting from the Data in value to 0 (zero). During this time of operation, the output of
up/down counter ‘C’ and the output of flip-flop ‘F’ are low or logic ‘0’ and the output
gating signal Gg; is high or logic ‘1°. When the counter count transits through 0, the
output of up/down counter ‘C’ becomes high (logic ‘1°) and it further drives the flip-flop
to make the ‘F’ high (logic ‘1’), which makes the signal Gs; low or logic ‘0’ i.e. signal
Gs; changes its state. The (Data_in + dead gap) value is re-loaded to up/down counter
again with signal Gsa; to high (logic ‘1°) and the counting proceeds from (Data_in + dead
gap) upto (maximum value of the counter — dead gap). The maximum value of the
counter = 2"-1, n = no. of bits = 8. The dead gap is an internally defined signal and is
given a fixed value equal to 6. When the count of the counter reaches (maximum value of
the counter — dead gap) value, the output of up/down counter ‘C’ drives the flip-flop to
make the signal Gsa; to low (logic “0’). Two shift registers are used to shift the gating
signals Gs; and Ggy; by half the time period of gating signals (5 us) or 180° to generate
the remaining two gating signals Gs, and Gsg, respectively. Again, at the rising edge of
the clock, the Data in value is re-loaded in the data register and the up/down counter

starts counting again so the cycle repeats.
Here, logic ‘0’ means ‘Low’ and logic ‘1’ means ‘High’

The flow chart of the logic design done using VHDL programming is given Fig. G.3.



Reset="0'

Rising_edge
(clock)

Rising_edge
(clock)

When: Rising_edge (clock)
R=Data_in

7| (store the 8 bit Data_in value in
data register)

false

R="00000000"

Count UP

Appendices

R
y
Count DOWN 8 Bit
» UP/DOWN =
Counter
Load

data register
(Data_in+deadgap

count="1111111111" or
“0000000000”

continue counting

false

F="0'

pwm="1"

=1

Rising_edge

pwm=NOT(pwm)

(clock)

pwm=pwm

ising_edge
(clock)

true

false

8 Bit

shift register

End

GSZs GSa2

Fig. G.3. Flow chart of the logic design using VHDL programming
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Hardware Implementation

Fig. G.1 shows the complete driving scheme for main and auxiliary switches of the
converter. VHDL programming done on PC on ISE web pack 6.1 is downloaded to
FPGA board through JTAG cable. 8-bit input signal ‘Data_in’ controls the duty cycle of
the switches in order to control/regulate the output voltage with load and input voltage
variations and that is implemented using external switches. The ‘High’ level of output
signal from FPGA is 3.3 V.

Pins of 3.3 V and GND are available on the FPGA board. P20-P23 are four switches
built on the FPGA board and are used as MSBs of 8-bit input signal ‘Data_in’. Rest of the
pins are user I/O pins available for user for desired use. P165, P167, P172 and P174 are
used as rest of the bits for 8-bit input signal ‘Data in’. Circuit, as shown in Fig. G.4, is

designed to change their value from ‘1’ (high) to ‘0’ (low) or vice-versa.

33V
S > <o 3
8 >8 >8 58
P165
P167
— P172
P174
SWO \SW1 sw2| Sw3
GND

Fig. G.4. Using FPGA user /O pins as switches (input in present case).

When a SW is ON, the corresponding input pin, connected to this SW is grounded and
enters a low signal to that input. When the SW is OFF, the pin floats at a voltage level
equal to 3.3 V i.e. enters a high signal to that input. A 10 kQ resistance is connected in

series to limit the current through the pins. Output signals are taken at pins P176, P181,
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P189 and P194. The ‘High’ output level of these signals is 3.3 V. Output signals, through

these pins, are given to the level translator IC for amplification.

Fig. G.5 shows the level translation of FPGA output signals from 3.3 V to 12 V using

LTC1045 CN.

Clock l
(P185) v

Reset
(P16)

3.3V—>
P20 —»
P21 —»
P22 —»
P23 —»
P165—»
P167 —»
P172 —»
P174 —»

FPGA
Board

Spartan II-LC

P176

P181

%22 kQ

P189

22 kQ

+12V
1
3.3kQ 2
3.3k 3
A 4x

3.3kQ

P194

ézz kQ

?22 kQ

LTC
1045 CN

20

19
18

———»1R2110
————» Diriver

16

—— Board

13

[12]

11’%3
Y
e}

GND

LA

Fig. G.5. Level translation of FPGA output signals by level translator circuit using LTC1045 CN.

Resistances of 3.3 kQ are connected in series with each pin in order to limit the current

(protection in case of fault). Amplified output signals are taken at pins 16-19 of the level

translator IC and then fed to IR2110 drivers.

One IR2110 driver IC can drive one ‘High Side’ and one ‘Low Side’ switch. The

driver board used has two IR2110 driver ICs and therefore, is able to drive two ‘High

Side’ and two ‘Low Side’ switches.

In this converter, auxiliary switches Sa; and Sy are ‘High Side’ switches and main

switches S; and S, are ‘Low Side’ switches. The driver board with two IR2110 Ics does

the required job. Fig. G.6 shows the driving circuit of the switches using IR2110 driver.
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Another IR2110 driver IC on the driver board drives the remaining two switches in the

same fashion.

+Vin
L 1
! Ca = C,
+
o 238 [ o | woua
xB L Cooor | 1N4775A$ 21 kQL,Q Sat
s Dgoors s | D
IR2110 — 270 1 ]
Vee %% G
COM
LO

Fig. G.6. Driving one high side (auxiliary) switch and one low side (main) switch by using IR2110 driver
IC with bootstrapping action.

Bootstrap diode Dgoor: MUR 1100E, Ultra fast diode, 1000 V, 1 A, Ve=1.75V, t,, = 100

ns.

Bootstrap capacitor Cgoor: WIMA MKS4, 0.1 uF, 1000 V.

In this Appendix, the logic deign of the duty cycle modulated gating signals using
VHDL programming is explained. Flow chart is given. Hardware implementation of the

complete driving circuit from FPGA board to the converter switches is explained.
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APPENDIX H

Relation Between ds; and dg;"

From the analysis and design of the L-L type active-clamped current-fed converter
discussed in Chapter 4 between, during turn-off duration of the main switch S; i.e. during

(d,Ts to dsTs) in first half-cycle

Vo
Vin +VCa -
n-v,

nj v
((dy +d3)=—2—-(d, +d5)+
L. (d, +d3) n-Ls(4 5) 1

p

Similarly, during turn-off duration of the main switch S, i.e. during (d;Ts to djoTs) in
second half-cycle

Vv
Vip +Vea =2
( in Ca nJ v n-

v
L .(d7+d8)=n~(l)_s.(d9 +d10)+L—po‘(d7 +dg +dg +dyy) (H.2)

Simplifying (H.1) and (H.2) in terms of duty cycles by substituting the values from (5.1)-

(5.6) results in the following equations

Vv
Vip +Veg =2
( " e nj VO " n'VO ”
'(1—ds1):n_L -dgy + L «(I-dg; +dg;) (H.3)

S S p

v . nev )
L. '(1—dsz)=ﬁ'dsz +L—p0'(1—dsz +dg,) (H.4)

Introducing perturbation around the steady state values for the state variables and other

V

[¢]

quantities as discussed in Chapter 5, section 5.2.4
V, +V,

+\70j

n A n-(\V, +v,)
.(1-D-d¢,) = (D"+d?)+—0 07
( s1) nL ( s1) L

s ‘s p

[Vin +\7in +vCa -
1-D-dg, +D"+dZ)) (H.5)

L
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(V‘”W‘”J”VCE‘_VOWOJ V, +9, n-(v, +V,)
n iy " n : iy " n
C «(1-D-dg,) = ;.L: (D +d52)+%~(l—o—dsz+o +dg,) (H.6)
p

Comparing DC quantities in (H.5) and (H.6) gives

[V‘" +VCa_n°J V. n-v.
N N atpy=Yo_ . pratVe g " H.7
- (1-D)=—8—.D"+ T2 (1-D+ D) (H.7)

s s p

Comparing AC quantities while neglecting second order terms and arranging, results in

the following equations

1 n Vi”+vc’°‘_r?J nv,| . (1-D) 1 n
Vo dd =- — | s+ Wy = | — =+ |-(1=D+ D), (H.8)

p

Y
1 n [V‘“ +V°a_r?] nv,| » (1-D) 1 n
H | Vordga=- —= % sy Gy | — =+ |-(1=D+ D) G, (H.9)

<L b

Taking Laplace transform

Vo
1 n (Vin +V(:a _FJ n-v o (1-D) . 1 n .
[r‘|~|_S+L].VO.dSI(S)__ - L 'd51(5)+ L ~Vin(5)[ L +LJ(I_D+D )'VO(S)

p Ls p S n-Lg p

VO

Vin +Vea ——
1 n .o ('” ca nj n-v, | : (1-D) . 1 n o (H.11)
( : +L]'Vo'dsz(5)—— L - L, 'dsz(s)+T'Vin(5)— n-L5+Tp -(I-D+D")Vy(s)




