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(ABSTRACT)

This dissertation develops a modeling and simulation methodology for design,
verification, and testing (DVT) power supply system using a virtual prototype. The
virtual prototype is implemented before the hardware prototyping to detect most of the
design errors and circuit deficiencies that occur in the later stage of a standard hardware
design verification and testing procedure. The design iterations and product cost are
reduced significantly by using this approach.

The proposed modeling and simulation methodology consists of four major parts:
system partitioning, multi-level modeling of device/function block, hierarchical test
sequence, and multi-level simulation. By applying the proposed methodology, the
designer can use the virtual prototype effectively by keeping a short simulation CPU
time as well as catching most of the design problems.

The proposed virtual prototype DVT procedure is demonstrated by simulating a 5
V power supply system with a main power supply, a bias power supply, and other
protection, monitoring circuitry. The total CPU time is about 8 hours for 780 tests that

include the basic function test, steady stage analysis, small-signal stability analysis,



large-signal transient analysis, subsystem interaction test, and system interaction test.
By comparing the simulation results with the measurements, it shows that the virtual
prototype can represent the important behavior of the power supply system accurately.
Since the proposed virtual prototype DVT procedure verifies the circuit design with
different types of the tests over different line and load conditions, many circuit
problems that are not obvious in the original circuit design can be detected by the

simulation.

The developed virtual prototype DVT procedure is not only capable of detecting
most of the design errors, but also plays an important role in design modifications. This
dissertation also demonstrates how to analyze the anomalies of the forward converter
with active-clamp reset circuit extensively and facilitate the design and improve the
circuit performances by utilizing the virtual prototype. With the help of the virtual
prototype, it is the first time that the designer is able to analyze the dynamic behavior of
the active-clamp forward converter during large-signal transient and optimize the

design correspondingly.
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1. INTRODUCTION

With the increasing capabilities of computer software and CPU speeds, simulation
is taking an increasingly important role in the circuit design process. Integrating circuit
design and test procedures by simulation becomes an inevitable trend in today’s highly
competitive society [1-7]. By integrating simulation into the design process, a set of
simulation tests can verify design concepts and uncover most of the potential design
deficiencies before the first prototyping. Consequently, the product cost and time in the

circuit design, verification, and testing (DVT) process can be reduced significantly.

Unlike design automation in integrated, especially digital, circuits, the simulation
of a power electronic circuit is still a helpful tool, but not a necessary tool, in a circuit
design [1-5]. The non-linearity of a power electronic circuit makes it far more
sophisticated than an integrated digital circuit, and the simulation of a power supply
system is not currently used anywhere in industry as a necessary design process.
Today’s design and test procedure of a complex power supply system still relies
heavily on hardware breadboards and prototypes to do the vast majority of their design
and concept verification; as a result, the production cost and time are consumed in this

electrical DVT process.

This dissertation proposes a modeling and simulation methodology to develop a
simulation procedure for power supply systems, so the conceptual circuit design can be
verified, tested and improved before the hardware prototype DVT process to reduce the

development cost and shorten the design time.

Chapter 1 Introduction 1



1.1 Background and motivation

1.1.1 Electrical design, verification, and testing of power supply system
1.1.1.1 Major electrical requirements of power supply system

The block diagram of a complex multi-output custom switching power supply
system is shown in Fig. 1.1. There are four main power supplies in the system: three
main power supplies (an ac - dc power factor correction circuit, a 5 V forward
converter, and a 12 V multi-output forward converter) and a bias power supply. Each
power supply has its own control, protection, monitoring, and enable circuits as shown
in Fig. 1.1. The output of the PFC circuit provides the input to dc-dc converters; the 5V
and 12 V forward converters power the output loads; and the bias power supply
provides the power supply needed for control, protection, monitoring, and enable

circuits of the system.

The major electrical requirements of a power supply system are shown in Fig. 1.2.
It covers the customer specifications and design requirements of the power supply
system in different categories, such as input, output, loss and stress, stability, logic
signal, protection, start up and shut down. The input requirement includes maximum
input current, inrush current, power factor, EMI, and so forth. The output requirement
includes load regulation, output ripple voltage, cross-load regulation, and output
voltage drift with temperature. The dynamic load response requirement is to verify the
system output voltage specification during transient, such as maximum output voltage
variants during load changes, output recovery time during transient. The loss and stress
requirement includes efficiency, voltage and current stresses of the circuit components.
The stability requirement includes crossover frequency, phase margin, and gain margin
of the small-signal control loop gain. The logic signal requirement is to verify that all
the monitoring signals used for display (e.g. the under-voltage signal) are correct during
different circuit operations. The protection requirement is to verify the responses of the

protection circuits during abnormal conditions (e.g. over-voltage, over-current, and
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over-temperature conditions). The start up and shut down requirement is the system's
rising time, hold up time, output over/under shoot, and start up and shut down
sequence. The hardware tests are limited to measure input and output signals of the

system due to the integration of the circuit modules. Most of the tests are for customer
specification verification.

Enable signals Enable | C | Gircui |
— | Enable Circuits I— ontrol Circuit
) lsensed 4 o v__ Duty cycle Load
Vac A4 vdc ; | 5V Forward Converter I
—> PFC Circuit ] : Load
reul > +/- 12V Multi-Output
Isensey vo v 4 Duty cycle Forward Converter
Control Circuit Isense* ¥y Vo f Duty cycle Load
A | Control Circuit
Vbias vy A 4
Bias Power Supply
_ Vbias
v Vbias
Protection Circuits
v Y v
T Monitoring Circuits — Display
Voltage and current sensors T

Fig. 1.1. Block diagram of a multi-output power supply system.
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Fig. 1.2. Major electrical requirements in power supply system. The
hardware tests are limited to measure input and output
signals of the system due to the integration of the circuit
modules. Most of the tests are for customer specification
verification purpose.

1.1.1.2 Typical product development procedure

A typical product development procedure is shown in Fig. 1.3. After the initial
paper design, a prototype is built to verify the design. Any errors found in the prototype
test are fed back to the designer who would then have to go thorough another design
iteration (i.e. debugging, redesign, even rebuilding the prototypes) to fix the problems.
The debugging and prototyping time in the design iterations increase production cost
and design time. The errors found in the later stage are more time and cost consuming,

especially in the final production stage, as shown in Fig. 1.3.
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Fig. 1.4 shows an example of a project development schedule from a company.
The whole project development time is ten months, in which three design iterations
from March to August take the major part of the whole schedule, as shown in the
shaded area of Fig. 1.4. The total number of print wiring board (PWB) changes is six in
three iterations, and these PWB changes increase design cost. Each additional design-
iteration adds more than two months of the delay time of the product, in addition to the
cost for prototyping. Different power supply products could end up with more iterations
than the one in the example shown in Fig. 1.4. According to a static analysis from the
same company, the worst case for PWB change is 19 with a total number of parts
changes of 560 in the past several years. In the whole procedure of a project
development, the design iterations increase product cost and time significantly.

Electrical Prototype DVT

conceptual prototype prototype product product
| design | E>[ build E> test E> build E> test
error i error

55 566555

Fig. 1.3. In the typical product development procedure, the
designers must rely very heavily on the prototype test to
do the vast majority of their design and concept
verification. Each design error, especially the one found in
the later stage, needs to go through the design iteration,
which increases production cost and time.
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Fig. 1.4. Example of a project development schedule. The shaded
area shows additional design cost and time due to design
errors and iterations.

1.1.1.3 Error distribution survey of electrical test

Before searching for suitable approaches to reduce the product cost and time, it is
very important to know the major types of errors and their distributions in the design
process. According to prototype change order (PCO) data, which is collected from
fourteen projects in six months from a company, a major circuit-error distribution chart
is shown in Fig. 1.5. PWB changes in the chart means prototype rebuilding. The errors
requiring PWB changes usually indicate more design cost and time. In Fig. 1.5,

different design errors are summarized into ten categories as follows:

Compensator — problems related to control loop design, such as dc gain, phase and
gain margin of the control loop. In many circuits, control loop redesign is necessary due
to non-ideal characteristics of components such as operational amplifier, optical
coupler, and parasitic parameters of the transformer and other components that have not

been considered in the initial design.

Tweak protection circuit — problems related to adjustment of threshold voltages

and currents in protection and monitoring circuits, such as over-voltage, under-voltage,
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over-current and current limit circuits. These circuits need to be adjusted to meet
customer specifications and have fast and accurate response during abnormal circuit
conditions. Due to non-ideal characteristics in a system, such as component tolerances,
rising or falling times of IC chips, much time and effort for tweaking is involved in the
hardware tests even though these circuits are relatively simple compared with some

circuits in the system, such as main converters.

Steady state regulations — problems related to output voltage regulations, such as

output voltage not meeting the specifications with certain line and load conditions.

Large-signal transient — problems, such as unstable circuits, exceeding a device's
ratings, or output voltage overshoot exceeding the specifications during line or load
large-signal transient.

Nonlinear operation — abnormal circuit operation due to non-linearity of
components (e.g. excessive diode leakage current at high temperature affecting circuit

logic, delay of devices introducing slow response of the system during over-voltage).

Interaction — system interaction problems, such as interaction between bias power

supply and control and protection circuits.

Start-up and shut down -- system errors during start-up and shutdown such as

wrong timing or sequence (e.g. soft start, hold off time).

Thermal — overheat of devices (which need larger rectifiers or fast FETs to lower

temperature) or over-temperature protection.

High frequency noises — circuit problem related to high frequency parasitic
parameters, such as EMI or layout (e.g. noise on IC, adding noise reduction caps,

moving ground location).
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Misc. — miscellaneous errors which are not directly related to design (e.g. mistakes
in a document: wrong part number, schematic drawing error, parts change due to cost

or bad performance of part, customer specification change).

Among these design errors, system interaction, start-up sequencing, and abnormal
operation of a circuit under specific load and line conditions are the most time-

consuming errors.

140+

Ono PWB changes
B PWB changes *

120

100+

80—

60—

40—

Number of Occurances

20

Error Type

Fig. 1.5 Major circuit error distribution chart for fourteen projects
in six months from a company prototype change order
(PCO) survey. PWB change in the chart means prototype
rebuilding.
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1.1.2 Virtual prototype design, verification, and testing of power supply system
1.1.2.1 Introduction of virtual prototype DVT

Fig. 1.6 is the redrawing of the project development schedule in Fig. 1.4. The
shaded area shows the additional product cost and time due to the design iterations.
These design iterations can be reduced by a set of simulation tests before prototype
building. The proposed product development procedure is shown in Fig. 1.7. After the
circuit conceptual design, a virtual prototype of the power supply system is built using a
simulation tool with adequate models. By running a set of simulation tests in a virtual
prototype in this earlier stage, most of the errors found in a later stage in a typical
product development procedure can be detected before prototyping. Then, these errors
are debugged and fixed in the virtual prototype by computer-aided design. The whole
simulation process is called virtual prototype DVT as shown in Fig. 1.7. By integrating
the virtual prototype DVT into the typical product development procedure, the errors
which used to be found in the electrical prototype test and product test will be reduced,;

consequently, the design iterations, the product cost and time can be reduced.

Fig. 1.7 shows that the virtual prototype DVT is implemented for three purposes:
verifying circuit operations and specifications, detecting most of the design errors
before prototyping, providing design information to help the designer debug and fix
design errors. The rest of the chapters are going to demonstrate how to fulfill these

tasks.
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Fig. 1.6. Redrawing of the project development schedule in Fig.
1.4. The virtual prototype DVT intends to reduce design
iterations in the shaded area.
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Fig. 1.7 In the proposed product development procedure, most of
the design errors can be detected in the virtual prototype
test before the first prototyping, so the number of design
iterations can be minimized to reduce product cost and
time.
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1.1.2.2 More comprehensive performance testing / verification via virtual

prototype

The virtual prototype has more comprehensive performance testing and

verification advantages over the hardware prototype, such as:

The virtual prototype will not be damaged as the hardware prototype when the
devices are overstressed or the circuit operates abnormally in some tests (e.g. the short-

circuit test).

Unlike the hardware prototype of the power supply system, which is an integrated
module, it is easier for the virtual prototype to take out part of the circuit or disable part

of the system in order to debug or test system functions.

It is hard to verify the whole system's behavior in the hardware prototype, since the
probe points of the prototype are limited in a single test. However, with a virtual

prototype, there is more freedom of monitoring points.

It is easier to implement test automation in the virtual prototype than in the
hardware prototype, so more operational conditions can be verified in the virtual

prototype test to enhance the system stability.

When redesigning or debugging the circuit, the virtual prototype is easier to

change component values and modify circuits.

Although the virtual prototype test has these advantages, the hardware prototype
test is still necessary due to the limitation of the virtual prototype. For example, it is
very hard to implement the virtual prototype in an available general circuit simulation
software by considering circuit parasitic parameters due to circuit layout or high
frequency noise, and the device or IC chip nonlinear characteristics due to the drift of

temperature and time.
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In order to minimize the errors in the design iterations, the virtual prototype test
should cover the electrical test in a typical procedure as much as possible and
implement additional tests when necessary. The major virtual prototype tests of the

same system as Fig. 1.1 are shown in Fig. 1.8.

Compared to the electrical test in Fig. 1.2, the virtual prototype test covers most of
the electrical tests except those related to EMI, layout, drift, and thermal issues. These
uncovered tests are marked in gray italic font in Fig. 1.8. Additional tests are shown in

shaded areas in Fig. 1.8, which are used to enhance the system stability.

By integrating the virtual prototype test into the test procedure as shown in Fig.
1.7, we can detect most of the errors found in the electrical test in a typical test
procedure. The estimated error-covered area related to the error distribution chart in
Fig. 1.5 is shown in Fig. 1.9. The dark areas show the errors that could be detected by
the virtual prototype test. Due to the limitation of the virtual prototype, the major
problems that cannot be covered are related to EMI, layout, and thermal issues as
shown in Fig. 1.9.
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Fig. 1.8. Major tests in the virtual prototype test. Additional tests
can be added for stability purposes, which are in shaded
areas. However, the virtual prototype test cannot tackle
problems related to thermal, EMI, and layout; these tests
are shown in gray italic color.
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Fig. 1.9. Estimated covered error area of the virtual prototype test.
The dark areas show the problems that could be solved by
virtual prototyping.
1.1.2.3 Fast algorithm and adequate accuracy for virtual prototype simulation

engine

The design errors found in a later stage of a typical electrical test, especially at the
product building stage, are usually more time and cost consuming. These errors are
often not obvious in the initial design and occur only in some particular operating
points. It is very important for a virtual prototype test to cover the whole operating
range of the system to find these problems. After finding problems, more simulations
are needed to debug and fix the problems and to verify the modified circuit. For a
complex power supply system, hundreds to thousands of simulation tests are involved

in a complete design process.

In order to implement the virtual prototype test, there are two requirements for the
virtual prototype simulation engine. The first requirement is that the virtual prototype
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should be built on a very fast simulation engine. If it takes several weeks to complete
thousands of simulation tests, the virtual prototype test is not a practical approach to be
used in a day-to-day design process. The second requirement is that the virtual
prototype should represent accurate system behavior so the real problems can be caught
in the simulation. A simulation engine for the virtual prototype test is going to be

selected based on these criteria.

1.2 Objective and dissertation outline

1.2.1 Objective

Although the concept of the virtual prototype test has been introduced more than a
decade ago [1-6] and sounds so promising, simulation has not been used as a routine
manner as part of the design process. The major issue is the conflicts between the
simulation speed and system accuracy [30-34]. Currently, the simulation role is largely
reserved for conceptual feasibility studies, specific problem resolution, and other

academic applications.

Most recent studies have focused on trying to simulate one performance aspect of
one simplified representation of a real production circuit, the methodology that is
effective to simulate the virtual prototype is wholly insufficient. No commercial tool
has been designed specially for this purpose. No one has ever demonstrated what must
be done in order to make a virtual prototype test detect a high percentage of the latent
design errors that exist in a production schematic during the development process with

an affordable amount of time and effort.

This dissertation proposes a modeling and simulation methodology and a test
procedure to set a frame for the virtual prototype test. The purpose of the simulation is

not only to detect a high percentage of the latent design errors existing in a practical
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power supply system, but also to provide circuit information to help the designer debug

and fix design errors.

The multi-level modeling and simulation methodology is demonstrated and
verified by simulating practical forward-converter power supply circuits. EMI, circuit
layout, and thermal issues are not covered in the dissertation because other special tools
are more suitable to tackle these problems. Brute force simulation is used to detect
design errors. It will show that by using proposed modeling and simulation
methodology, the total CPU time is about 8 hours for 800 tests of a power supply

system simulation
1.2.2 Dissertation outline

This dissertation consists of seven chapters.

Chapter 2 proposes a test procedure to implement the virtual prototype test.
Current available simulation approaches and their limitations are discussed, and then a
modeling and simulation methodology is proposed to provide accurate system
behaviors with minimized computational time. The methodology to fulfill the test
procedure of the virtual prototype test is discussed in four parts: system partitioning,
multi-level modeling, hierarchical test sequence and multi-level simulation. Among the
four parts of the methodology, multi-level modeling and multi-level simulation are the

two most important parts that are discussed further in later chapters.

Chapter 3 discusses the multi-level modeling approach and key issues in deriving
models of a virtual prototype. How to derive models with different model levels is one
of the most important issues in a virtual prototype test. An inadequate model will
degrade the simulation speed and the accuracy of the system, which are two criteria of

the virtual prototype test.

There have been many efforts in developing models for virtual prototype tests.

Chapter 3 uses numerous examples to illustrate the modeling approach and contains a
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full list of the models that have been developed in a power supply system simulation.
The purpose of these models is not to ask people to copy the same models exactly, but
to provide a reference and a guideline, so people can derive their own models according

to different applications, circuits, tests, and interests of circuit behavior.

Chapter 4 demonstrates the multi-level simulation methodology by running the
whole virtual prototype test process in several forward-converter power supply
systems. The power supply system consists of a forward converter as the main power
supply with an over-voltage protect, an over-current protect, an under-voltage detector,
and a bias power supply providing all the power for control and protection circuits. The
simulation results are compared with measurements to verify the accuracy of the
proposed approach. It shows that a virtual prototype test can replace actual prototype
tests in simulation by running through all operating points. It also discussed design
errors found in the virtual prototype test and how to fix these in simulation.

Some of the design errors cannot be fixed straightforwardly. Chapter 5
demonstrates how the virtual prototype can help debug the problems in the circuit and
analyze the circuit when the circuit operation is hard to predict (e.g. due to parasitic
parameters of circuit or during dynamic transient). The analysis in this chapter includes
dc analysis with parasitic parameters of the circuit and large-signal transient analysis in

the forward converter with active-clamp-reset circuits.

Chapter 6 further demonstrates how the virtual prototype can provide the circuit
information needed in a design process. A design optimization procedure is provided
by creating design curves through virtual prototype simulation in a forward converter

with an active-clamp-reset circuit.

Chapter 7 is a summary of the proposed modeling and simulation methodology of
the virtual prototype test. Future work is also discussed in this chapter.
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2. VIRTUAL PROTOTYPE -- MODELING AND SIMULATION
METHODOLOGY

2.1 Review of previous simulation approaches

2.1.1 Schematic-based simulation tools available for power electronics circuits

The development of design automation tools for power electronic circuit analysis
and design application has been discussed for more than a decade [1-6]. A number of
fundamental methods have been proposed for this purpose. However, progress in
developing suitable techniques and tools in power electronics circuits has been much
slower than that in the digital and analog IC design area [7]. The non-linearity of the
power electronics circuit makes it more difficult to realize the design automation.
Among many simulation engines, there are two main development directions for a
power electronic simulation: SPICE-like simulation and piecewise linear based
simulation. The main work in terms of SPICE-like simulation is to develop accurate
large-signal power semiconductor models; in contrast, the piecewise linear based
simulation mainly uses ideal switches and a linear algorithm to accelerate the

simulation speed.
2.1.1.1 SPICE-like simulation tools

The SPICE-like simulation uses the modified nodal analysis approach [25]. A
variable time step integration method is used to solve the circuit equations. The major
commercial simulation engines for SPICE-like simulation are SPICE [26] and SABER
[87].
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The SPICE simulation engine is very popular for general circuit analysis. The
major advantages of SPICE-like simulation include the full support of a device library,
the capability to describe the relationship between node voltages and branch by
nonlinear equations. These advantages make it capable of modeling detailed device
characteristics and simulating detailed waveforms. One example of the application is

loss analysis and stress calculation [27-29].

However, the necessity of simulation through the details of a switching transition
requires small simulation time steps to ensure sufficient numerical accuracy; this
translates to long simulation times when analyzing circuit behavior over hundreds or
thousands of switching cycles. For example, it is usually time-consuming to reach the
steady state of a power converter circuit due to the low frequency characteristics of the
output filter. The other disadvantage is that the iterative solution routines used in a
SPICE-like simulation engine are most likely to run into convergence problems at the
switching points, especially at a large-transient simulation, such as during circuit start-
up or at abnormal conditions. It is not suitable to select SPICE-like simulation engines

for virtual prototype implementation.
2.1.1.2 Piecewise linear simulation tools

Piecewise-linear-based simulation uses the state variable approach, which is
developed especially for switching circuit applications [76]. The major commercial
software is SIMPLIS [88].

This approach formulates a set of circuit equations in terms of state variables,
which normally are voltages across capacitors and currents through inductors. With the
state variable formulation, the switching converter is represented by linear sets of state
eguations, with one set for each operating mode. Since the set of state equations during
one operating mode is linear and time-invariant, it can be solved using linear algebra
instead of non-linear integration. For piecewise-linear-based simulation tools, fewer

convergence problems occur in the simulation, and the simulation speed is ten to
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hundred times faster than SPICE-like tools for a long time simulation of a switching
circuit [7-12].

In recent years, many nice features have been implemented in SIMPLIS, such as
the Periodic Operating Point (POP) analysis and the automated small-signal frequency-
domain analyzer. The POP analysis uses a special algorithm to accelerate convergence
to the steady-state for a periodic-operation system, so the circuit can reach the steady
state faster than a brute force simulation [39]. The automated small-signal frequency-
domain analyzer performs the frequency analysis via a time-domain simulation, so
there is no need to derive the small signal models [38]. These features make SIMPLIS a

good candidate for the virtual prototype test.

However, the piecewise-linear-based simulation engines are developed mainly for
simulation using ideal models instead of detail models. There is a limitation to
implement control algorithms with nonlinear equations or to derive device models with
nonlinear characteristics in this kind of simulation engine. The models in the simulation
tool and the capability to derive models are limited compared with SPICE and SABER.
Since most of the current applications are for simple design verification, less effort has

been made to improve models for more accurate results.
2.1.2 Simulation approaches to reduce simulation time

Based on these simulation engines, several simulation approaches, such as the
state-space averaging model simulation approach and the hierarchical simulation

approach are developed to accelerate simulation speed and system accuracy.
2.1.2.1 Average model simulation

The average modeling approach was proposed by Middlebrook and Cuk [15-16]. It
is based on a state-averaging concept and therefore known as the state-space averaging
technique. This approach converts a nonlinear, time-varying, switched circuit into a
continuous linear, time-invariant equivalent circuit by averaging state variables during

one cycle. An extension of this technique is presented in many papers [17-24]. This
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method is very useful for the small-signal analysis of a dc/dc converter, and large signal
transient analysis. The simulation speed is superior since no switching action is
involved. The major disadvantage is that extra effort is needed to derive the average
models. The average model simulation is only suitable for some applications, such as
circuit operation analysis and small-signal frequency analysis in a SPICE-based
simulation engine. It is not suitable for a virtual prototype test since it cannot represent
the real system and loses a lot of circuit behaviors related to switching actions, such as

transformer reset, device stress, and over-voltage response.
2.1.2.2 Hierarchical simulation

From the above discussion, we know that simulation time can be prohibitively long
when hundreds of tests of a complex power supply system are required to complete the
virtual prototype test, so it is unrealistic to run all the tests by using SPICE-like
simulation. At the same time, simulations using a simplified circuit diagram, an average
model, or a simple model in SIMPLIS cannot detect many real-life design errors that
take up most of the design cost and time.

In recent years, many studies have discussed these issues and proposed a
“hierarchical” or “multilevel” simulation approach [30-34]. This approach combines
different tools (e.g. SPICE and SIMPLIS) and different techniques (e.g. large signal
model and average model) to analyze the circuit at the various levels of interest. This
approach can take advantage of different tools and techniques efficiently and make the
simulation very powerful. One of the disadvantages in this approach is that it cannot
support all the tools and techniques within one simulation environment. Designers need
more efforts to draw the schematics and adjust simulation results in different simulation

engines because of the incompatibility of the software tools.
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2.2 Concept of virtual prototype DVT

2.2.1 Selection of simulation engine for virtual prototype DVT

The virtual prototype DVT should be implemented in a single simulation engine
capable of fast simulation speed and accuracy. The simulation engine is selected first
before developing the test procedure for a virtual prototype test. From the previous
discussion, we know that although no simulation engine is available for this purpose,
the SIMPLIS simulation engine is the best candidate among commercial simulation

tools because:

e The simulation speed of SIMPLIS is ten to one hundred times faster than
SPICE-like simulation engines for a long-term simulation. There are also fewer
convergence problems in a SIMPLIS simulation.

e Most of the simulations in a virtual prototype test need to reach a steady state
first before the final test (e.g. load regulation, loss analysis, transient analysis).
SIMPLIS uses a special algorithm to find the steady state of a periodic
operation circuit, so it further reduces the simulation CPU time from a brute

force simulation.

e SIMPLIS can perform the frequency analysis through a time domain
simulation. No small-signal model needs to be derived in the whole test

process.

A major disadvantage of SIMPLIS is that it uses ideal switches in the simulation,
so the detailed waveform during switching transition is ignored. In paper [35], a
piecewise linear model for the MOSFET is derived to predict successfully the
switching losses in a power supply circuit. It shows that a more accurate simulation is
possible with a more complex SIMPLIS model. Since many design errors in a real

power supply system cannot be detected by using simple models, many efforts are
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needed to enhance the characteristics of SIMPLIS models for virtual prototype test
purposes. How to implement SIMPLIS models will be discussed in the next chapter. A
single simulation engine, SIMPLIS, and a UNIX workstation SPARC 20 are used for

the simulation tests in the dissertation.

2.2.2 Improving simulation speed and accuracy via multi-level modeling and

simulation approach

In order to detect most of the design errors before the first prototyping, the models
used in a simulation should include major characteristics to present the important
behavior of the circuit. However, by implementing detailed models in SIMPLIS, the
simulation speed could be as slow as the one in a SPICE-like simulation engine. How
to implement a multi-level complexity of the virtual prototype to manage the simulation
with both interested system behavior and fast simulation time is the major issue in the

test process.
2.2.2.1 Multi-level modeling and simulation concepts

First, we need to understand two terms used in the rest of the dissertation:
simulation CPU time and simulation time. "Simulation CPU time" means the
computational time needed in a simulation; and "simulation time" means the circuit-

operating time that a user has defined in a simulation.

A diode with different levels of complexity is used as a simple example to
illustrate the relationship between complexity, simulation speed, and the accuracy with
which the simulation describes the actual system behavior. Fig. 2.1 shows four ways
that theforward voltage and current characteristics of a diode could be modeled, with a
detailed physical model, a two-segment model, a three-segment model, and a three-

segment with piecewise linear capacitor model.

Very often, the two-segment model is as good as other, more complex models
since the diode on-to-off and off-to-on transition time is very short compared with the
on time or the off time. When this is true, selecting a two-segment model can give the
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shortest simulation time without losing the simulation accuracy. A multi-segment
model or physical device model may be needed when the device behavior during the
transition time is an important factor in predicting the targeted aspect of circuit
operation. The selection of the device model with the appropriate level of complexity

will depend on the trade-off between the system behavior accuracy and the simulation

speed.
1. physical diode model (spice) 2. two-segment diode model
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Fig. 2.1 Diode forward voltage drop characteristics of different
models: 1. physical diode model. 2. two-segment diode
model. 3. three-segment diode model. 4.three-segment
model with nonlinear capacitor.
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A simple test circuit shown in Fig. 2.2 is used to test the simulation speed and
system behavior accuracy with different levels of complexity in the diode model. The
initial voltage of the output capacitor is zero. Fig. 2.3 shows the output voltage
waveforms, and Fig. 2.4 shows the voltage and current of the freewheeling dipde. V
the output voltage for a physical diode modek, V42, and k. are for the two-segment
model; Vi3, Vg3, and §s are for the three-segment model; and, Wq4, and k4 are for

the three-segment model with a piecewise linear capacitor.

The CPU times of the simulation are 4 minutes 40 seconds for the physical device
model using SPICE PLUS, 3 seconds for the two-segment model using SIMPLIS, 5
seconds for the three-segment model, and 1 min 24 seconds for the nonlinear capacitor
model using SIMPLIS. The simulation waveforms are very close for different
complexity diodes in steady state waveforms, and the simulation with the physical
diode model takes a longer CPU time because of the complexity of the model and the

different mathematical approach of the simulation engine.

As shown in the figure, during transient analysis a simple two-segment diode
model may not present the peak voltage value of the output voltage accurately because
it cannot present the nonlinear characteristics of a forward voltage drop during the
whole load range. Whether a three-segment diode model is needed in this condition
depends on the requirements of the simulation. When the discharging of the charge
storage of the diode needs to be considered (e.g. in loss analysis and snubber design), a
three-segment model with a nonlinear capacitor to present the charge stored in the
diode is needed. A diode with multi-level modeling can provide the opportunity to
reduce the circuit complexity in a simulation, consequently to minimize the simulation
CPU time.
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Fig. 2.3 Circuit output voltage waveform comparison between
different diode models.

Vo1: Output voltage using a physical diode model with SPICE PLUS.

Vo2 Output voltage using a two-segment diode model with SIMPLIS

Vo3 Output voltage using a three-segment diode model with SIMPLIS

Vo4 Output voltage using a three-segment with nonlinear capacitor diode model

with SIMPLIS
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Fig. 2.4 Circuit diode voltage and current waveforms comparison
between different diode models. (a) diode forward-voltage

and current with two-segment diode model at steady state.

(b) diode forward-voltage and current with three-segment
diode model at steady state. (c) diode forward-voltage and
current by using three-segment with nonlinear capacitor
diode model at steady state.
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2.2.2.2 Multi-level modeling of power supply system

From the previous section, we see that a simpler diode model can reduce the
complexity of the circuit schematics in simulation. Actually, there are more approaches
to reduce the complexity of a system. A 5 V two-transistor forward converter
subsystem shown in Fig. 2.5 is used as an example to show how a different complexity
of the circuit affects the simulation speed. The 5 V converter subsystem includes the
main power stage, PWM control, gate drive, over-voltage protection, and over-current
protection circuits. The components highlighted with an asterisk on values are high

frequency noise suppression components.

The 5 V converter subsystem is used to investigate the simulation CPU time for
100 virtual prototype tests. Since, in virtual prototype tests, some tests require more
simulation time (e.g. large-signal transient), and some require less simulation time (e.g.
loss analysis), for simplicity, we assume that there are 90 long-term tests and 10 short-
term tests for 100 tests. Each long-term test needs 5 ms simulation time, and each short-

term test needs 100 us simulation time.
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Table 2.1 compares the simulation CPU time with a different system complexity of
the 5 V converter subsystem. The complexity of the circuit is reduced from the original
schematics by reducing the number of the blocks used in the simulation, changing
MOSFET and the gate drive block model complexity, and eliminating high frequency
components. Two gate drive block models used in comparison are shown in Fig. 2.6:
the simple gate drive block model provides the isolation function of the transformer and
the resistance of the gate, and the detail model has detailed circuit schematics. The two
MOSFET models used are shown in Fig. 2.7: an ideal switch model and a complex
switch model. The complex MOSFET model describes the device behavior in the
active region as discussed in [35], while the simple MOSFET model uses an ideal
switch with on and off resistance.

From Table 2.1, we can see that for a full production schematic with complex
models for gate drive block and MOSFET, the estimated simulation CPU time for 100
tests is more than 25 hours. The actual virtual prototype test could have more than 1000
tests, as we will discuss later, so it will take more than 10 days to complete the whole
simulation process which is not practically acceptable. From the data, we see that,
although SIMPLIS is very fast for a simplified schematic with simple models, it is
necessary to develop simulation methodology to accelerate the simulation speed for a
full production schematic in the virtual prototype test.

By reviewing the product schematics, we can see that some high frequency noise
suppression components, such as those highlighted with an asterisk (e.g. the high
frequency capacitors connected to the power supply of controller chip), exist only to
suppress unwanted side effects of high frequency parasitic components. Many of these
parasitic components will never appear in the simulation, given our current ability to
model and predict their magnitudes. Therefore, in many cases the high frequency noise
suppression components may be removed from the production schematic before we

send it to the simulation without compromising the simulation accuracy. As shown by
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comparing rows one and two, eliminating those noise suppression components can

speed up the simulation greatly (by more than half in this example).

Table 2.1 Comparison of simulation CPU time of 5 V converter
subsystem with different circuit complexity.

Simulation Conditions CPU with 100 us CPU with 5 ms CPU with 100
simulation time simulation time tests *

Full schematic 4 min 37 sec 16 min 24 segd 25.4 hours
Simplification -- modifying 1 min 48 sec 6 min 36 sec 10.2 hours
schematic
Further simplification - 44 sec 5 min 32 sec 8.5 hours
eliminating OV and OC
protection circuits
Further simplification - 24 sec 3 min 26 sec 1.8 hours **
using simple gate drive and
complex MOSFET
Further simplification - 8 sec 1 min 8 sec
using simple gate drive and
MOSFET

* Assuming 90 long-term tests and 10 short-term tests for 100 virtual prototype
tests. Each long-term test needs 5 ms simulation time, and each short-term test needs

100 us simulation time.

** Short-term simulations use the model of row 4, long term simulations use the

model of row 5.
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Row three of Table 2.1 shows a simplification that can be made by eliminating
over voltage and over current protection circuits when these two circuits are not

involved in simulation (e.g. loss analysis, voltage regulation).

Row four further simplifies the circuit by using a simplified gate drive model
shown in Fig. 2.6. It shows that when a detailed gate drive circuit is not necessary, a

simplified gate drive circuit can reduce about half of the simulation CPU time.

Row five uses a simplified gate drive in Fig. 2.6 and a simplified MOSFET model
in Fig. 2.7. This combination can be used in most of the simulation (e.g. load

regulation, large-signal transient), and it reduces the simulation CPU time significantly.

In a virtual prototype test, a complex MOSFET model can be used for loss
analysis, which only requires a short term simulation, while most simulations can use a
simplified switch model which requires a long term simulation. Row four of Table 2.1

shows the simulation CPU time for 100 tests is 1.8 hours according to this combination.

Table 2.1 shows that the simulation CPU time can vary by more than an order of
magnitude depending on the complexity of the models and blocks. It is worthwhile to
use simpler models and fewer blocks in a simulation as long as the result is adequate.
By judicious selection of model levels, the computational time can be reduced

significantly without losing the accuracy of the interested system behavior.

The multilevel modeling and simulation approach is proposed in this chapter,
which focuses on selecting the appropriate level of device model complexity (e.g. diode
model level) and block complexity (e.g. gate drive block level) for each specific
objective. Therefore, the shortest simulation CPU time can be achieved while still
accurately simulating the system's behavior.
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2.2.3 Overview of proposed simulation methodology and virtual prototype DVT

procedure

By using a multilevel modeling and simulation approach, it is possible to develop a

simulation approach for a virtual prototype test, such that

e Simulation schematics can be simplified dynamically by taking out or

simplifying part of the system, which is not involved in a particular test.

e Simulation is capable of providing different level of details according to the

designer's interest by using a different complexity of models.

The proposed virtual prototype DVT procedure is shown in Fig. 2.8. After initial
conceptual design, a production schematic is generated. Then the designer identifies the
major functions in the circuit (e.g. power stage, over voltage protection) and partitions
schematics into function blocks. The process to partition the system into blocks is

called system patrtitioning.

After system partitioning, there are two parallel steps: implementing models and
generating a test sequence for the virtual prototype test. The device models are derived
first, then the function block models. Since most of the models are implemented with
multiple complexity levels, the process to implement models is called multi-level

modeling device and function block.

At the same time, a test sequence is generated according to defined function blocks
and tests which need to be covered. The test sequence starts from individual block tests
and ends with the system interaction tests. This approach is called a hierarchical test

sequence.

The last step before a system simulation is to determine the levels of each model

used in the simulation and the complexity of the simulation schematics, so the
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simulation CPU time is minimized. The methodology in this process is called multi-

level system simulation.

In the meanwhile, each error detected in the test process will go through the design

modification process via design, verification, and testing iterations.

So, there are four major parts of simulation methodology in the virtual prototype
test procedure as shown in Fig. 2.8. The methodology which needs to be developed is
shown in the shaded area. It consists of four parts: system partitioning, multi-level
modeling device/function block, hierarchical test sequence, and multi-level system

simulation.

In the procedure, how to define models (multi-level modeling), when to use which
model (multi-level simulation), and how to complete the whole virtual prototype test
systematically (hierarchical test sequence) are the essential issues in the development of

simulation methodology.
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Fig. 2.8. Proposed virtual prototype DVT procedure. The simulation methodology
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modeling of device and function block, hierarchical test sequence, and multi-level

system simulation.
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2.3 Development of virtual prototype DVT

A 5 V forward converter power supply system is used as an example to
demonstrate how to implement the virtual prototype test. The circuit schematic of a 5 V

forward converter power supply is shown in Fig. 2.9.
2.3.1 System partitioning

The 5 V power supply system in Fig. 2.9 includes a main power supply with 5 V
output and a bias power supply with two 12 V outputs to provide the primary and
secondary bias voltages needed in the circuit operation. From the circuit schematics we
know that it is not effective to simulate the whole power system in simulation since it is
too time consuming and most of the tests only involve part of the system. It is desirable
to partition the circuit schematics into small function blocks, so a new simplified
schematic can be generated dynamically for each test. The circuit partitioning consists
of four steps: identifying function blocks, defining blocks, partitioning schematics, and

simplifying blocks.
2.3.1.1 Functions

The first step is to identify system functions. The 5 V power supply system in Fig.
2.9 includes a main power supply and a bias power supply. The main power supply
includes power stage, control, gate drive, over-voltage, under-voltage, and over-current
circuits, and the bias power supply includes a bias enable circuit and a bias power
supply circuit which provides all the internal power supplies of the main power supply.
Besides the basic power convention function in the main converter, the two-transistor
forward converter also includes a transformer-reset circuit, and a snubber circuit. The

PWM control circuit includes a start-up circuit.
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Fig. 2.9 Schematic of a 5V forward converter power supply system.
It includes a main power supply (two-transistor forward
converter) with 5 V output and a bias power supply
(flyback converter) with two 12 V outputs to provide the
primary and secondary bias voltages needed in the circuit
operation

2.3.1.2 Blocks

How many blocks should we define in the schematic? A block is the smallest unit
of the circuit on which we can do a single function test. More blocks mean more
different complexity levels of the system, so we have more chance to reduce the
simulation CPU time in a single test. For example, the main power converter can be
defined as three blocks: power stage, gate drive, and PWM control circuit. This makes
the simulation more effective: gate drive can be simplified to a simple model to reduce
simulation CPU time significantly as we have shown in the previous section; the

control circuit could be replaced by a fix duty cycle circuit in loss analysis, etc.
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If there are too many blocks defined, it will increase the complexity of the test
procedure when defining multi-level simulation, which we will discuss later. There is
no absolute way to define blocks in system schematics. As a rule of thumb, if two
blocks are always included in the same tests, or if keeping these two blocks together
has no significant difference in simulation CPU time, these two blocks can be defined
as one block instead of two. For example, in most of the applications, there is no need
to define the main power stage to more blocks, such as primary and secondary blocks.

One way to define the blocks in a 5 V converter power supply system is shown in
Fig. 2.10. The blocks include: power stage, PWM control, gate drive, over voltage
protection, over current protection, under voltage detector, bias circuit, and bias enable

blocks.
2.3.1.3 Schematic partitioning

After defining blocks, the whole schematic can be partitioned into small block
schematics. If a SIMPLIS concept schematics interface is used, each partitioned block
schematic can be defined as a hierarchical model (i.e. a high level sub-circuit). The
other way to do it in automated simulation is to define each component a block
property (e.g. the components in a gate drive circuit have gate drive block properties),
SO a component can be extracted in a particular simulation according to block

properties.

The partitioned schematic of the 5 V power supply system is shown in Fig. 2.10. In
the dissertation, the simulation schematic will be presented as a block diagram as
shown in Fig. 2.11. The interactions among blocks can be seen in the partitioned block

diagram.
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Fig. 2.10 Identify major function blocks in a 5V forward converter
power supply system. The main power supply includes
power stage, control, gate drive, over-voltage, under-
voltage, and over-current circuits, and the bias power
supply includes a bias enable circuit and a bias power
supply circuit.
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Fig. 2.11. System block diagram of the 5V forward converter power
supply system.

2.3.1.4 Block simplification

The simulation speed of SIMPLIS is determined mainly by two factors: the
number of L, C, and nonlinear segments, and the smallest time constant, which
determines the time, step in each topology (RC, RL). It is important to refine each
block schematic before the virtual prototype test in order to avoid unnecessarily

reduced simulation speed. The refine block procedure covers two steps:

1. Eliminate the high frequency noise suppression components, such as those
highlighted with an asterisk in Fig. 2.5. As we discussed in 2.2.2.1, these
components do not provide system behavior interested in tests and usually
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have small time-constants, so eliminating these components can accelerate the

simulation speed significantly.

2. Reduce L, C, and switches by combining paralleled capacitors, in series
inductors, and paralleled switches (MOSFETS, diodes, etc.). This can reduce
the number of state variables and the maximum number of possible topologies

in the simulation, so as to accelerate the simulation speed.

2.3.2 Multi-level modeling
2.3.2.1 Multilevel modeling of components

There are three types of components in the circuit: passive components,
semiconductor devices, and IC chips. The main passive components are: capacitor,
inductor, and transformer; the main semiconductor devices are: diode, MOSFET, and
bipolar transistor; the IC chips are: comparator, operational amplifier, optical coupler,

gate driver, and so forth.

From the previous section 2.2.2.1, we know that a simple piecewise linear model
such as the two-segment model can be sufficient most of the time, and a more precise
device model such as the diode model with storage charge characteristics can be used if
the test requires more accurate system behavior. More diode models may needed in
other applications. For example, the off character of a diode (leakage current) is an
important character in mag-amp circuits [45], so a diode model with more accurate
leakage current characteristics may be needed for that particular application. The total

number of model levels needed in each device depends on different applications.

Fig. 2.12 shows the diode models used for testing the 5 V forward converter
system shown in Fig. 2.11. A two-segment model and a two-segment with piecewise
linear charge capacitor model are suggested. Application examples for the multi-level
diode model are summarized in Table 2.2. The selection of other device models follows
the same principles illustrated in this example. Fig. 2.13 is an example to show the

number of model levels for each component needed in a virtual prototype test of the
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power supply system shown in Fig. 2.11. The detail about modeling of these
components is discussed in the next chapter.
i Q
-V
\
M1 M2
Fig. 2.12. Multi-level models of diode. M1: a two-segment model.
M2: a two-segment diode with piecewise linear charge
capacitor.
Table 2.2. Application examples of multi-level models of diode.
Model | Description Major characteristics Application example
level
M1 Two-segment | Basic function: diode on anBteady state analysis
off characteristics
M2 Two-segment | M1 Loss analysis, snubber
with nonlinear| + Charge storage (on and offlesign
capacitor transient)
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Passive component

name capacitor | inductor |transformer
total model levels 3 2 4
Semiconductor device
name diode MOSFET bipolar
transistor
total model levels 2 4 2
IC chip
name op amp | comparator| optical voltage gate
coupler | regulator| driver
total model levels 1 1 1 1 1

Fig. 2.13. Example of model levels of passive components,
semiconductor devices, and IC chips needed in a virtual
prototype test of the power supply system shown in Fig.
2.11.
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2.3.2.2 Multilevel modeling of blocks

Fig. 2.15 is an example to show the number of model levels for each block needed
in a virtual prototype test of the power supply system shown in Fig. 2.11. The detail of

modeling of these blocks is discussed in the next chapter.

As an example, the gate drive models are shown in Fig. 2.14. In gate drive models,
model level 1 (M1) presents the basic function of the gate drive, M2 has both gate drive
and bias supply current, and M3 is a detailed model. Similar to block models, the total
numbers of model levels needed in each block depends on different circuits and

applications.

From Fig. 2.13, we see that all the IC chips only have one model level, and all the
passive components and semiconductor devices are multilevel models. Since the main
power stage block and the bias circuit block are main blocks that are composed of these
passive components and semiconductor devices, the power stage block and bias circuit
block are different to other blocks from the modeling aspect. It is worthwhile to
mention that, unlike the gate drive block, the multiple models of power stage block and
bias power supply block are determined by model levels of numerous components in
the blocks. How to generate multilevel models of these blocks is more related to each
specific test instead of a modeling aspect. This will be discussed later in the multi-level

simulation section.
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block name power gate drive pwm ocC ov uv bias bias
stage control enable
total model levels 7 3 3 1 1 1 1 3

Fig. 2.15 Example of the model levels of blocks needed in a virtual
prototype test in the power supply system shown in Fig.

2.11.
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2.3.3 Hierarchical test sequence

Unlike in the hardware prototype DVT, most of the electrical tests are performed
on the whole power supply module due to the integration of the prototype. The virtual

prototype DVT can have a more thorough and completed test sets for several reasons:

e Simulation can take out or include any part of the schematic, adjust circuit
parameters, change components, and change test conditions more

conveniently.

e Simulation can monitor any node voltage and branch current in the circuit. For
example, the magnetizing current of the main power transformer is an
important variable for transformer design verification. It can be monitored

easily in simulation while it is rarely measured in the hardware tests.

e Simulation can perform all the tests without damaging the real circuits. Many
design errors will not be detected until the circuit burned out devices in the
hardware test (e.g. exceeding device stresses, transformer saturation). In a
virtual prototype test, no damage is involved and aggressive tests could be
done to examine extreme conditions (e.g. in dynamic load transient test, a step

load change will exam the circuit performance in an extremely case).

e More operating points can be examined in an automated simulation test system.
Only several test points and limited tests are performed in the hardware tests
since most of the electrical tests are done manually. In a virtual prototype test,
it is possible to implement an automation test system, so it runs the system
thoroughly by sweeping the whole operating range, and report errors through

exported data analysis.

A hierarchical test sequence is proposed to run all the simulations in the virtual
prototype DVT systematically. The proposed test sequence starts from function block
tests that involve small circuit units (block) to system interaction tests that involve the
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whole system. The objective is to verify ultimately the circuit design in a small
simulation schematic (e.g. single block test) first, so the simulation with long-term and
large simulation schematics can be minimized to reduce simulation CPU time. Fig. 2.16
is an example of the proposed virtual prototype test sequence for the 5 V power supply
system shown in Fig. 2.11. The whole test procedure includes six levels of tests: a basic
function test, a steady state test, a small-signal stability test, a large-signal transient test,
a subsystem interaction test, and a system interaction test. The shaded areas indicate the
test sequence, and the first two rows indicate the system structure. In order to make the
example more general, the over-voltage protection and over-current protection circuits
in Fig. 2.11 are categorized as protection blocks and the under-voltage detect circuit is
categorized as a monitoring block.

2.3.3.1 Level 1 -- basic function test

The level 1 test is to verify the basic function of each individual block without

considering its interaction with other blocks.

Gate drive test: duty cycle transfer function, transformer saturation, bias current

range, and time delay of duty cycle signal.
Power stage test: basic converter function, transformer reset circuit function.

Control circuit test: normal operation of control circuit, output voltage regulation,
start-up function, minimum and maximum duty cycle of the control circuit, bias current

range.
Protection circuits test: threshold voltages of protection circuits, bias current range.

Monitoring circuit test: threshold voltage, display function, bias current range.
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Fig. 2.16. Example of proposed hierarchical test sequence for virtual
prototype test. The whole test procedure includes six levels: basic
function test, steady state analysis, small-signal stability analysis,
large-signal transient analysis, subsystem interaction, and system

interaction.
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Bias circuit test: the above tests must to be done before the bias circuit test to get
the correct load information of the bias circuit (bias current range). Since the bias
power circuit is the power supply with simple structure and loose specification, it has
similar tests to the main power supply. Some tests may be negligible depending on the
detail bias circuit used in different power supply systems.

Bias enable test: threshold enable voltage.

2.3.3.2 Level 2 -- steady state analysis

Since basic operations of the circuit have been verified in level 1, level 2 is going
to verify if the design meets static specifications. Following is a list of major

parameters tested in simulation.

Loss and stress analysis: power dissipation of main devices, device stresses,
transformer saturation in steady state operation, ripple voltage, snubber design.

Load regulation: output voltage over different load and line conditions.
2.3.3.3 Level 3 -- small-signal stability analysis

The level 3 test gets small-signal analysis through time domain simulations.

Stability analysis: phase and gain margins.
2.3.3.4 Level 4 -- large-signal transient analysis
After verifying the circuit operation at steady state and small signal perturbations,

level 4 examines circuit operation over the large-signal line and load transients.

Line transient: device stresses, transformer saturation, output voltage regulations

(overshoot, undershoot, recovery time).

Load transient: device stresses, transformer saturation, output voltage regulations

(overshoot, undershoot, recovery time).
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2.3.3.5 Level 5 -- subsystem interaction
Level 5 verifies subsystem response during start-up and abnormal conditions.

Main converter start-up: input current, output voltage overshoot/undershoot, device

stresses.

Abnormal condition tests (e.g. OV, OC, and short circuit): output voltage
overshoot/undershoot, maximum load current, device stresses, over-voltage protection

circuit and over-current protection circuit responses.

Bias power supply start up: input current, output voltage overshoot/undershoot,
device stresses.
2.3.3.6 Level 6 -- system interaction

The last level, level 6, is to detect the interactions on the main power supply and

the bias power supply.

System interaction with bias power supply: detect interaction problems in steady

state.

System start-up sequencing test: output voltage overshoot, start up sequence of
control circuit, protection circuits, and monitoring circuit, output voltage rising time,

device stresses.

System shut down sequencing test: output voltage overshoot, shut down sequence
of control circuit, protection circuits, and monitoring circuit, output voltage hold up

time, device stresses.
2.3.4 Multi-level system simulation

After we have partitioned the schematics into blocks, derived multi-level models of
circuit components and blocks, and generated a hierarchical test sequence, the last step

Chapter 2 Virtual prototype -- modeling and simulation methodology 53



is to determine the model levels and blocks used in each test. There are three steps to do
it:

1. Determine blocks included in the simulation schematics.

2. Determine the model levels of passive components and semiconductor devices

of the included blocks (e.g. power stage block).

3. Determine the model levels of other blocks in the simulation schematic (e.g.
gate drive block).

We will go through two examples to illustrate the multi-level simulation approach
proposed in the virtual prototype test. Fig. 2.17 shows the power stage block diagram of
the 5 V forward converter power supply system and Fig. 2.18 is a summary of multi-
level models of components in the power stage block.
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Fig. 2.17. Power stage block circuit diagram of 5 V forward
converter power supply system in Fig. 2.11.
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Fig. 2.18. Multi-level models of components in power stage block.

2.3.4.1 Example of multi-level simulation for loss analysis

The first example of multi-level simulation is to calculate power dissipation (loss)
of the 5 V power supply system shown in Fig. 2.11. The first step is to determine the
models included in the simulation schematics. The blocks selected are shown in Fig.
2.19. Since the over-voltage protection, over-current protection, under-voltage detector,
and bias enable blocks do not affect the system's steady state performance, these blocks

are eliminated in this simulation.

The second step is to determine model levels of components in the power stage.
Consequently, the model complexity of the power stage block is determined. Table 2.3
shows the model of the power stage block for loss analysis. The detail MOSFET mode
M4 shown in Fig. 2.18 is selected, since the on and off switching transition determines

the switching loss of the MOSFET. Similarly, the rectifier model M2 (with nonlinear
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charge characteristics) is selected. The snubber circuit is included to eliminate the
oscillation of rectifiers. Since the transformer leakage inductance affects the switching
speed, M4 model is used. The reset circuit is included to reset the magnetizing
inductance. A capacitor model M2 (with ESR) instead of M3 (with ESR and ESL) is

selected in the simulation because the effect of ESL in a steady state is negligible. Fig.

2.20 shows the equivalent circuit diagram of the power stage.

The third step is to determine the model levels of other blocks. In the loss analysis,
A simple two, 12 V bias voltages model is used for the bias circuit block, a gate drive
model M2 shown in Fig. 2.14 is used to get the correct gate resistance. A fixed duty

cycle signal is used as a simple PWM control block model.

After these steps, the loss analysis test can be performed by using the simulation

schematic generated in the example.

V; \ 4

»| Gate Drive > Power Stage

\ 4
0
®
S
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®

\

p_bias PWM PWM Control |«

Bias Circuit
—> Vs bias +

Fig. 2.19 Block diagram of simulation schematic for loss analysis.
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Table 2.3. The model of power stage block for loss analysis

Component Power| Power | Current | Rectifier| Lout | Cout| Xfrm| Snubber
switch xfrm xfrm reset
Component level 4 4 2 2 2 2 Y Y

Vin

®
11
11

A

i_sense

Fig. 2.20. Equivalent power stage circuit diagram for loss analysis.
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2.3.4.2 Example of multi-level simulation for short circuit test

The second example of multi-level simulation is a short circuit test of the 5 V
power supply system shown in Fig. 2.11. Similar to the first example, the first step is to
determine the models included in the simulation schematic. The blocks selected are
shown in Fig. 2.21. Since the major purpose of this test is to verify over-current

protection, the over-current block is included in the simulation.

Table 2.4 shows the model of the power stage block for a short current test. The
switching transition in MOSFET and the rectifier are not important in this test; the
simplest switch model and diode model are used. As a sequence, the snubber circuit is
not included in the simulation. The transformer model with nonlinear magnetizing
inductance is used, since the transformer saturation is monitored. The reset circuit is
included to reset the magnetizing inductance. A capacitor mode M3 (with ESR and
ESL) is selected in the simulation because the effect of ESL in a fast load transient
condition is not negligible. Fig. 2.22 shows the equivalent circuit diagram of the power

stage for a short circuit test.

The third step is to determine the model levels of other blocks. In the short circuit
test, a simple two, 12 V bias voltages model is used for the bias circuit block, and a gate
drive model M1 shown in Fig. 2.14 is used. A detailed PWM control circuit model is

used here for the closed loop operation.

From these preceding examples, we see that the simulation schematic with
different complexity levels can be determined by identifying the circuit behavior

required in each test. More examples will be illustrated later.

Chapter 2 Virtual prototype -- modeling and simulation methodology 59



Vin
\ 4
- VO
| Gate Drive—| Power Stage
g —>
A lsense
V, hi PWM
p_bias PWM Control  |[+—1
- . . [
Bias Circuit
—» 4
Over Current
Vs bias Protection
VCS
A
Fig. 2.21 Block diagram of simulation schematics for short circuit
test.
Table 2.4. The model of power stage block for short circuit test
Component Power| Power | Current | Rectifier | Lout | Cout| Xfrm | Snubber
switch xfrm xfrm reset
Component level 1 3 1 1 1 3 Y NA
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Fig. 2.22. Equivalent power stage circuit diagram for short circuit
test.

2.4 Summary

The complexity of the device models and circuits is a key to simulation speed.
With large, complex power converter systems, the selection of suitable model levels
can affect simulation times significantly. With current simulation practice, the power
stage, control circuit, gate drive circuit, and other circuits are often simplified, which
results in losing some of the intra-cycle detailed circuit behavior of the real product
(e.g. saturation of the devices, time delay of the control circuit due to the device
characteristics). In addition, the over-current, over-voltage circuits and bias power
supply circuit may be ignored or simulated separately because of the long time transient
involved for the whole system; the simulation may even employ an averaged model of

the power stage. Although these simulations can be effective when they are used only
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for understanding the operation of a new circuit, evaluating different topologies, or

helping to evaluate certain design parameters, typically, these approaches are not
acceptable for virtual prototype test purposes. A more accurately modeled system and a
more realistic schematic are needed to detect most of the circuit errors for normal and

abnormal conditions.

The multilevel modeling and simulation approach are proposed in this chapter,
which focuses on selecting the appropriate level of device model complexity (e.g. diode
model level) and block complexity (e.g. gate drive block level) for each specific
objective. Therefore, the shortest simulation CPU time can be achieved while still
accurately simulating the system's behavior. The multi-level modeling and simulation

methodology in the virtual prototype test procedure are composed of four parts:

System partition: identify major functions of the system and partition system into

blocks.

Multi-level modeling: identify important characteristics of passive components,
semiconductor devices, IC chips, and blocks and create multi-level models for different

tests.

Hierarchical test sequence: determine test sequence and condition of virtual

prototype tests.

Multi-level simulation: identify important characteristics of the system needed in
test (by combining blocks and different levels of models for each particular test) and

generate a simulation schematic for each test.

By applying multi-level modeling and simulation methodology in the virtual
prototype test, the simulation time and accuracy are improved greatly as shown in Fig.
2.23.
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Fig. 2.23 is a comparison among different simulation approaches: SPICE-based
simulation, SIMPLIS simulation with simple models, and SIMPLIS simulation with
proposed multi-level modeling and simulation approach. The right hand bar chart
shows the estimated error percentage that each simulation approach could detect before
the first hardware prototyping, and the estimated simulation CPU time for a virtual
prototype test with 1000 simulations. It shows that with the proposed simulation
approach, the simulation CPU time are reduced significantly while having the highest
capability to detect the problems due to the judicious selection of the complexity of the

system in each simulation test.

100+ Edetectable errors (%)
B CPU time (days)
80
65
58 60.0
60
40
20+
5.0
0.7
0 \
SPICE SIMPLIS w/o SIMPLIS with multi-
proposed approach level simulation

Simulation Approaches

Fig. 2.23. Comparison of estimated detectable error percentage and
CPU time for 1000 tests using different simulation
approaches. The simulation CPU time and detectable
errors are improved significantly by developing a multi-
level modeling and simulation approach.
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3. MULTI-LEVEL MODELING

The complexity and accuracy of models used in the virtual prototype test will
directly affect the simulation speed and the accuracy of the system's behavior. Because
the virtual prototype test not only requires a large number of simulation tests, but also
requires adequate accuracy in the simulation to represent and detect the design
problems in the real circuit, how to model the power supply system is critical to the

success of the virtual prototype test.

This chapter will illustrate how to implement multi-level models of the power

supply system and discuss major models used in the virtual prototype DVT.

3.1 General rules and consideration

There are numerous models available in different simulations as well as many
different ways to derive a model engine [28, 35-36, 47-51]. How can we select or
implement an adequate model from so many choices? A diode is used as an example to

illustrate the modeling principles for the virtual prototype test.
3.1.1 Identifying derived component characteristics

Before implementing the diode model, the first task is to identify the major
characteristics of a diode and understand how each characteristic of the component
contributes to different system behavior in a simulation. The basic function of a diode is
to pass current in one direction and block it in the opposite direction. The basic function
relates to two important characteristics of the diode: forward current vs. forward

voltage and reverse current vs. reverse voltage. At high frequency, the parasitic
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capacitance of the parasitic pn junction becomes significant; it is related to capacitance
Vvs. reverse voltage characteristics in the data sheet. The other characteristic is the diode
break down reverse voltage. The major characteristics of a schottky rectifier are shown
in Fig. 3.1.
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Fig. 3.1. Major characteristics of a schottky rectifier.
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3.1.2 Piecewise linear modeling

After identifying the major characteristics of the component, different levels of
model can be derived. Fig. 3.2 shows the |-V characteristics of a diode. A piecewise
linear resistor is used to implement the |-V characteristics. In order to simplify the
discussion, we have two assumptions: the piecewise linear curve passes the ogginal (V
=0V, k=0 A), and the maximum number of the piecewise-linear segments in the
model is three to keep the model reasonably simple and to maintain adequate
simulation speed. Fig. 3.3 shows several possible approaches to implement the |-V
characteristics. The solid lines are actual curves and the dotted lines are piecewise
linear approximations. Fig. 3.3(a) is a simple two-segment approximation. Fig. 3.3(b) -
Fig. 3.3(d) improves the model by adding an additional segment for a different purpose.
Fig. 3.3(b) improves the forward voltage vs. current characteristics in the model, Fig.
3.3(c) improves the reverse voltage vs. current characteristics in the model, and Fig.

3.3(d) adds the break down reverse voltage characteristics.

—

Fig. 3.2. |-V characteristics of a diode.
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Fig. 3.3. Example of implementation of the |-V characteristics of a
diode. The solid lines are actual curves and the dotted lines
are piecewise linear approximation. (a) simple two-
segment approximation. (b) improved forward voltage vs.
current characteristics. (c) improved reverse voltage vs.
current characteristics. (d) additional break down reverse
voltage feature.
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The selection of model levels of |-V characteristics depends on different
applications, tests, and designer's preferences, and is a trade off between simulation
speed and accuracy as well. In Fig. 3.3, (a) has fast simulation speed and is accurate
enough for most of the applications, (b) has a more accurate circuit behavior during
transient, (c) is used when the leakage current is an important parameter in circuit

operation (e.g. in a mag-amp post regulator [45]), and (d) is used in a zener diode.

Similarly, the voltage-dependent capacitance characteristic of the pn junction
(solid line of Fig. 3.4(a)) can be implemented by a piecewise linear capacitor. The
piecewise linear capacitance in SIMPLIS is described by the charge vs. voltage
characteristics as shown in the solid line of Fig. 3.4(b). The total topologies of the diode
model are the product of segments of the |-V curve and the segments of the Q-R curve.
A two-segment approximation as shown in the dotted line of Fig. 3.4(b) is suggested to
reduce the complexity of the whole diode model. The corresponding capacitance vs.
voltage curve is shown in the dotted line of Fig. 3.4(a). The voltage-dependent
capacitance characteristic of the pn junction is included in a diode model when the
simulation requires circuit detail waveform at high frequency (e.g. loss analysis,

snubber design).

For the whole power supply system, there are a lot of components which need to
be implemented in a virtual prototype test, and each component could have many
model levels. To simplify the virtual prototype test procedure, the total levels for each

component should be minimized.
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Fig. 3.4. The voltage-dependent capacitance of the pn junction
(solid line of (a)) is implemented by a piecewise linear
capacitor in SIMPLIS. The piecewise linear capacitance in
SIMPLIS is described by the charge vs. voltage
characteristic as shown in the solid line of (b). A two-
segment approximation is suggested as shown as dotted
lines in (a) and (b) correspondingly.

3.1.3 Selecting adequate parameter values for the model

The selection of model parameter values is also very important in a virtual
prototype test. An adequate parameter value could improve the accuracy of the
simulation without extra complexity in the model. We will illustrate the principle by

selecting the parameter value of a simple two-segment rectifier model.

A two-segment diode is often called an ideal diode. It is modeled to have an
infinitely or extremely small on resistance and an infinitely or extremely large off
resistance as shown in Fig. 3.5(a). Little accuracy is lost by this assumption when the
purpose of the simulation is to understand circuit operation. For example, simulating a
buck converter by using an ideal diode and an ideal switch still provides the correct
operation of the buck circuit and shows that the duty cycle is a function of output

voltage and input voltage. However, this is not the case in the virtual prototype test.
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The virtual prototype simulation needs to represent more reality of a hardware
prototype. The duty cycle is not only a function of output voltage and input voltage, but
also a function of load current due to the current dependent of the forward voltage drop
of the diode and switch. With the same model structure, an adequate on resistance of
the rectifier provides more circuit information than the one with an "ideal" on

resistance.

Fig. 3.5(b) shows one possible way to select parameter values for a two-segment
rectifier diode model. Point 1 and point 2 determine the on resistance of the diode,
while Point 3 and point 4 determine the off resistance of the diode. Point 1 is selected at
full load or maximum load to provide a more accurate result at extreme conditions;
point 2 is selected so the on resistance curve fits the I-V curve as closely as possible.
Point 3 is at the origin, and point 4 is selected at 75% of the break down voltage point,
since in hardware design, the designer considers that the diode reverse voltage should

not exceed 75% of the break down voltage in our case.

There is no fixed way to select parameter models. The model is adequate as long as
it presents the most important characteristics of the circuit. An example of how to
derive a rectifier model is provided in the appendix in a MATLAB file format. For
small signal diode models, it is not necessary to derive a new model every time when
simulating a new power supply system. Several general diodes with fixed parameters
can be stored in a device library for reusing these derived models. For a large signal
diode, such as a shottky rectifier, a dynamic library (model with variable parameters) is
recommended, since the model parameters could change corresponding to different
applications and design concerns. The parameters can be calculated easily by inserting

device data from a data sheet or measurement by using a MATLAB file.
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Fig. 3.5. Select parameter values of a two-segment diode. (a) an
ideal model with extremely small on resistance and
extremely large off resistance. (b) a proposed model in the
virtual prototype test, in which point 1 and point 2
determine the on resistance, point 3 and point 4 determine
the off resistance.

3.1.4 Understanding the limitation of the model

The components of the analog circuit, especially in a power electronics circuit,
show a large extent of non-linearity. No matter how good the model is, it is almost
impossible to be "equal” to the real components. Therefore, it is important to know the
assumptions made when each model is derived, and beware of the limitation or

accuracy of the simulation when some assumptions do not hold.
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3.2 Modeling of circuit components

There are two types of models in a virtual prototype: the circuit component model
and the function block model. In this section, we will first discuss the circuit
component models. The circuit component models are discussed in three categories:
passive components, semiconductor devices, and IC chips.

Fig. 3.6 is a redrawing of the 5 V forward converter power supply system
discussed in chapter 2. Fig. 3.7 shows multi-level models of components, devices, and
IC chips for the virtual prototype test of a power supply system. The shaded models
mean all or part of the original SIMPLIS models are used in the tests. We will discuss

each category in the following sections.
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Fig. 3.6. Redrawing of circuit block diagram of the 5 V power
supply system.
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Passive component

name capacitor| inductor |transformer
total model levels 3 2 4

Semiconductor device

name diode MOSFET bipolar
transistor
total model levels 2 4 2
IC chip
name op amp | comparator | optical voltage gate
coupler | regulator | driver
total model levels 1 1 1 1 1

Fig. 3.7. Multi-level models of passive components, semiconductor
devices, and IC chips for the virtual prototype test of a
power supply system in chapter 2. Shaded models mean all
or part of SIMPLIS models are used in the tests.

3.2.1 Modeling of passive components
3.2.1.1 Models of passive components

In order to simulate the power supply subsystem using the multiple level
complexity modeling approach, the selection of the model level complexity is very
important. An understanding of the effect of each parasitic parameter in the
components is one of the keys to success. Major components include the capacitor,
inductor, and transformer as shown in Fig. 3.8, Fig. 3.9, and Fig. 3.10. SIMPLIS
models for the capacitor and inductor are used. Transformer models are implemented
by parameters Lm and LIk instead of core information in SIMPLIS (core material, AL

value, and so forth).
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3.2.1.2 Effect of parasitics -- an example

A study of the effect of each parasitic parameter of an output capacitor is presented
here to demonstrate the approach used to determine models with different levels of
complexity. Capacitor model level 2 and level 3 are compared in the simulation to

study the effect of the parasitic parameters.

A simplified circuit diagram of the secondary side of the power converter with a
two-stage output filter is shown in Fig. 3.12. The major parasitic parameters of a
capacitor are the equivalent series inductance (ESL) and the equivalent series resistance
(ESR) as shown in the figure. In Fig. 3.12, Vo is the voltage across the output capacitor.
For a power converter with constant current load, the waveform of the output capacitor
voltage with parasitic parameters is shown in Fig. 3.13. It shows that a capacitor model

without ESL could be used in this condition.

Fig. 3.14 shows the simulated waveform of the output voltage following a change
in load current from 90A to 80A at a 10A/us rate of change. A level 2 capacitor model
and a level 3 capacitor model are used for each of the two capacitors in the output filter.
The measurement is not available because of the limited current step ratio of the load
equipment in the laboratory. The measurement is expected to have the same waveform
as in the simulation. From the simulation result, we can see that in order to predict the
voltage across the output capacitor, the most complex capacitor model needs to be used

in the simulation.

According to the study of the capacitor during different tests, the multi-level model

of the capacitor can be summarized as in Table 3.1.
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Chapter 3 Multi-level modeling 78



5.

5.

5.

Vo(V)

5.

5.23

5.22

5.21

Vo(V)

5.2

5.19

23

22

with ESL
21

/ without ESL
Time(us)
(a) Simulation results of Vo.
0 5 10 15 20

Time(us)

(b) Measurement of Vo

Fig. 3.13 Output voltage of the second stage of the tow-stage output

filter.

53

5.28

5.26

5.24

Vo(V)

5.22

5.2

5.18

5.16

/

with ESL

/

without ESL

80 90 100

110

Time(us)

120 130

Fig. 3.14 Output voltage waveforms when the load step changes
from 90A to 80A with 10A/us rate.

Chapter 3 Multi-level modeling

79



Table 3.1. Application example for multi-level models of the

capacitor.
Model | Description Application example
level
M1 Capacitor Capacitor in compensation network
M2 Capacitor with ESR Output capacitor for steady state analysis
M3 Capacitor with ESR Output capacitor during fast load transient or
and ESL high frequency operation

3.2.2 Modeling of semiconductor devices
3.2.2.1 Models of semiconductor devices

The major semiconductor devices include the diode, MOSFETs, and bipolar
transistors. The simplest model usually only has on and off characteristics to present the
basic function of the device, and a detailed model includes the on or off transient
behavior, which is especially important for loss analysis, snubber design, and so on.
The multi-level models are shown in Fig. 3.15- Fig. 3.21.

M1 M2

Fig. 3.15. Diode models.
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Fig. 3.18. P MOSFET models.
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Fig. 3.21. PNP bipolar transistor model.
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3.2.2.2 Modeling of MOSFET

Fig. 3.16 shows the multi-level models of a N MOSFET. Similar to the diode
model, we can summarize the major applications for different levels of model in Table
3.2.

Table 3.2. Application example for multi-level models of

MOSFET.
Model | Description Application example
level
M1 Ideal switch Main switch for system level
simulation
M2 Ideal switch + body diode Active-clamp switch
M3 M3 + Cds ZV/S of main switch
M4 FET with on and off transientLoss analysis, snubber design
characteristics

M4 model as shown in Fig. 3.22 can present the on and off transient of the
MOSFET [35]. It is implemented by a FET model as shown in Fig. 3.23 and charges of
the MOSFET. The equivalent MOSFET model for on, off, and active states are shown

in Fig. 3.24. The current Ci during active stage is:

Ci (t) = gm'(\/gs(t) _\/th) (31)
D
Ceg j )
Cds
© — —
Cys | ]
S

Fig. 3.22. Basic structure of MOSFET model (M4).
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Fig. 3.24. Equivalent MOSFET model for on, off, and active states.
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3.2.3 Modeling of IC chips
3.2.3.1 Models of IC chips

Modeling of IC chips is more complex because there are many characteristics for

each chip and a chip could be very complex, such as a controller chip.

Major IC chips in the circuit include the operational amplifier, comparator, optical
coupler, gate driver, voltage regulator, and different controller chips which are
combinations of basic IC chips and will not be discussed here. Most of the IC chips are
modeled as behavior models to simplify the circuit and accelerate the simulation. It is
especially important to identify the characteristics needed in each test, since an IC chip
model could be very simple or very complex in order to present the characteristics
required.

To accelerate the simulation speed without losing the accuracy of the system,
multi-level models are needed for each IC chip. How can we implement multi-level
models of IC chips when the models in the current library are not sufficient? This
section will use an operational amplifier to demonstrate a general approach to

implement models.
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Fig. 3.27. Voltage regulator TL431 model.
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Fig. 3.29. Gate driver TSC4427 model.
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3.2.3.2 Modeling of operational amplifier

An operational amplifier consists of transistors, resistors and capacitors, and can be
modeled at the device level. It can also be modeled at the behavioral level in terms of
its two-port characteristics: the input impedance, the output impedance, and the voltage
gain. All of these quantities are tabulated as functions of frequency in the data sheets
from various manufacturers. A behavioral model can be synthesized in terms of
resistors, inductors, capacitors, and controlled sources almost independently of the
actual components inside the operational amplifier [36]. The modeling procedure is

described as follows.

An ideal operational amplifier with infinite input impedance, zero output
impedance, near infinite dc gain, and output voltage clamping as shown in Fig. 3.30(a)
is used to study circuit topologies or different control schemes. However, this ideal
model is not suitable to be used in the virtual prototype test. An improved operational

amplifier model with low frequency pole characteristic is shown in Fig. 3.30(b).

Fig. 3.30(c) shows a further improved version of the operational amplifier model
with input impedance, output impedance, output slew rate, and output sourcing and
sinking capabilities. This model can be used in most of the simulations since it presents

the adequate "delay" behavior in control or protection circuits.

When a tolerance analysis of threshold voltage in a protection circuit is needed, the
bias and offset current and bias voltage of the operational amplifier could be modeled

as shown in Fig. 3.30(d). A bias power supply current is also modeled in Fig. 3.30(d).

Does that mean that we need four models for an operational amplifier? The level
one will not be used since a test either requires a level 2 (for threshold voltage) or the
delay or control is needed. Level 4 only adds a current source, which will not increase
the complexity of the circuit much, so we will reduce the total model levels of the
operational amplifier to two levels. Since the tolerance analysis will not be discussed in
this dissertation, only one level is used in the simulation as shown in Fig. 3.25.
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The model has an output impedance Ro, two clamp diodes, Dh and DI, which
clamp the output to the power supply of pin 3 and 4, respectively. Rp and Cp are used
to create op amp open-loop low-frequency pole, Rp also limits the maximum current
capability of the op-amp to present slew rate characteristic, and Is is the static supply

current of the IC chip.

Data of the LM358 are used to create the corresponding operational amplifier
model. The comparisons of the derived model to the data sheet with major
characteristics are shown in Fig. 3.31 and Fig. 3.32. The model's characteristics match
the data sheet very well. The parameters in the model can be determined easily from the

data sheet.
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Fig. 3.30. Derivation of operational amplifier. (a)ideal operational
model. (b) improved model with low frequency pole. (c)
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offset voltage and curent of input pins, and power supply
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3.2.3.3 Modeling of comparator

Data of the LM339 is used to build the corresponding comparator model. Since the
major difference between an op amp and a comparator is the comparator's open
collector output and faster response characteristics, the model of the comparator is
different from the previous op amp model. Fig. 3.26 is the LM339 model schematic.
The open collector output characteristic is modeled by a switch to set proper on and off
resistance. The comparator does not have a slew rate feature; the delay time of the
output is set as in the data sheet of "response time for various input overdrives, both
negative and positive transition.” The parameters can be settled in the model by
adjusting the value of R, C, and the voltage controlled switch parameters. Fig. 3.33 and
Fig. 3.34 show the comparison of the waveforms from the simulation results and the

data sheet; the results match the data sheet very well.
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Fig. 3.33. Comparison of the response time delay of the comparator

LM339 with the data sheet. Dotted lines are simulation
results. Solid lines are from the data sheet.
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3.3 Modeling of function blocks

3.3.1 Models of function blocks

Since the complexity of the device models and subcircuits is a key to simulation
speed, with large, complex power converter subsystems, the selection of suitable model
levels can affect simulation time significantly. Similar to the generation of multi-level
models of devices, components, and IC chips, the multi-level modeling of function

blocks follows the same procedure.

According to the function of each block, the blocks of power supply systems as
shown in Fig. 3.6 can be defined as six categories: the main power stage, the gate drive
circuit, the control circuit, protection circuits, the bias power supply, and other
monitoring circuits. Each block could have more than one level when necessary. The
models could be varied according to different systems and applications. Here we use
the system in Fig. 3.6 as an example to demonstrate the levels. Fig. 3.35 is an example

of the model levels of blocks needed in a virtual prototype test in the power supply

system.
block name power gate drive pwm ocC ov uv bias bias
stage control enable
total model levles 7 3 3 1 1 1 1 3

Fig. 3.35 Example of model levels of blocks needed in a virtual
prototype test in the power supply system shown in Fig.
3.6.
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3.3.2 Main converter

Main converter models are more dependent on the specific tests. We are going to

discuss them in the next chapters.

3.3.3 Gate drive

The gate drive models are shown as in Fig. 3.36. There are three different levels:
M1 presents the basic function of the gate drive, M2 has both the basic function of the

gate drive and the bias supply current, and M3 is a detailed model.
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drive_5V ) Drive_5V }1 M gate_drive 1
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+ gate_ ! I, T =
| gate_drivel_rtn
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= |
gate_drive2_rtn )1 A gate_drive 2
—>— T T
— function duty of gate drive ~ function duty of gate drive | gate_drive2_rtn
— bias power supply current
M1 M2
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L ; 221 221 * gate_drive 1
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Fig. 3.36 Multi-level modeling of the gate drive block.
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3.3.4 Control circuit

The control block has four levels, as shown in Fig. 3.37. M1 has a fixed duty cycle
signal, M2 has a control loop function but no start-up characteristics, and M3 is a
detailed model with start-up characteristics. An additional block to represent the
minimum duty cycle and maximum duty cycle in a real circuit is implemented in the

control block as shown in Fig. 3.38.

Vpﬁbias dri 5v
. rve
Drive_5v d
° ] M
_ﬂ_|_|_ m — |_ — | 2.F & 5V_CMC_SENSE
stk i
T 100
X . - gate signal
- fixed duty cycle signal — supply current
M1 M2
drive_5V
o3
5V_CMC_SENSE
10007
- gate signal
b — supply current

— soft start function

M3

Fig. 3.37 Multi-level modeling of the control block.

Minimum duty cycle Maximum duty cycle

Vin | |_ Vout
—1 e O
Rr j Cron R T o

Fig. 3.38 Implementation of minimum duty cycle and maximum duty cycle in the

control block.
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3.3.5 Protection and monitoring circuits

This type of circuit includes over-voltage, over-current, under-voltage, over-

temperature, and enable circuits. Only a detailed model is needed in the simulation.
3.3.6 Bias power supply

A bias power supply has three levels, as shown in Fig. 3.39. M1 is used for the
ideal supply voltage, M2 is a detailed model without leakage inductance of the
transformer, and M3 is a detailed model with leakage inductance of the transformer.

How to select different models in different tests will be discussed in the next

chapter.
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L : i
Biasienablel_. T i R3 °
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m Cc
T
Q1 T 2l 7 R2 .
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rmi: 11v
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1 - Bias power supply
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Fig. 3.39 Multi-level modeling of the bias power supply block.
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3.4 Summary

The complexity and accuracy of models used in the virtual prototype test will
affect the simulation speed and the accuracy of the system behavior directly. This
chapter introduces the principle to make models for the virtual prototype test and
illustrates a modeling approach to implement multi-level models of the power supply
system. Two types of models have been discussed: the circuit component models and

block models.
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4. USING VIRTUAL PROTOTYPE FOR DESIGN,
VERIFICATION, AND TESTING

4.1 Introduction

4.1.1 Overview of 5V forward converter power supply system

This chapter demonstrates the proposed virtual prototype DVT procedure by
simulating a 5 V, 150 W power supply system. The power supply system comprised of
multiple dc/dc converters operating at different switching frequencies is illustrated in
Fig. 4.1. The main power supply includes a power stage, control circuit, gate drive,
over-voltage protection, over-current protection, and under-voltage detector circuits. A
bias power supply, which provides the internal bias voltages needed by the main power

supply, includes a bias circuit and bias enable circuit.

The power supply block diagram is the same as what we have discussed in
previous chapters. Although the main power supply uses a forward converter with an
active-clamp reset circuit instead of a two-transistor forward converter circuit, the
previous discussion is general enough to apply to this circuit. The forward converter
with active-clamp reset circuit is selected here because the circuit has many interesting
design issues and challenges that we can explore in the process of the virtual prototype

test. The peak current mode control is used for the forward converter circuit.

The bias power supply uses a self-oscillating flyback converter with two outputs.
This example is chosen because of the unusually high degree of interaction between

these two switching power supplies. Problems associated with interactions of this type
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are very difficult to predict at the paper design stage. A simulation capability that
enables the designer to detect these problems before building a first prototype would be
very valuable in reducing the design cycle time.

The circuit specification of the power supply system is: input voltage 36 - 72 V,
output voltage 5 V, main power supply switching frequency 500 kHz, output power

150 W. The bias power supply is designed to operate at megahertz.
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Fig. 4.1. Circuit block diagram of a 5 V power supply system.

4.1.2 Principle of operation of forward converter with active-clamp reset circuit

The performance of the forward converter is strongly dependent on the
transformer-reset method. Generally, it has been established that the active-clamp reset

approach offers a better performance than the other reset approaches because it allows
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the operation of the converter with a maximum duty cycle well above 50%, with a
minimum stress on the semiconductor components [55]. In fact, due to a large
maximum duty cycle, the turns ratio of the transformer can be increased, which
decreases the conduction loss on the primary side and allows the selection of the
secondary-side rectifiers with a lower breakdown rating, and, consequently, a lower
forward-voltage drop. In addition, the active-clamp-reset method recycles the
magnetizing energy of the core, as opposed to the other methods (the RCD-clamp
method, for example) that dissipate this energy. As a result, the conversion efficiency
of the forward converter with the active-clamp reset can be higher than that of the same
topology with the other reset schemes. Also, the active-clamp reset approach results in
the optimal use of the transformer core, since the core is excited symmetrically in the
first and third quadrants of the B-H plane. However, the active-clamp-reset method
requires an extra switch with the associated drive and a resonant capacitor (i.e. it
increases the complexity and the cost of the power stage). Nevertheless, this method

seems indispensable in achieving the optimum performance of the forward-converter

topology.

The forward converter power-stage with the active-clamp reset is shown in Fig.
4.2. The reset circuit consists of auxiliary switch &d clamp-capacitor LLTo
simplify the analysis of the operation, it is assumed that the inductance of output-filter
inductor L is large so that the output filter can be represented by constant-current
source §. In addition, it is assumed that all semiconductors are ideal. It should be noted

that the transformer is modeled as a parallel connection of magnetizing inductance Lm

N
and the ideal transformer with the turns-ratie- N—p as shown in Fig. 4.3. To further

facilitate the explanation of the operation, Fig. 4.3 shows the topological stages of the
simplified circuit during a switching cycle, whereas Fig. 4.4 shows the essential

waveforms.
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Fig. 4.2. Forward converter power-stage with the active-clamp
reset.
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Fig. 4.3. Circuit operation diagrams of the simplified active-clamp
forward converter. (a) [;FT,] interval. (b) [T;-T>] interval.
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Since, in this analysis, ideal switches with zero switching times are assumed, a
complementary gate-drive signals without a dead time are used as shown in Fig. 4.4.
Because of the true complementary gate-drives, the circuit has only two topological

stages as shown in Fig. 4.3.

During the interval [§Ti], when main switch Sis on, the corresponding

topological stage is shown in Fig. 4.3(a). During this stage, output cugréotwé

through the secondary winding inducing primary currqm,:'ﬁ. At the same time,

because a constant positive input voltagei¥ connected across the primary of the
transformer, magnetizing curreptincreases with a constant slope. During the on time
of the switch, switch currentiiis given by the sum of primary currents and

magnetizing current, as shown in Fig. 4.4.

When main switch Sis turned off at t = T, output current is instantaneously
commutated from rectifier Dto freewheeling rectifier § because the leakage
inductance of the transformer is neglected, as shown in Fig. 4.3 (b). At the same time,
magnetizing current,iis commutated from main switch ® the anti-parallel diode of
the auxiliary switch § Since $is turned on at t = Twhile its anti-parallel diode is
conducting (i.e. while the voltage across it is zero), switds &irned on under a zero-
voltage-switching (ZVS) condition. There is no additional turn-on loss at this instant.
Due to a negative voltage. \across the primary winding of the transformey, i
decreases. If clamp voltage. ¥ assumed constant (i.e. if the clamp capacitor

capacitance is large), the down-slopgaéiconstant as shown in Fig. 4.4.
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Fig. 4.4. Key waveforms of the circuit operation of the simplified
forward converter with the active-clamp reset.
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After iy, reaches zero at t =, T it continues to flow in the negative direction
through the transistor (channel) of the closed auxiliary swichitss topological stage
ends when auxiliary switch, $ turned off and main switchy $ turned on at t =]

initiating a new switching cycle.
From the flux-balance requirement of the transformer core, it follows that

V, -t =V, -t (4.1)

V,=——V, (4.2)

where, §, is the on time of main switchy 3o is the off time of § D :t_l_ﬂ is the

S

duty cycle of $ and T is the switching period.

From the charge-balance requirement of the clamp capacitor, it follows that
lo=1. (4.3)

wherel! =i (t,) and I =i.(t,), as shown in Fig. 4.4.

Since, during the off-time, main switch iS off, i.= im, it also follows that
=1 (4.4)

where 1} =int) and i, =iy(t,).

Therefore, the dc component of the magnetizing current of the circuit in Fig. 4.2 is

equal to zero.
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4.1.3 Principle of operation of bias power supply

Fig. 4.5 shows the bias power supply circuit diagram. The bias power supply is a
self-oscillating flyback converter with two outputs. One of the outputs provides the
power system primary-side bias voltage and the other provides the power system
secondary-side bias voltage. Since the converter operates as a self-oscillating circuit, it
has a variable switching frequency, which is a function of the input voltage and the
load.

The self-oscillating flyback converter of Fig. 4.5 operates at the critical boundary
between the continuous and discontinuous conduction modes. Fig. 4.6 shows the ideal
operating waveforms when the effect of the charging currents of the gate drive circuit is
ignored. During the on time of the power switch Q1, the primary magnetizing current
im increases linearly. The initiation of the turn-off signal to the power switch Q1 is
controlled by a transistor, Q2. For most of the conversion cycle, the voltage at the base
of Q2 is less than that required to turn on Q2. Under these conditions, the base voltage
of Q2 is the weighted average (by the ratio of R1 and R2) of the voltagad .

The FET Q1 turns off when the transistor Q2 turns on and pulls the gate signal below
the threshold voltage. At a given operating point, the error voltagessgentially is

fixed. Consequently, the power switch Q1 will turn off when the current sensor voltage
VR4 lises high enough so that the voltage at the base of Q2 is sufficiently forward biased
SO as to begin to discharge the gate of Q1. The next turn-on action of Q1 will occur
when the magnetizing current reaches zero and the primary side voltage of the
transformer collapses towards zero. This causes a regenerative signal to be applied to
the gate of Q1 through the winding n3 of the bias supply transformer. This signal pulls

the gate voltage high to once again turn on the power switch Q1.

The bias converter is regulated by feedback from the primary-side bias voltage
Vp_bias AS the primary bias voltage viasincreases, the error voltagg,also increases.
A larger voltage acrossvwill increase the voltage across the base of transistor Q2.
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This will cause Q2 to turn on with a smaller peak current sensor voltag&ince the
magnetizing current will reach a lower current level with a smaller current sensor

voltage, less energy is transferred to the output. The output voltage will be reduced and
regulated to the desired voltage.
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V. . (4 .
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Fig. 4.5. Simplified circuit diagram of the self-oscillating flyback
bias power supply.
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Fig. 4.6. Operation waveforms of the flyback converter in the ideal
operation.
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4.1.4 Overview of the virtual prototype DVT process
4.1.4.1 Multi-level modeling of main power stage

Fig. 4.7 is the power stage circuit diagram of the 5 V forward converter with an
active-clamp reset circuit. The simulation schematics with different complexity levels
can be determined by identifying the circuit behavior required in each test. The detail of
each level will be discussed in following sections. Table 4.1 is the summary of the
component level of the power stage block for the virtual prototype DVT with the
component levels of the circuit defined in chapter 3. From Table 4.1 we see that there
are a total of seven different models of the power stage used in the simulation and the
number of model levels varies on different applications. The model level of the power
stage is on a simple to complex order.

Power xfrm  spubber

Lout
|_
— IL Vo

| . »f nm
Vi B { — -

<+ Xfrm :3 : IRectmer ? ? Cout
X reset 3 {
% ]

\AAJ

~AAA

—

1L Current xfrm =
| . Pt i_sense
L] ‘L
ate 2 ” F3
Power switch g f

gate1_1 = 1
1

Fig. 4.7. The power stage circuit diagram of the 5 V forward
converter with active-clamp reset circuit.
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Table 4.1. Summary of the component levels of the power stage block for the
virtual prototype test.

Component level

Model Test type Power | Power| Curren | Rectifier | Lout| Cout| Reset Snubber

number| oy ample switch | xfrm | txfrm

M1 System 1 1 1 1 1 2 N N
interaction

M2 Load 2 2 1 1 1 2 Y N
regulation,
Stability
analysis

M3 Line transient, 2 3 1 1 1 2 Y N
Main power

supply start-up

M4 Load transient 2 3 1 1 1 3 Y N

M5 Control test 2 2 4 1 1 2 Y N

M6 Power stage 2 2 2 1 1 2 Y Y
test

M7 Loss analysis 4 4 2 2 2 2 Y Y
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4.1.4.2 Multi-level simulation of power supply system

The virtual prototype DVT procedure of the 5 V forward converter is the same as
in chapter 2, which is redrawn in Fig. 4.8. The whole procedure will be discussed
through six levels in this chapter as shown in Fig. 4.8. After defining the model
numbers of the power stage, we can also summarize the complexity levels of the
simulation schematics. The definitions of other function block levels are similar to the
ones in chapter 3. Table 4.2 is the summary of a multi-level simulation test table for all

the virtual prototype tests. We will discuss each test in this chapter.
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Fig. 4.8. Virtual prototype DVT flow chart.
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Table 4.2. Summary of the multi-level simulation test table of the
virtual prototype test.

power | gate| pwm bias
test name stage |drive| control| OC | OV | UV | enable | bias
simulation (total modle levles) 7 3 3 1 1 1 1 3
level
Level 1 gate drive test 1
power stage test 6 1
control circuit test 5 1 1
protection circuits test:
OV circuit test 1 1
OC circuit test 1 1
monitoring circuits test:
UV circuit test 1 1
bias block test:
bias power supply stress 3
bias power supply load 2
regulation 2
bias line transient 2
enable circuit test 1
main converter loss 7 2 1 1
Level 2 load regulation 2 1 2 1
Level 3 stability analysis 2 1 2 1
line transient 3 1 2 1
Level 4 load transient 4 1 2 1
main coverter start up 3 1 3 1 1 1
abnormal test:
OV test 2 1 2 1 1 1
OC test 2 1 2 1 1 1
Level 5 short circuti test 3 1 2 1 1 1
main and bias converter
interaction 1 2 3 3
system startup sequence| 1 1 1 1 1
system shut down
Level 6 sequence 1 1 3 1 1 1 2 1
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4.2 Level 1 -- basic function test

The first level of simulation is the basic function test. The main purpose of the
basic function test is to verify the fundamental operations of each individual block, so
the problems related to single blocks can be caught before a more complex or time-

consuming test in later levels.
4.2.1 Main power supply basic function test

Because the tests in this level are relatively simple, we will not go through each
test in detail. The complexity level of the test circuit, simulation CPU time, and the test

condition are summarized in the appendix.
4.2.1.1 Gate drive test

Normally, no individual test of the gate drive is used in a hardware test. However,
gate drive tests can be added in the virtual prototype test to search for any possible
design problems through all operating points. A periodic pulse signal is applied to
replace the control circuit, and two capacitors with Cgs value of MOSFET in the main
power stage are added to the outputs of the gate drive circuit. A detail transformer
model (M4) is used. A series of gate drive tests are performed by varying the duty cycle

from minimum to maximum range.

The gate drive test is to verify the basic gate drive function, check the transformer
saturation, record the delay of the gate drive signal, and record the average bias current

needed for the gate drive block.
4.2.1.2 Main power stage test

The main task in the main power stage test is to verify the forward converter
operation and the reset of the main transformer (i.e. the operation of active-clamp reset

circuit). The component level of the power stage block is M6, as shown in Table 4.1.
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Although a simple rectifier model is used in this test, the snubber is included in the
simulation to check the side-effect of the design. The input voltage and duty cycle are
varied as a set to keep the output voltage at roughly 5 V. The ripple of output voltage is
verified to adjust the output filter design. The final condition of all the state variables

are saved for loss analysis in the next level simulation.
4.2.1.3 Control circuit test

The control circuit test is to verify the control circuit operation, switching
frequency, start-up circuit operation, the maximum duty cycle, the minimum duty
cycle, and the saturation or current bias of the current sense transformer. The
component level of the power stage block is M5, as shown in Table 4.1. The bias
current needed in the control block is recorded in the test. The final state variable values

can be used as the initial condition for the load regulation test.
4.2.1.4 Protection and monitoring blocks test

The protection and monitoring block tests are very straightforward. The tasks are
to verify the basic operation of circuits, find threshold voltages, and record the bias

current needed in the test.
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4.2.2 Bias power supply basic function test
4.2.2.1 Bias circuit test

The bias circuit is a unique power supply, which differs from the main power
supply. The major function of the bias circuit is to provide the bias voltage for the main
power supply system. The test is to verify that the bias can guarantee the normal
operation of the system under different conditions. No restrictive specifications are
provided from a customer specification point of view. Although it also has tests similar
to the main power supply (e.g. load regulation, loss analysis, and transient response),
the tests are focused mainly on finding possible system interactions issues. The routine
tests are trivial and not going to be discussed here; the circuit operations related to

interaction issues are discussed later in the system interaction section.
4.2.2.2 Bias enable block test

Similar to protection circuits, the bias enable test is used to verify the basic

operation of the circuit and find the threshold voltages of the enable signals.
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4.2.3 Summary of the basic function test

Table 4.3 is the summary of test conditions and CPU times for the basic function
test of the main power supply and Table 4.4 is the summary of test conditions and CPU
times for the basic function test of the bias power supply. The test conditions cover the
proposed operating points which need to be tested. More test points can be added

between each point listed in the table.
In the rest of the dissertation, the notations of the table are:

Vmin: minimum input voltage of the whole system operation (30 V in the
example)

VI: minimum normal input voltage of specification (32 V)
Vnorm: nominal input voltage

Vh: highest normal input voltage (72 V)

Vmax: highest operation voltage (80 V)

Imin: minimum load of the whole system operation (0 A)
Idcm: load in dcm operation (1 A)

Iccm: load in ccm operation but closed to dcm boundary (3 A)
25%*Ifull: 25% full load (7.5 A)

In: nominal load (15 A)

Ifull: full load (30 A)

Imax: maximum load (38 A)
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Ib_norm: bias current at normal condition
Ib_max: maximum bias current

Ib_min: minimum bias current

The duty cycle notation is similar to input voltage.

Vsense low to high (2): sense voltage from low to high and high to low (extend to

similar notations in the table).
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Table 4.3. Summary of test conditions and CPU times for the basic
function test of the main power supply

Test type Test condition Simu Total CPU
time (s) | number | time
Vin lo Other of tests | (min)
Gate drive Dmin - Dmax (7) 10u 7 0.14
Power stage Vmin, VI, Imin, Idem, Duty cycle: 100 u 49 4.9
(VI+Vnorm)/2, 25%*Ifull, corresponding to
Vnorm, 50%*Ifull, Vin (7)
(Vnorm+Vh)/2, | 75%*Ifull, Ifull,
Vh,Vmax (7) Imax (7)
Control Same as above Same as aboye 5m 49 49
Protection| OV Vsenselow-high| 1 m 2 0.06
circutis @)
oC - Isense low - high 1m 2 0.06
@)
Monitoring Vsenselow-high| 1 m 2 0.06
circuit: UV @
Total - 111 54.48
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Table 4.4. Summary of test conditions and CPU times for the basic

function test of the bias power supply

Test type Test condition Simu Total CPU
time (s) | number | time
Vin lo Other of tests | (min)
Bias Load Vmin, VI, Imin Ib_norm, Ib_max 2m 14 98
circuit | regulation | (V*Vnormy/2
Vnorm, In Ib_norm, Ib_max 50 14 0.98
(Vnorm+Vh)/2, - T u '
Vh,Vmax (7)
Stress Vmin, VI, Imin Ib_norm, Ib_max 2m 14 19.6
analysis (VI+Vnorm)/2,
vnorm. [ Ib Ib
n norm, Ib_max
(Vnorm+Vh)/2, - - S0u 14 1.96
Vh,Vmax (7)
Line VI toVnorm (2), Imin Ib_norm, Ib_max 3m 12 12
transient | VMmoo Vvh
(2), Vito Vh (2) In Ib_norm, Ib_max 1m 12 9
Load VI, Vnorm, Vh Ib_min to Ib_norm 1m 18 13.5
transient (2), Ib_nto Ib_max
(2), Ib_min to
Ib_max (2)
Total - 98 66.84
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4.3 Level 2 -- steady state analysis

4.3.1 Loss/stress analysis

In a hardware test, the circuit efficiency is obtained by measuring the input power
and output power; the power loss distribution on each component cannot be obtained
from the measurement. The device overstresses are not known until the circuit board is
burned out. In the virtual prototype test, the power loss of each component can be
calculated through simulation and the maximum voltage and current of each component
are compared with the device rating, so the stress problem in the design can be caught
before the first prototyping. The transformer magnetizing current is also inspected to

check the transformer saturation, magnetic bias, and flux walking.

The component level of the power stage block is M7, as shown in Table 4.1. The
loss/stress analysis is to calculate the loss distributed in the main devices, estimate the
efficiency, verify snubber design, check transformer saturation and steady state stresses
of components, and measure the output voltage ripple. Similar to the example in
chapter 2, a simplified gate drive (M2) is used to provide the gate resistance, and a
pulse signal is used to replace the control circuit (M1). The model levels of the function
blocks for loss analysis is shown in Table 4.2. The circuit initial conditions are obtained
from the power stage block test in order to reduce the simulation time.

4.3.1.1 Loss and stress curves

The loss/stress analysis uses the parameter values of the circuit components
according to worst cases (e.g. on-resistance of the device uses the valugs at fig5
example). The real circuit is expected to have less losses in devices and a higher

efficiency.

The efficiency of the main power converter under different load is shown in Fig.

4.9. The dotted lines are measurement and the solid lines are simulation results. The
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loss curves of major semiconductor devices over the whole operation area with
different line and load conditions are shown in Fig. 4.10. Fig. 4.10(a) is the power loss
of main switches. Fig. 4.10(b) is the power loss of the auxiliary switch. Fig. 4.10(c) is
the power loss of the forward schottky diode (rectifier 1). Fig. 4.10(d) is the power loss

of the free wheeling schottky diode (rectifier 2).

The maximum voltage and current of the major semiconductor devices are shown
in Fig. 4.11. Fig. 4.11 compares the device voltage and current stresses to device
voltage and current ratings. The stress values of the devices are obtained by simulation
the circuit under a series of line and load conditions. In the figure, the maximum
currents of the main switch and auxiliary switch refer to rms currents, and the

maximum currents of the rectifiers refer to average currents.
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Fig. 4.9. The efficiency of the main power converter under different
line and load conditions. Solid lines are simulations and
dotted lines are measurements.
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Fig. 4.10 The loss curves of major semiconductor devices. (a) main
switches. (b) auxiliary switch. (c) the forward schottky
diode (rectifier 1). (d) the free wheeling schottky diode

(rectifier 2).
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Fig. 4.11. Comparison of device voltage and current stresses to
device voltage and current ratings. In the figure, the
maximum currents of the main switch and auxiliary switch
refer to rms currents, and the maximum currents of the
rectifiers refer to average currents.

4.3.1.2 DC bias of the magnetizing current in transformer

In loss/stress analysis, the transformer design is verified by measuring the
magnetizing current. Fig. 4.12 shows the average magnetizing current of the power
transformer under whole-circuit operating conditions. The shaded area shows that the
circuit loses ZVT operation of the active-clamp switching due to the dc bias of the
magnetizing current of the transformer at heavy load. The circuit waveforms at Vin =
48 V, lo = 30 A are shown in Fig. 4.13.

It is worth mentioning that the dc bias of the magnetizing does not appear in the
power stage block test, so the dc bias is related to the additional parasitic parameters in

the loss analysis. By comparing the different complexities of the power stage model in
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M6 and M7 of Table 4.1, the leakage inductance of the transformer and the device
parasitic capacitance are two possible parasitic parameters that inducing the dc bias. In
the next chapter, we will show from the circuit analysis that the dc bias of the

magnetizing current is caused by the leakage inductance of the transformer and the

parasitic capacitances of MOSFET, the transformer, and diodes.

The problem could be fixed by increasing the core size. A better solution is to
redesign the circuit. After further study of the circuit design in the next two chapters,
we see that the problem can be fixed by reducing the leakage inductance of the

transformer, as shown in Fig. 4.14. The detail design procedure is discussed in later

chapters.
1ggm__ ..........................................................................................................................................
E Vin=36V
e / ................................................................................
3 Vin = 48 V
—1UUITI—§ ..............................................................................................................................
E Vin=72V
Im (A) 3
—2UUITI—; ..............................................................................................................................
_3ggm_§ ................................................................................................................
3 Shaded area: lose ZVS of
SOOI T active clamp_switch
__I|I|I|III|I|IIIII|I|I|I|I|I|I|I||||||||
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lo (A)

Fig. 4.12. Average magnetizing current vs. lines and loads. It shows
that when the circuit operates in the shaded area, ZVS of
the active clamp switch is lost due to a large biased
negative magnetizing current.
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Fig. 4.13. There is a dc bias of the magnetizing current in a steady
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Fig. 4.14. The problem is fixed by redesigning the transformer into

a smaller leakage inductance.
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4.3.2 Load regulation

The component level of the power stage block is M2, as shown in Table 4.1. A
simple gate drive circuit (M1) and a control circuit without start-up (M2) are used in the
simulation. The circuit initial conditions can be obtained from the control block to

reduce the simulation time.
4.3.2.1 Verify circuit behavior with different loads

In order to get accurate behavior for the system, the virtual prototype should
present the right circuit behavior over different loads. The steady state waveforms of
the main switch drain to source voltage and output voltage at Vin =48 V, lo =15 A'is
show in Fig. 4.15. Fig. 4.15(a) is the simulation result, and Fig. 4.15(b) is the
measurement. The spike of output voltage is due to the ESL of the output capacitor.
Since the main task of the load regulation is to measure the average output voltage, and
since the ESL will not affect the average value of the output voltage, the ESL is not
included in the simulation. It is relatively simple to get an accurate result for nominal
operation conditions, but when the circuit operates at no load or light load conditions,

some parameters of the models are critical for an accurate waveform.

Fig. 4.16 shows the simulation waveform at a light load condition when no delay
of the control block is modeled in the virtual prototype. The circuit has a small duty
cycle in each switching cycle and shows a similar behavior as in a heavy load
condition. Fig. 4.17 shows the waveform of the measurement. As seen in Fig. 4.17, the
control circuit skips several switching cycles due to the delay of the controller chip and
MOSFET (about 300 nS) which introduces a minimum duty cycle. After implementing
a minimum duty cycle block in the control circuit as we discussed in the previous
chapter, the simulation shows a similar behavior as in the measurement. The simulation
result is shown in Fig. 4.18(a). The repeated cycle lengh can be adjusted by changing
the leakage current of the rectifier diodes as shown in Fig. 4.18(b). It also shows that
the leakage current of the rectifier diodes will affect the system behavior in a light load

condition.
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Fig. 4.15 Steady state waveform at Vin = 48 V, lo = 15 A. (a)
simulation. (b) measurement
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Fig. 4.16. Circuit waveforms when the minimum duty cycle
function in the control block is not modeled. Simulation
condition: Vin=72 V, lo =0.05 A.
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Fig. 4.17 Measurement shows different circuit behavior compared
with Fig. 4.16. Vin =72V, lo = 0.05 A.
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Fig. 4.18. Simulation results after a minimum duty cycle function is
implemented in the control block. The circuit operates at
no load and Vin = 72 V. (a) with adequate leakage current
in the rectifier diode model. (b) with smaller leakage
current in the rectifier diode model.

Chapter 4 Using virtual prototype for design, verification, and testing 131



4.3.2.2 Load regulation curve

Load regulation is verified by sweeping the input voltage and load by the whole
operational range. The simulation results are shown in Fig. 4.19. The measurement of

the circuit shows a constant 4.976V due to the limitation of the meter reading.
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Fig. 4.19 Simulation results of the load regulation (experimental

shows output voltage regulated at 4.976 V due to the
limitation of the meter reading).
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4.3.3 Summary of steady state analysis

Table 4.5 is the summary of the test conditions and CPU times for the steady state
test of the main power supply

Table 4.5. Summary of test conditions and CPU times for the
steady state test

Test type Test condition Simu Total CPU
time (s) | number | time
Vin lo Other oftests | (min)
Loss / stress Vmin, VI, Imin, Idem, Dmin - Dmax (7) 10u 49 9.8
analysis (VI+Vnorm)/2, 25%*Ifull,
Vnorm, 50%*Ifull,
(Vnorm+Vh)/2, | 75%*Ifull, Ifull,
Vh,Vmax (7) Imax (7)
Load regulation v, Imin, Idcm, - 20u 35 0.7
(VI+Vnorm)/2, 25%*Ifull,
Vnorm, 50%*Ifull,
(Vnorm+Vh)/2, | 75%*Ifull, Ifull,
Vh (5) Imax (7)
Total - - - -- 84 10.5
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4.4 Level 3 -- small signal stability analysis

4.4.1 Small signal test

SIMPLIS simulates the small signal transfer function by running a series of time
domain simulations with different frequencies of small signal perturbations [38]; this is
very close to a hardware measurement from the impedance analyzer. No small signal
model needs to be derived in the test procedure. The circuit stability can be verified
according to the crossover frequency and the phase margin of the loop gain. A 50
degree phase margin usually is required in circuit design. The stability of the circuit is
verified by running the whole operational range of the input voltages and loads. The

component level of the power stage block is M2, as shown in Table 4.1.

Fig. 4.20 is the comparison of simulation and measurement for a small-signal loop
gain of the active-clamp forward converter at Vin = 48 V and lo = 15 A. The dotted
line is the measurement and the solid line is the simulation. These two results match

very well.

Fig. 4.21 shows the crossover frequency and phase margin of the active-clamp
forward converter over the whole circuit operation range. It shows that the loop gain is
independent of the load current in the simulation. Even though the circuit has a phase
margin larger than 50 degrees under most of the operating points, the shaded area in the

table shows that the phase margin is -20 degrees at the low line condition.
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Fig. 4.20 Comparison of simulation and measurement for the loop
gain and phase of the forward converter with the active-
clamp reset circuit at Vin = 48 V, lo = 15 A. Dotted line:
measurement, solid line: simulation.
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Fig. 4.21. Crossover frequency and phase margin of the active-
clamp forward converter over load and line ranges. (a)
crossover frequency. (b). phase margin.
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4.4.2 Design modification of control loop

The loop gain of the active-clamp circuit at Vin = 36 V is shown in Fig. 4.22. We
can see that there is an additional pole and a zero around the crossover frequency, and

this reduces the phase margin of the loop gain.

Fig. 4.23 shows the loop gain of the circuit with different input voltages. It shows
that the active-clamp reset circuit introduces an additional pair of moving pole and zero
in the loop gain. Studies show that the frequencies of the moving pole and zero are a
function of the resonant frequency of the active-clamp circuit [62, 64, 67]. The resonant
frequency of the reset circuit is

q
f, = m : (4.5)

This is a function of the duty cycle, the magnetizing inductapcand the clamp
capacitance £ In order to eliminate the interaction of the additional pole and zero to
the control loop design, the crossover frequency of the loop gain should be designed far
below the smallest resonant frequency of the active-clamp circuit. The smallest
resonant frequency happens at the lowest line at Vin = 36 V, which has the largest duty
cycle.

The problem is fixed by redesigning the resonant frequency of the active-clamp
circuit to a higher frequency. Fig. 4.22 shows the simulation result after redesigning the
circuit. When the crossover frequency of the loop gain is smaller than the resonant
frequency, the crossover frequency and phase of the loop gain is independent of the

active-clamp circuit as shown in the figure.

Chapter 4 Using virtual prototype for design, verification, and testing 137



20 dB/div gain

0dB
0 deg

90 deg/div

Fc =16 kHz
5. 0K 10.0K 50.0K

Hz
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Fig. 4.23. The small signal loop gain waveforms with different
input voltages. The active-clamp circuit introduces an
additional pole and a zero at the resonant frequency of the
reset circuit, which is a function of the duty cyclg, &nd
Cs.
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Fig. 4.24 Redesign the circuit by moving the resonant frequency to
a higher frequency. The crossover frequency and the phase
of the loop gain are independent of the active-clamp
circuit.
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4.4.3 Summary of small-signal stability analysis

The summary of test conditions and CPU times for the stability test is shown in

Table 4.6.

Table 4.6. Summary of test conditions and CPU times for the

stability test

Test type Test condition Simu Total CPU
freq number | time
vin lo Other (Hz) | oftests | (min)
Stability test v, lccm, 100 - 25 5
(VI+Vnorm)/2, 25%*Ifull, 100 k
Vnorm, 50%*Ifull,
(Vnorm+Vh)/2, 75%*Ifull, Ifull
Vh (5) ®)
Total - 25 5
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4.5 Level 4 -- large-signal transient analysis

In the hardware test, the large-signal transient test is used mainly to verify the
customer specifications, such as output voltage recovery time and output voltage
overshoot during a specific load change. In the virtual prototype test, more tests can be
done to cover different circuit operating conditions, so circuit stability problems, device

overstress or failure under special conditions can be detected before hardware

prototyping.
4.5.1 Line transient

Most of the time, no line transient test is required in the hardware test. The input
voltage rising rate is usually slow due to the input filter of the circuit, so it has less
problems than the load transient which could have a much faster slew rate at normal
conditions. However, in abnormal conditions (such as a rush input current or failure of
the input filter), a fast line transient could affect the circuit operation if the circuit is not
well designed. If a circuit can tolerate step changes of the input voltages and loads, then
the circuit will have fewer problems under undesirable conditions. The robust design of
the circuit will also have less chance to have a recall from the product, which will
increase the product cost and time significantly.

The component level of the power stage block is M3, as shown in Table 4.1. A
transformer with nonlinear saturation characteristics is selected (M3) to present

accurate system behavior in case the transformer is saturated during the transient.

The line transient test runs the circuit through different input voltages, loads, and
input voltage rising rates. Fig. 4.25 shows the output voltggsme the main switch
drain to source voltageiymanwaveforms during a line step change 36 V - 72 V. The
main switch voltage & shows a large peak during the transient which is much larger

than the ripple voltage. The peak is because of the charge unbalance of the clamp
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capacitor of the active-clamp-reset circuit during the transient; details will be discussed
in the next chapter. The worst condition happens when the input has step changes from
low line to high line, as in Fig. 4.25. The transient is independent of load for most of
the cases. From Fig. 4.25 we see that the circuit does not have problems during the line

transient.

o AR
mmﬁ________________\_“_\_‘W%¥'\!E'xfmlmmmm{m,m,we\wwmm 0.2 Ve

MR-~

Yin
50 V/div

L R L L B R LS L LS RS AR AR R R
20u 40u G0u alu 100u 120u

Fig. 4.25. Simulation waveform with input voltage step changes
from32Vto72V,andlo=15A.

4.5.2 Load transient

Similar to the line transient, the load transient test runs the circuit through different
input voltages, loads, and load voltage rising rates. The component level of the power
stage block is M4, as shown in Table 4.1. A transformer with nonlinear saturation
characteristics is selected (M3) to present accurate system behavior in case the
transformer is saturated during the transient, and a capacitor model with ESL is used to
present the possible spike during a fast load transient, as discussed in the previous

chapter.
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Fig. 4.25 shows the output voltaggeand the main switch drain to source voltage
Vgs_manwaveforms during a load step change from 22.5 A to 30 A and 30 A to 22.5 A.
The input voltage is 48 V, and the load change slew rate is 0.625 Alus. Fig. 4.27 shows
the zoomed-in waveforms of Fig. 4.25. It shows that the virtual prototype test can

represent accurate behavior in the transient response.
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Fig. 4.26. Circuit transient response waveforms when load steps up
from 22.5 A to 30 A and down from 30 A to 22.5 A at Vin

= 48 V. The load change slew rate is 0.625 A/us in the
simulation. (a) simulation (b) measurement.
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Fig. 4.27. Zoomed-in view of the circuit transient response
waveforms of Fig. 4.26. (a) measurement of load change
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22.5 A to 30 A. (c) measurement of load change from 30
A to 22.5 A. (b) simulation of load change from 30 A to
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4.5.3 Design problems in large-signal transient

The same as in the line transient, the main switch voltagshdws a large peak
voltage during the transient, which is much larger than the ripple voltage. From the
simulation, it shows that the largest peak occurs when the circuit has a large load
transient from no load to full load at low line. Under this condition, the reverse voltage
of the forward rectifier in the forward converter is 34 V, which exceeds the break down
voltage rating (30 V), as shown in Fig. 4.28. Fig. 4.28 shows the large-signal response
waveforms at Vin = 36 V, lo from no load to full load to no load transient. The load
step slew rate is 1 Alus. Fig. 4.28(a) is the simulation result, and Fig. 4.28(b) is the
measurement. The dotted circle shows that the rectifier voltagexX¢eeds the device
rating at the beginning of no load to full load transient.

Fig. 4.29 shows a zoomed-in waveform of Fig. 4.28 for no load to full load to no
load transient. Fig. 4.29(a) is the measured waveform of no load to full load transient.
Fig. 4.29(b) is the simulated waveform of no load to full load transient. Fig. 4.29(c) is
the measured waveform of full load to no load transient. Fig. 4.29(d) is the simulated
waveform of full load to no load transient. Comparing the measurement and simulation,
it shows that the virtual prototype can predict the dynamic behavior of the system very

well.

The simulation also shows that there is a transformer saturation problem during no
load to full load transient as in Fig. 4.30. These problems are all related to the active-
clamp reset circuit. Although it is possible to adjust the circuit parameters by trials and
errors to fix the problems, the problem's solution is not straightforward. It may require a
lot of time and effort but still not come out as a robust circuit, since these parameters

are not independent parameters and involve different circuit design issues.

In the next two chapters, we will focus on discussing the design issues related to
the active-clamp circuit and demonstrate how to use the virtual prototype simulation to
help in design.
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Fig. 4.28 Large-signal response waveforms at Vin = 36 V, lo from
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circle shows that the rectifier voltagecy exceeds the
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Comparing the measurement and

simulation, it shows that the virtual prototype can predict
the dynamic behavior of the system very well.
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V.
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4.5.4 Summary of large-signal transient analysis

The summary of the test conditions and CPU times for the transient analysis is

shown in Table 4.7.

Table 4.7. Summary of test conditions and CPU times for the
transient analysis

Test type Test condition Simu Total CPU
time (s) | numbe time
Vin lo Other r of (min)
tests
Line transient | VItoVnorm (2), Imin, Idem, Different slewrate§ (0.5 m 108 30.24
Vnorm to Vh (2), 25%*Ifull, of input step
VIto Vh (2) 50%*Ifull, change (3)
75%*Ifull, Ifull
(6)
Load transient VI, Imin to Differentslewrate§ (0.5 m 210 63
(VI+Vnorm)/2, 25%*Ifull (2), of load step change
Vnorm, 25%*Ifull to ?3)
(Vnorm+Vh)/2, 50%*Ifull (2),
Vh (5) 50%*Ifull to
75%*Ifull (2),
75%*Ifull to
Ifull (2), Imin to
50%*Ifull (2),
50%*Ifull to
Ifull (2), Imin to
Ifull (2)
Total -- 336 98.28
150
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4.6 Level 5 -- subsystem interaction

As we can see from the hierarchical test sequence table of Fig. 4.8, the subsystem
interaction test will involve most of the blocks in a subsystem. Protection circuits, such
as over-voltage and over-current protection circuits, are simulated with the main

converter to verify the prompt reaction of the circuit under abnormal conditions.
4.6.1 Main power supply start-up

The start-up test is used to verify the device stresses of the power supply during
start-up, the output voltage overshoot/undershoot, the input current, and the rising time
of the output voltage. The component level of the power stage block is M3, as shown in
Table 4.1. The detail control circuit which includes the start-up circuit (M3), OV, and
OC blocks are included in the simulation. Fig. 4.31 shows the start-up waveforms of
the main power supply. Fig. 4.31(a) is the simulation result, and Fig. 4.31(b) is the
measurement. The input voltage of the simulation is 48 V, and the load is at 2 A. This
shows that the rising time of the output voltage of the main power supply is about 20

mS. The simulation matches the measurement very well.
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Fig. 4.31 Verification of the start-up of the main power supply at
Vin =48V and lo = 2 A. (a) simulation. (b) measurement.
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4.6.2 Abnormal condition test
4.6.2.1 Over-voltage test

The component level of the power stage block for the over-voltage test is M3, as
shown in Table 4.1. The control block without a start-up circuit (M2) is used in the
simulation. The major purpose of the start-up test is to verify the system reaction to
over voltage. The modeling of delays in protection and control circuits is critical for the
accuracy of the system behavior in this type of test.

The over-voltage test is performed by disconnecting the sensed output voltage
during the test. Fig. 4.32 shows the circuit waveform of the over-voltage test. Fig.
4.32(a) is the simulation waveforms, and Fig. 4.32(b) is the measurement. Vss_old is
the control signal in the original circuit to shut down the power stage when the sensed
voltage exceeds the threshold voltage. There is an additional 0.6 V overshoot of the
output voltage due to the delay of the over-voltage circuit in the original design; this
makes the maximum voltage of the power supply exceed the maximum voltage
specification. By redesigning the circuit with less delay in the protection circuit, the
problem is solved. The new control design has a signal Vss_new as shown in Fig. 4.32.
It is worthwhile to mention that the major delay of the over-voltage protection circuit is
from the slew rate of the operational amplifier, so it is critical to add this characteristic
in the IC chip model.
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Fig. 4.32 Over-voltage test waveform. With the old circuit design,
the delay of the over-voltage circuit introduces an
additional 0.6V voltage overshoot. It makes the maximum
voltage of the power supply exceed the maximum voltage
specification.
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4.6.2.2 Over-current test

Similar to the over-voltage test, the component level of the power stage block is

M3, as shown in Table 4.1. The over-current test is performed by increasing the load

source, as shown in Fig. 4.33. In this figugeislthe inductor current, & is the soft

start capacitor voltage, andhVs the output voltage. The over-current protection circuit

acts when the inductor current reaches approximately 38 A.
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Fig. 4.33 Simulation and measurement waveforms of inductor
current and soft start capacitor voltage during the over-
current test. (a) simulation. (b) measurement.
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4.6.2.3 Short circuit test

The component level of the power stage block for short circuit test is M4, as shown
in Table 4.1. Fig. 4.34 shows the short circuit test waveform at Vin = 36 V, lo = 0 A.
Fig. 4.34(a) is the simulation result, and Fig. 4.34(b) is the measurement. The load is
not the same in the simulation and the measurement due to the non-linearity of the short
circuit of the load source in the measurement. The simulation can predict the peak of
the main switch drain to the source voltage and the rectifier voltage. The peak voltage
of the rectifier in the short circuit test is -32 V in the simulation, which exceeds the

rectifier rating and the peak voltage of the rectifier in the measurement is about -30 V.

Fig. 4.35 shows the magnetizing currepnirl the same short circuit test. Similar to
the previous load transient test, the magnetizing current of the transformer stays
positive for a short period as the marked area in the figure, which will cause the diode

reverse recovery problem in the circuit.
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4.6.3 Summary of subsystem interaction

The test conditions and CPU times for the subsystem interaction test is shown in
Table 4.8.

Table 4.8. Summary of test conditions and CPU times for the
subsystem interaction test.

Test type Test condition Simu Total CPU
time (s) | number | time
Vin lo Other oftests | (min)
Main power supply VI, Vnorm, Vh Imin, 50%*Ifull, 35m 9 72
start-up (3) Ifull (3)
Abnormal | OV v, Imin, Idem, 0.5m 30 15
condition test (VI+Vnorm)/2, 25%*Ifull,
Vnorm, 50%*Ifull,
test (Vnorm+Vhy2, | 75%*ifull, ifull (6)
Vh (5)
OC test v, Imin, Idem, 0.5m 30 15
(VI+Vnorm)/2, 25%*Ifull,
Vnorm, 50%*Ifull,
(Vnorm+Vh)/2, | 75%*Ifull, Ifull (6)
Vh (5)
Short v, Imin, Idem, 0.5m 30 15
circuit (VI+Vnorm)/2, 25%*Ifull,
Vnorm, 50%*Ifull,
st | normevhyz, | 75%Hull, Ifull 6)
Vh (5)
Total - - - -- 99 117
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4.7 Level 6 -- system interaction

The system interactions of the bias power supply and the main converter are
potentially far more complex than the interactions between dc-to-dc converters
connected in parallel or cascade. The interactions between the bias power supply and
the main power supply involve all the functional blocks of the entire power supply

system.

Often the design of the bias power supply is assumed trivial, since it consumes
very little power and usually does not have strict specifications in terms of output
voltage regulation and dynamic performance. However, as we can see from Fig. 4.1,
these two converters in the complex power supply system are highly interactive. In
particular, different operating conditions of the main power supply affect the bias
current drawn by the control and protection circuitry of the main power supply. These
line and load changes of the bias power supply will in turn affect the bias voltages of
the main power supply. As we shall show, many of the potential problems resulting
from this interaction are exceedingly difficult to predict analytically and often are very

costly to detect and solve using hardware tests.

In recent years, many efforts have been made to develop simulation methodologies
to help design and detect problems of the power converter [1-6, 27-43, 46-47, 52-54].
The contents of these papers cover issues such as general simulation approaches [1-6],
multi-level modeling for accelerating simulation speed [30-34], inspection of system
interaction of cascaded converters [41-42], loss estimation by using simulation [28, 35],
and start-up transient analysis of the converter [52-54]. However, no literature has been
presented so far on how to use simulation to verify the detailed design of a complex
power supply system. The simulation of two converters with different switching
frequencies is so time-consuming that the study of the interactions of these two

converters usually is reserved for hardware testing.
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This section proposes a simulation approach that can explore the interaction of the
complex power supply system efficiently. By carefully de-coupling the two converters
while including the important characteristics of each converter in the simulation, the
simulation CPU time is reduced to a practical range. The objective of the section is to
verify the methodology by using measured data from an actual power supply system
illustrated in Fig. 4.1. Moreover, it also shows how to look for solutions when detecting

the potential problems.

The main power converter of Fig. 4.1 operates at a switching frequency of 500
kHz, while the bias power supply operates at a variable switching frequency in the
megahertz region. This section shows that the proposed simulation approach can verify
important aspects of the power supply system design effectively. The performance of
the bias power supply over the whole load range, the interactions of the bias power
supply and the main power supply during large-signal transients, and the start-up
sequencing of the power supply system are discussed in this section. We confirm the

validity of the simulations by comparing critical waveforms with lab measurements.
4.7.1 Bias circuit tests

This section will discuss the bias circuit tests that relate to interaction discussions.
4.7.1.1 Verification of steady state performance of the bias circuit

The actual circuit operation differs from the ideal flyback circuit because of the
magnitude of the gate drive current that is coupled to the primary through the
transformer winding n3. The turn-on of Q2 draws an additional current from the gate
drive circuit and this additional current is reflected in the primary current, thus
generating a higher current spike during the turn-on of the power switch Q1.

Fig. 4.36(a) shows the steady state simulation waveform of the bias power supply
with Vin = 48 V, | pias= 80 MA, andd pias= 40 MA, in which |} niasis the primary bias
load current, and; lyiasis the secondary bias load current. The waveforms shown in Fig.
4.36(a) are the drain voltagq of the power switch Q1, the gate voltage and the
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current sensor voltagew Fig. 4.36(b) shows the measurement of the circuit under the
same operating conditions. The simulation shows very close agreement with the
measurement. Both the simulation and measurement waveforms show a high spike

voltage on g4 at turn-on.
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Fig. 4.36. Steady state waveforms of the bias power supply at V
48 V, |, pias= 80 mA, andd pias= 40 mA. Simulation and
measurement shows a high spike at the switch on instant in

the bias power supply in steady state. (a) simulation. (b)
measurement.
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4.7.1.2 De-coupling the bias from the main power supply

The bias power supply has two outputs. The self-oscillating mechanism causes the
conversion frequency of the bias power supply to vary as a function of line and load. It
is important to understand the nature and range of load variation for both the primary

and secondary outputs of the bias power supply.
4.7.1.2.1 Estimate the load range of the secondary bias power supply

The secondary bias power supply provides the internal bias current for control,
over-voltage protection, under-voltage protection, and over-current protection circuits
of the main power supply. The bias supply current is monitored during the simulation
for each of these circuit blocks. Table 9 shows that the total estimated load range of the
secondary bias power supply is 35 - 45 mA dc. Only the main converter is needed in

the simulation to obtain these estimates.

Table 9 Estimated secondary bias power supply currents from the
previous simulation.

Block name Control oV oC uv Total

Normal bias 28 3 2 2 35
supply current
(mA)
Maximum bias 32 5 3 3 43
supply current
(mA)

4.7.1.2.2 Estimate the load of primary bias power supply and its interaction with the

secondary bias power supply

The primary bias power supply powers the gate drive circuit of the main power
supply. In order to reduce the simulation time, the load on the primary bias supply is
represented by the gate drive of the main converter driving a MOSFET model. The
complete power stage of the main power supply is not used in the simulation. The load
on the secondary bias is represented by a constant resistance. Fig. 4.37(a) shows the

Chapter 4 Using virtual prototype for design, verification, and testing 164



simulation waveforms of the gate signal of the MOSFET mogeki the secondary

bias voltage ypias and the primary bias voltage, Mas The corresponding lab
measurements are shown in Fig. 4.37(b). The load gnsof the gate drive current of

the main converter is a pulsating current. The interaction between these two power
supplies along with the dynamic cross regulation of the bias power supply can be
observed in both Fig. 4.37(a) and 5(b).

We conclude that since the ripple on the secondary bias voltage caused by the
pulsing load on the primary bias is less than 50 mV, it is not necessary in subsequent
simulations to use a pulsing current model for the primary bias load. A constant current
model can be used. From the simulation and measured data, the average primary bias
current is 80 mA at full load.

It was observed that when the main converter operates at high line and no load, the
main converter will skip several switching cycles to regulate its output voltage. Under
these conditions, the average load current on the primary bias is extremely small. Next,
we examine what is required to simulate this type of interaction accurately.

4.7.1.3 Design verification of the operating characteristics of the bias power supply

Previous analysis shows that the load of the bias power supply can be simplified to
different constant loads. The load of the primary bias is 80 mA except when the main
converter is under high line, no load conditions such that the primary bias load is near O
mA. The load of the secondary bias is typically 40 mA and could vary over the range of
35 — 45 mA. First, we will characterize the bias supply operation under extremely light

load conditions. Next we will find the worst case large signal transient condition.
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Fig. 4.37. Effect of the pulsating gate-drive current of the main
power supply on the bias power supply. (a) simulation. (b)
measurement.
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4.7.1.3.1 Characterize extremely light load operation

Under the extreme conditions where the main power supply is at high line and no
load, the bias power supply operates with a sub-harmonic oscillation as shown in Fig.
4.38 and Fig. 4.39. Fig. 4.38(a) and Fig. 4.39(a) are the simulation results and Fig.
4.38(b) and Fig. 4.39(b) show the lab measurements. It is interesting to note that the
bias supply behavior is sensitive to the parasitic base collector capacitance of Q2. We
measured two different printed circuit board layouts, and the difference can be seen by
comparing Fig. 4.38(b) and Fig. 4.39(b). The simulation can reproduce both circuit

behaviors by adjusting the parasitic capacitance +/-25%.

It is important to find the sensitivity of the main power supply to this ripple on the
secondary bias supply. First, we need to look for other possible sources of interaction

before we discuss the interaction with the bias power supply and the main power

supply.
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Fig. 4.38. Output voltage of the primary and secondary bias power
supply at \h = 75V, b_pias= 2 MA, andd pias= 40 mA. (a)
simulation. (b) measurement.
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Fig. 4.39. Output voltage of the primary and secondary bias power
supply with a different printed circuit board layout at ¥
72V, ly pias= 2 MA, andd pias= 40 mA. (a) simulation. (b)
measurement.

Chapter 4 Using virtual prototype for design, verification, and testing 169



4.7.1.3.2 Investigate large-signal transient response of the bias power supply

In order to predict the interaction of the bias power supply with the power supply
system during transients, the first step is to find the worst scenario of the bias voltage
response during line and load step changes. Large signal transients include load step
changes from 35 mA - 45 mA and 45 mA to 35 mA with different line voltages, and
line voltage step changes with different load conditions. By simulating the circuit under
these load and line conditions, the simulation results show that the largest variation of
the secondary bias power supply output occurs at a line change from 36 - 72V with
lp_bias= 80 MA andd pias= 40 mA which is shown in Fig. 4.40.

50 V/div

0.5 V/div

20u diu B0 aiu 100u 120u 140u
Time (s)

Fig. 4.40. Load transient response of the bias power supply with a
line step change of 36 - 72\, dias= 80 MA, andd pias=
40 mA.
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4.7.2 Interaction of bias power supply with the power supply system

The component level of the power stage block for system interaction tests is M1,
as shown in Table 4.1. The active-clamp-reset circuit is not used in the simulation.

Most of the components in the power stage block use the simplest model levels.

4.7.2.1 Interaction of the bias power supply and the main converter due to

variation of secondary bias voltage

In the previous section, we see that when the main power supply operates at high
line and no load condition, there is a low frequency ripple voltage on the secondary bias
power supply. It is very important to study the sensitivity of the main power supply to
this ripple voltage. A saw-toothed signal is used to emulate the secondary bias power
supply ripple to reduce the simulation CPU time. The simulation conditionsjare V
72V, b pias= 2 MA, andd pias= 40 MA.

By varying the ripple value of this saw-tooth, we can explore the sensitivity of the
main power supply to this ripple. Simulation testing on an early development version of
this circuit shows that the main power supply was sensitive to the ripplepsnhen
the ripple is larger than 2 V as illustrated in Fig. 4.41. The output voltage of the main
converter y, the inverting input voltageiy and the output voltage.p, of the error
amplifier, and the voltage of the soft staygare defined in Fig. 4.42 where we see the
simplified control and soft-start circuit diagram of the main power supply. All the
voltages are referenced to the ground in Fig. 4.42. The soft-start circuit is designed to
pull the inverting pin of the error amplifier to a high voltage to limit the rising rate of
the duty cycle during start up. However, the ripple of the bias supply voltagg v
could couple through C103 and Q101 when the ripple is too large. This could induce a
low frequency noise in the output voltage of the error amplifier, and thus the output
voltage of the main converter. In the lab, the largest ripple of the secondary bias voltage
is less than 1 V, which is below the critical condition. However, using the simulation,
we found that the ripple could be larger than 2 V when the parasitic base collector

capacitance of Q2 is 50% smaller than the present value in the actual circuit. The
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sensitivity of the main power supply to the secondary bias voltage ripple can be
reduced by redesigning the bypass resistgy,irlRthe soft-start circuit to reject the

higher ripple of the secondary bias voltage. The simulation is shown in Fig. 4.43 to
verify the design. The low frequency output ripple of the main power converter is

eliminated.
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Fig. 4.41. Output voltage of the main converter carries low
frequency ripple due to the output ripple of the secondary
bias voltage.
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Fig. 4.42 Simplified control and soft-start circuit diagram.
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Fig. 4.43. Eliminate the low frequency output ripple of the main
converter by redesigning the resistos iR the soft-start
circuit.
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4.7.2.2 Power supply interactions during large-signal transients

Large-signal transient analysis shows that the worst case transient response of the
bias voltage happens during a line step from 36V to 72V whgr+ 80 mA andd pias
= 40 mA. A voltage source with a step change from 12 V to 13 V and rising rate 60
us/V is used to represent the worst case of the dynamic response in the bias power
supply. The sensitivity of an early development version of the main power supply is
shown in Fig. 4.44. The main output voltage shows a 30 mV dip due to the

secondary bias voltage variations during the line transient.

Similar to the previous section about the ripple voltage of the secondary bias, this
problem can be solved by adjusting the bypass resigtor tRe soft-start circuit. The
simulation waveforms after adjusting the resistpaf shown in Fig. 4.45. The output

variation of the main power converter is eliminated.
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Fig. 4.45. Eliminate the interaction of the bias power supply with

the main power supply during transient by adjusting the
bypass resistorRn the soft-start circuit.
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4.7.3 System start up sequence

Since the system start-up usually requires a long-term simulation, it is wise to
reduce unnecessary system complexity before simulation. The simulation methodology
is to de-couple the main power supply and the bias power supply without losing the
behavior of the power supply system. The simulation procedure is to split the whole
start-up test into two intervals. The first interval is the period before the output of the
main converter begins rising, the second interval is the period after the bias power
supply approaches a steady state and all the control and protection circuits are operating

normally.

Before the output voltage of the main power supply starts up, the main power stage
is inactive, so it can be eliminated in the simulation. The gate drive signal of the main
power supply is monitored to verify the inactive state of the main power stage. All the
output signals of the control circuits are monitored to verify the correct sequence during
the system start-up. The simulation period for the first interval is 2 mS and the CPU

time is 4 minutes.

Fig. 4.46(a) shows the simulation waveforms of the control circuit signals of the
main power supply as the entire power system starts up. The output voltage of the error
amplifier Verror Shows a "bump” during the bias voltage ramp-up. This is because the
voltage of the non-inverting pin of the error amplifigs My is larger than the voltage of
the inverting pin , during the "bump" period. This "bump" could possibly turn on the
main converter for a short period during start-up. However, the measurement in Fig.
4.46(b) does not show any "bump" during the bias voltage ramp-up period. By
comparing the simulation and the measurement, we find thatavhps up at a slower
rate in the actual circuit because the PWM reference voltage of the controller chip rises
rather slowly. The slew rate of the PWM reference voltage of the controller chip needs
to be modeled in order to capture this behavior. This also shows that it is important to

control the relative timing of the.y and Vi, _iny Signals during start-up. To confirm this
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understanding, in Fig. 4.46(c), we added a capacitor across the inverting pin of the error

amplifier to slow its slew rate.

The second interval of the test starts after the secondary bias power supply reaches
a steady state and all the control and protection circuits start to operate normally. The
bias power supply can then be replaced by a constant voltage source in this test. The
main power supply is included in the test to verify the control and protection circuits
design during the main power supply start-up. This test is covered in the main power

supply start-up test.

It is important to mention that the CPU time is about 100 minutes if both power
supplies are included in the whole system start-up test. Even if the simulation CPU time
is not critical for a single simulation, in practice, many simulation iterations are needed
for design verification. Using the proposed procedure can reduce the simulation time

dramatically.
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Fig. 4.46 Verification of start-up sequence of the power supply
system before the output voltage of the main power supply
starts up. (a) simulation waveforms. (b) measurement. (c)
verification of the circuit sensitivity to the timing of the
input pins of the error amplifier during start-up.
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4.7.4 System shut down sequence

The system shut down test is very straightforward. The component level of the

power stage block for the shut down test is M1 as shown in Table 4.1 We will not

discuss it in detail.
4.7.5 Summary of system interaction

Table 4.10 is the summary of test conditions and CPU times for the system

interaction test of the main power supply.

Table 4.10. Summary of test conditions and CPU times for the
system interaction test

Test type Test condition Simu Total CPU
time (s) | number time
Vin lo Other of tests (min)
System Vnorm - - -- 5 10
interaction with
bias power
supply
System start-up| VI, Vnorm, Vh | Imin, 50%*Ifull, - 3m 9 45
sequence ©) ffull, (3)
System shut VI, Vnorm, Vh Imin, 50%*Ifull, - 20m 9 54

down sequence 3 Ifull, (3)

Total - - - -- 23 109
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4.8 Summary

This chapter demonstrates the virtual prototype test procedure to verify both the
component and the system level performance of a complex power supply design. The
simulation capability illustrated in this chapter can enable a designer to detect design
problems before building a first prototype contributing to a significant reduction in the
design cycle time. Fig. 4.47 is the summary of virtual prototype test numbers and

simulation CPU time. For total 776 test, the simulation CPU time is 7.7 hours.
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Fig. 4.47. Summary of virtual prototype DVT total number of tests
and simulation CPU time.
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5. ANALYSIS OF ANOMALIES OF THE ACTIVE-CLAMP
FORWARD CONVERTER WITH THE AID OF VIRTUAL
PROTOTYPE

5.1 Introduction

In previous chapter, several problems are detected which related to the active-
clamp reset circuit of the forward converter. Since one parameter change in active-
clamp reset circuit affects many responses of the circuit, it is very time consuming to
adjust the circuit parameters to fix problems in each test and make trials and errors to
verify all the other test. A better solution is to understand and predict the possible

problems of the circuit and design the circuit with considering of all the design issues.

The virtual prototype developed in previous chapters can change parameter values
in the circuit and run a series of simulations in a short simulation CPU time. This shows
more advantages in analyzing, debugging, and redesigning the circuit compared to the
hardware prototype as follows:

e It is easier to simulate any part of the circuit and vary any parameter values in
circuit topologies using simulation. Comparing the differences of the
simulation results among these changes can help us to understand the circuit

and find the solution to solve the problems.

e Most of the times, the analytical equations of the circuit is very hard to derive,
simulation can get the characteristic curves of a circuit easily and provide the

information needed in a design.
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In this chapter and next chapter, we will demonstrate how to analyze and design
the active-clamp-reset circuit in the forward converter with the aid of virtual prototype
simulation. From previous simulation, it shows that there are several design problems
in the active-clamp reset circuit: a large dc bias of the magnetizing current of the power
transformer causes the loss of ZVT in active-clamp switch; the interaction of the reset
circuit to forward converter reduces the phase margin of small signal loop gain; and the
resonant of the magnetizing current and clamp capacitor causes a high peak of the
output voltage of the main switch during transient and abnormal conditions. We will
analysis these anomalies of the active-clamp forward converter in this chapter and

propose a design guideline to solve these problems in the next chapter.

5.2 Effect of component parasitics to steady state behavior

A number of papers have discussed design issues relate to the active clamp reset
mechanism [55-69]. The negative dc bias of the magnetizing current in the active clamp
circuit has been observed and mentioned in the literature [56]. However, no detailed
analysis and explicit equations have been provided in the paper. It is very important to
estimate the dc bias of the magnetizing current before the prototyping, so that the dc
bias can be considered in the original transformer design.

In this section, we all show that there is a positive or a negative dc bias of the
magnetizing current of the transformer in the circuit due to the parasitic capacitance, C
and the leakage inductance. [This dc bias could saturate the transformer, cause diode
reverse recovery problem, and make the active clamp switch lose zero voltage turn-on.
This paper will analyze the dc operation of the active clamp circuit with the parasitic
parameters k.. and G, and derive the numerical equations of the dc bias to verify the
observation in the simulation. The design guideline regarding the dc bias of the
transformer will be discussed in the next chapter. It is the first time that a numerical
equation of the dc bias of the magnetizing current has been provided.
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5.2.1 Simulation observations

From previous simulation, we found that the dc bias of the magnetizing current
was not shown in the power stage test (Fig. 5.1), but shown in the loss analysis test as
in Fig. 5.2. Comparing the simulation schematics, we found the major differences in
these two tests are the capacitance of the devices and the leakage inductance of the

transformer is included in loss analysis test.

We will simulate the circuit by including each individual parasitic parameter
separately to see the effect of each parameter. Fig. 5.3 shows the simulation waveform
with the parasitic capacitances included in the schematics and Fig. 5.4 shows the
simulation waveform with the leakage inductance of the transformer included in the
schematics. The circuit condition is at nominal: Vin = 48 V and lo = 15 A. We see that
the parasitic capacitances introduce a positive dc bias of the magnetizing current, while
the leakage inductance of the transformer introduces a negative dc bias of the
magnetizing current. Comparing with the simulation with both parameters in the
simulation as in Fig. 5.2, we see that the bias of the magnetizing current is closed to the

sum of each bias value.
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Fig. 5.1 Simulation of the power stage test without parasitic
parameters of devices and transformer does not show the
dc bias of the magnetizing current of the transformer.
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Fig. 5.2. With the leakage inductance of the transformer and
parasitic capacitances of devices, there is a dc bias of the
magnetizing current in steady state operation. The circuit
loses ZVS of active clamp switch as shown in the figure.
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has a negative dc bias of the magnetizing current of the

transformer.
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Fig. 5.5 shows the bias magnetizing current curves with different input voltages,
loads, and the parasitic capacitances;J@e parasitic capacitances introduce a positive
dc bias of the magnetizing current. The worst case of the positive dc bias occurs at low

line and large ¢ the load has no effect of the dc bias in this condition.

Fig. 5.6 shows the dc bias magnetizing current curves with input voltage, loads,
and the leakage inductancey. [The leakage inductance introduces a negative dc bias
of the magnetizing current. The worst case of the negative dc bias occurs at full load

and large k, the input voltage has no effect of the dc bias in this condition.

If the observation is correct, we can use simulation to provide design curves and
generate a design procedure according to these simulation curves. First we will analyze
the circuit operation to verify the observations in the simulation.
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5.2.2 Analysis of the effect of the parasitic capacitance and the leakage

inductance of the transformer
5.2.2.1 Design issues

As described in the previous section, the average magnetizing curamdrione
switching cycle is zero in an ideal circuit. However, there is a positive or negative dc
bias of the transformer magnetizing current in steady state when the parasitic
capacitance £ and the leakage inductance of the transformeare considered. The
circuit diagram is shown in Fig. 5.7, in which; G the total equivalent parasitic
capacitance of the main switch, &ctive clamp switch,,Sand the transformer, ang L

is the leakage inductance of the transformer.

In this section, we will show that the amplitude of the dc bias of the magnetizing
current is a function of Ly, input voltage, and load. The positive dc bias is due to the
extra energy stored in the parasitic capacitance, and the negative dc bias is due to the
extra energy stored in the leakage inductance of the transformer. A large positive dc
bias could saturate the transformer core or have diode reverse recovery problem; and a
large negative dc bias could saturate the transformer core or lose ZVS of the active-
clamp switch as shown in Fig. 5.8. This section is going to explain the dc bias
phenomenon and derive the explicit equation of the dc bias of the magnetizing current,
so that the problem related to the dc bias current can be considered in the original

transformer design.
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Fig. 5.7. Circuit diagram of the active-clamp forward converter
with the equivalent parasitic capacitance &nhd the
leakage inductance of the transformer L
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Fig. 5.8. Problems due to the dc bias of the magnetizing current of
the transformer. (a) a large positive dc bias could saturate
the transformer core or have diode reverse recovery
problem. (b) a large negative dc bias could saturate the
transformer core or lose ZVS of the active-clamp switch
turn-on.
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5.2.2.2 Positive dc bias of the magnetizing current

Fig. 5.9 shows the steady state operation waveforms of the active-clamp forward
converter with a positive dc bias of the magnetizing current. The positive dc bias of the
magnetizing current happens when the energy stored in the leakage indugtasice L
less than the energy stored in the parasitic capacitand@e€Cause of the parasitic
capacitance and the leakage inductance, the operation of the circuit in Fig. 5.7 is
slightly different than the one we discussed in chpater 4. The difference can be seen

after main switch gs turned off. There are six stages during a switching cycle.

Stage 1 [§ - T]: After the main switch Sis turned on at t =¢J the output current
lo flows through rectifier B} inducing a current in the primary winding of the
transformer. L, is charged by input voltageVAs a result, the main switch curreqt i

during this interval is given by
g =i, +—. (5.2)

This topological stage ends at t § When the main switch;$s turned off.

Stage 2 [T - T,]: After the main switch Sis turned off at 7, capacitor ¢is
charged by the reflected load current in the primary Windlkﬁg,This stage ends when
n

Vg1 reaches the input voltage, ¥t To.

Stage 3 [} - T3] After vs; reaches Y, the secondary voltage becomes equal to
zero, and the transformer is shorted. Since the current in rectifearibot be reduced
to zero immediately due to the leakage inductangeamdl 3 are simultaneously
conducting during this period. The leakage inductap&tarts to resonate with,I'his
stage terminates at t =, Twhen the current in Ddecreases to zero and the leakage
inductance currenicibecomes equal to the magnetizing currgnDuring this stage,
the magnetizing current keeps constant since the primary and the secondary of the

transformer are shorted.
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Stage 4 [ - T4]: At T3, D; disconnects, and the transformer is an open circuit.
Since the energy stored iR € larger than the energy inLCs has not been charged to
Vint+ V¢ at Ts. Ly, and Ly continue to resonate withs@ntil vs; = Vip + Ve at Ta.

Stage 5 [} - T4 ]: At T4 current in the leakage inductance and the magnetizing
inductance continues to flow through the anti-parallel diode of switcdn& clamp
capacitor G Due to a negative voltage;\across the magnetizing inductancg, i
decreases. If capacitancgi€ assumed large so that the ripple of the clamp voltage V
is small compared to the dc component, the downslopg if constant. This stage
ends, when,i reaches zero at t =, T The active clamp switch,Scan be turned on

anytime during this period with ZVS.

Stage 6 [} - Ts]: When the current in the anti-parallel diode of switshe®iches
zero at T, the active clamp switch,Starts to conduct. The magnetizing curreqt, i
will continue to flow in the opposite direction through $his stage ends at t =, T

when switch &is turned off.

According to the charge balance, the shaded arealofing [T - T, ] interval is
equal to the one during {T- Tg] interval as shown in Fig. 5.9, i.e’i= ic. The
magnetizing current,ifollows the charge currentduring [T, - Ts] interval, but during
[Ts—T4] interval, G is charged by, and . Since L, >> Ly, Lk is neglected. The
additional variation ofj in this period induces additional magnetizing current, j,£., |

> |, where, | " =i _(t; pnd 1, =i (t5).

In order to maintain the flux balance, there is a positive dc bias of the magnetizing
current in the transformer as shown in Fig. 5.9. If the dc bias of the magnetizing current
is too large,l ,~ is positive during the whole switching cycle, the magnetizing current is
still conducting through the anti-parallel diode of the active-clamp switath8n the
main switch $is turned on. As a result, there is a large diode reverse recovery current
conducting through diode spto the main switch, $ which could damage the

semiconductor devices.
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According to the energy balance during {TT5]

1

Co- (4(6) -V - 5+ Co (46 -,

N

where

iﬁm=%+mm

In(t) =i (t) = 1
i) =1,
V(L) =V,
Vy(ts) =V, +V.

c

When '70 >> i, we can simplify (5.2) to:

%'Lm'(|m+)2_%'|-m'(|m_)2z%'CS'VCZ__'

2

1
2

. 1 . 1 .
E' Ly -1y ()% + E L i (t2)? — 5 : (le + Lm)' Im(t5)2

(5

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)
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Fig. 5.9. Circuit operation waveforms with positive dc bias of the
magnetizing current.
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5.2.2.3 Negative dc bias of the magnetizing current

Fig. 5.10 shows the steady state operation waveforms of the active-clamp forward
converter with a negative dc bias of the magnetizing current. The negative dc bias of
the magnetizing current happens when the energy stored in the leakage indugtance L
is larger than that in the parasitic capacitange There are six stages during a
switching cycle, in which stages 1, 2, 5, and 6 are the same as in the positive dc-bias
current case. Only stage 3 and 4 are different, which are [lg] and [Tz - T4

intervals.

Stage 3 [F - T3]: After main switch $is turned off and & reaches Y at T2, the
secondary voltage becomes equal to zero, and the transformer is shorted. Since the
current in the rectifier diode Dcannot be reduced to zero immediately due to the
leakage inductance of the transformey,ddd B are simultaneously conducting during
this period. The leakage inductanger@sonates with Quntil C; is charged to W+ V.
at Ts.

Since the energy stored ingLlis larger than the energy ing,Che leakage
inductance currenikiis larger than the magnetizing currepat Ts. During this stage,
the magnetizing current keeps constant since the primary and the secondary of the

transformer are shorted.

Stage 4 [T - T4]: At T3, current in the leakage inductance, which is larger than the
magnetizing current, continues to flow through the anti-parallel diode of switahdS
resonate with the clamp capacitog. ©, and B are still simultaneously conducting
during this stage, and the magnetizing current keeps constant since the primary and the
secondary of the transformer are shorted. This stage terminates af tvheh the
leakage curreniiis equato the magnetizing current.iAt T4, D; disconnects, and the
transformer is an open circuit. At the next staggahd Ly start to resonate withC

which is the same as discussed in the positive dc-bias current case.
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According to the charge balance, the shaded areadufing [T; - T4 ] interval is
equal to [T - Ts] as shown in Fig. 5.10. During {F T4, C. is charged by leakage
inductance jj. The magnetizing curren, ionly follows i during [T, - Tsg], the two

shaded area of,iis not equal. i.e.,.f < I, wherel "=i_(t, Jandl ~=i_(t;). In

order to maintain the flux balance, there is a negative dc bias of the magnetizing current

in the transformer as shown in Fig. 5.10.

If the dc bias of the magnetizing current is too larh€g, is negative whengy

reaches ¥ + V. at T,. As a result, the current flows through the active-clamp switch,
S,, instead of the anti-parallel diode wheni$turned off and Sis turned on. In this

condition, $ is turned on with hard switching, that increase the loss of the circuit.

According to the energy balance during {TTs],

1 . 1 . 1 .
P le iy (t2)2 +=- I-m : Im(t2)2 - le + I-m "m(ts)2
2 . 2 . 2 ) , (5.9)
:E'CS'(Vs(tS)_\/in) _E'CS'(Vs(tZ)_Vin)

where
() =22 +1,0,) (5.10)
in(t) =i,) =1,@t) =1, (5.11)
im(ts) =1, (5.12)
Vs(t,) =V, (5.13)
Vo(ts) =V, +V; (5.14)
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Whenl—0 >> i, we can simplify (5.9) to:
n

2
%.Lm.(|m+)2_%.Lm.om‘)?z%.cs.vcz_%.hk.(Iﬁj (5.15)

Chapter5 Analysis of anomalies of the active-clamp forward converter with the aid of virtual prototyd®7



S, on off on

SZ off on off
<— t 3 t —>
on off
] Vin + Vc
Ver e 2 it Al ittt -V

1.5 777 i
. \ -
discharging

~ charging -
I, ¢
isec \
T2
T, T, T, T, T/ T

Fig. 5.10. Circuit operation waveforms of the negative dc bias of
the magnetizing current.
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5.2.3 Derivation of the dc bias of the magnetizing current

According to the energy balance equations (5.8) and (5.15), for both the positive
and the negative dc-bias current, we get:

2
%.Lm.(|m+)2_%.Lm.om‘)?:%.cs.vcz_i.hk.(Iﬁj (5.16)

This equation can also be written as

2
%- Lo+ 10) (7 - lm)=%-Cs-ch —%- L, (IFJ (5.17)

Since [T-T,] interval is very short, the peak to peak magnetizing current can be
approximated by

La(pp)=1,"—1, =V""L$ (5.18)
Let
Im(bias)=%~(lm+ i, (5.19)
E. - % .C. V2 (5.20)
= =%- Ly {%jz (5.21)

where Jy(bias) is the dc bias of the magnetizing currepfjsthe energy stored in

the parasitic capacitance, @nd E is the energy stored in the leakage inductance L

Replacing (5.17) with (5.18) - (5.21), the dc bias of the magnetizing current can be
written as
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|, (bias)= Ec. ~ Eu

— Sk 5.22
Vin DTy 22

In addition, the maximum magnetizing current is:

. 1 Ecc—El|  V,,-D-T,
| .(max) =1, (bias) + > l.(pp)= |Vm — -Ts| D (5.23)

The terms in the equations are defined as in Fig. 5.11. Fig. 5.12 shows the
simulation and calculation results of the dc bias of the magnetizing current under
different input voltage and load conditions. The circuit specification;is= Y00 - 400
V,Vo=5V, |Lb=0-20 A with Iy =5 uH and €= 600 pF. The simulated curves are
dotted lines and the calculated curves are solid lines. The results match very well. Fig.
5.12 shows that the negative dc bias is more severe than the positive dc bias, due to the
range of the parameter values. The negative bias magnetizing current is the major

concern in an practical circuit design.
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Fig. 5.11. Definition of the terms in the bias magnetizing current
equations.

Vin =48V

''''' Vin=72V

m@) |3 T

lo (A)
Fig. 5.12. Simulated and calculated dc bias curves with different

loads and input voltages whef E 0.8 uH and €= 100
pF. Solid lines: simulation. Dotted lines: calculation.
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5.3 Effect of active clamp reset circuit to large signal transients

5.3.1 Simulation observations

From previous virtual prototype DVT, several problems detected are related to the
dynamic responses of the active-clamp-reset circuit in large signal transients. It shows
that there could be a large peak switch voltage and magnetizing current which is much
larger then the ones in steady state in large-signal transient and circuit abnormal
conditions. These dynamic behaviors could cause switch voltage stress, transformer
saturation, or diode of the active clamp switch reverse recovery problems. The transient
waveforms during load change and short circuit test are redrawn in Fig. 5.13 - Fig.
5.16. The solution to these problems is not obvious from simulation observation, we

will analyze the transient behavior of the circuit before the design modifications.
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Fig. 5.13 Large-signal response waveforms at Vin = 36 V, lo from
no load to full load to no load transient. Load step slew
rate is 1 A/us. ¥r exceeds the device rating.
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Diode reverse recovery problem

Fig. 5.14 Simulation shows there is a diode reverse recovery
problem during no load to full load transient at Vin = 36
V.

Chapter5 Analysis of anomalies of the active-clamp forward converter with the aid of virtual prototy 203



Yds_nain

a0

25 V/div

;““UU L

] L 5 Vidiv
Yo
50 A/div
Io

T ™ T AR AR RN RN
1800 200u 220y 240y 2600 280

Time (s)

Fig. 5.15 Short circuit test waveform at Vin =36 V, lo =0 A.
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Fig. 5.16. Short circuit test at Vin = 36 V, lo = 0 A. The marked
area shows diode reverse recovery problem of the active-
clamp circuit due to a positive magnetizing current in a
short period.
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5.3.2 Design issues

In order to solve the circuit problems in large-signal transient, we need to
understand the dynamic behavior of the circuit. Since a forward converter with current
mode control has more non-linear characteristics than the one with voltage feedback
control, we will start from a simple case, i.e., an active-clamp forward converter with
voltage mode control. The simplified circuit diagram of the forward converter with the
active-clamp reset with voltage feedback control is shown in Fig. 5.17. The active-
clamp-reset circuit consists of the series connection of auxiliary switeimdsclamp
capacitor G. It should be noted that transformer in Fig. 5.17 is shown as a parallel
connection of the magnetizing inductangg and the ideal transformer with a turns-

. N
ration = —=.
S

( +) Vref

Fig. 5.17. Circuit diagram of active-clamp forward converter with
voltage feedback control.
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To illustrate the behavior of the forward converter with active-clamp reset, Fig.
5.18 shows the simulation results of the circuit in Fig. 5.17 with output-voltage
feedback control during large-signal transients. Fig. 5.18(a) shows clamp-capacitor
voltage \&, magnetizing current of the transformgr &nd output voltage of the error
amplifier Ve during an input-voltage transient from 100 V to 200 V. Fig. 5.18(b) shows
the same waveforms during a load transient from 18 A to 20 A. The circuit parameters
are: y=2.5 mH, G=22 nF, maximum duty cycle J@=0.7, switching frequency
f<=100 kHz, and control loop crossover frequens®6 kHz.

As can be seen from Fig. 5.18(a) and (b), the peak voltage of the clamp voltage
and magnetizing current during transients are much larger than the ripple voltage and
current in steady state. Therefore, for a proper design of the circuit, it is very important
to understand the circuit performance and predict the maximum stresses of the

components during large-signal transients.

Specifically, before the input-voltage transient, the converter in Fig. 5.18(a)
operates with a large duty cycle and with a balanced flux in the core so that

V, -D =V, -(1-D). Since after the line change, the duty cycle and the clamp-

capacitor voltage ¥does not change instantaneously, the volt-second product becomes
unbalanced, i.e.V,, -D>V.-(1-D). As a result, the magnetizing current of the
transformer starts increasing after the input-voltage change. The increased magnetizing
energy charges the clamp capacitor, increasing the clamp-capacitor voltage. This
transition continues until ¢/ becomes large enough so that the volt-second product
becomesV,, - D <V, -(1- D), and the magnetizing current of the transformer starts to
decrease. The described clamp-capacitor voltage increase and the subsequent decrease
after the transient can be seen as an oscillatory response of the resonant circuit
consisting of the clamp capacitor and the magnetizing inductance of the transformer.

Similar resonant behavior during load transient can be observed in Fig. 5.18(b).
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If the forward converter circuit with the active-clamp reset is not correctly
designed, the peak clamp-capacitor voltage and magnetizing current during input-
voltage and load transients may cause an excessive voltage stress on the primary switch
and/or saturation of the core of the transformer. Yet another problem that may happen
during transients is that the body diode of auxiliary switghm@y conduct due to a
positive magnetizing current at the instant when main switcls Surned on, as
indicated in Fig. 5.18(a). If the auxiliary-switch body diode is conducting when the
main switch $is turned on, a slow reverse-recovery of the body diode may cause the
failure of the circuit because of the low-impedance current path through the clamp

capacitor, the auxiliary-switch body diode, and the main switch.

One approach to eliminate this problem is to connect a Schottky diode in series
with the auxiliary switch to block the conduction of the body diode, and then to connect
a fast-recovery anti-parallel diode around the series connection of the Schottky and the
auxiliary switch [56]. The other approach is to design an active-clamp circuit, so that
the magnetizing current is always negative at the instant main switshuged on.
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Fig. 5.18. Simulation results of large-signal transients of the
forward converter with the active-clamp reset and output-
voltage feedback control: (a) input-voltage step change
from 100 V to 200 V; (b) load step change from 18 A to
20 A.
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5.3.3 Large-signal analysis using state trajectory

State trajectory analysis is a very effectively tool for large-signal transient analysis
[70-75]. We will first derive the stage trajectory equations for active-clamp circuit.

Fig. 5.19(a) and Fig. 5.19(b) are the simplified circuit diagrams during main switch
S: turn-on and turn-off period, respectively. The state equationgavfdvj, during S
on the period, Fig. 5.19(a), are

dv

C.-—=0, 5.24
gt (5.24)
di
M\ 5.25
M dt in ( )

By solving (5.24) and (5.25), the state trajectory during the on time cérSbe
described as

Vo(t) = v, (to), (5.26)

i (t)= \L’i-uim(to), (5.27)

M

where v,(t,) is the initial value of the clamp-capacitor voltage apid},) is the initial

value of the magnetizing current of the transformer at the main-switch-on instant. The
state trajectory during this period is a line parallelfaxis with a constant.yas

shown in Fig. 5.20.

During the off period, Fig. 5.19(b), the state equations ahd j, are

(5.28)
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di
M=y, 5.29
M dt c ( )

By solving (5.28) and (5.29), the state trajectory during the off time cbf be
described as

v (t)=r-coda-w,(t)-t], (5.30)
i, (t)-Zo =r-sinla - w,(t)-t], (5.31)
Vo (t) +in(t)-Z,J =2, (5.32)
where,
r =Vt P +in(t)?- 2,2, (5.33)
a= tan‘{Mj , (5.34)
V. (t,)
1
a, = TCC ; (535)
LM
Z, =\ (5.36)

v,(t,) is the initial value of the clamp-capacitor voltage, at{t]) is the initial value of

the magnetizing current of the transformer at the turn-off instant of main switthes

state trajectory during this period is shown in Fig. 5.20.
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Fig. 5.19 Simplified circuit diagrams: (a) during the on period of
main switch; (b) during the off period of main switch.
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Fig. 5.20. The state trajectory of the active-clamp reset circuit in
steady state.

5.3.4 Study of the effect of design parameters in voltage feedback control

In steady state, the state trajectory of the active-clamp reset circuit is in a closed
circle, while in large-signal transient, the trajectory is connected by many uncompleted
circles. Fig. 5.21(a) shows the time domain waveform of the magnetizing current of the
transformer and the clamp capacitor voltage and Fig. 5.21(b) is the same waveform in
V-l state trajectory plane. The dotted cycle in each figure shows the correspondent
point, which could cause the problem in the circuit. The small cycle of Fig. 5.21(b) at
old steady state (SS) point is the steady state trajectory, it is much smaller than the
dynamic trajectory in the figure. So the circuit stress during large-signal transient is

much worse than in the steady state.
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Fig. 5.21. Comparison of time domain simulation waveforms with
state trajectory during large-signal transient. (a) time
domain simulation. (b) state trajectory.
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From previous analysis, we know that the state trajectory is a function of character
impedance and resonant frequency of theCL network. Since the dynamic behavior is
also determined by the whole system response during the transient, the state trajectory
is also a function of control bandwidth. Similar to dc analysis, we can change each
individual parameter separately in order to understand the effect of each parameter

during the dynamic transient.

Fig. 5.22 shows the effect of character impedance of the resonant network. Fig.
5.22(a) shows the original circuit transient waveform with crossover frequen@aD
Hz, character impedanceg Z 337 ohm, and resonant frequengy 2 kHz. Two small
close cycle represent the old steady state and the new steady state, it is much smaller
than the dynamic trajectory during transient. Fig. 5.22(b) keeps the same:ff, and
double the character impedancg E shows that largerZhas smaller current stresses

and the same voltage stress from the figure.

Fig. 5.23 shows the effect of the resonant frequency of the networkhé
resonant frequency is reduced to half from Fig. 5.23(a) to Fig. 5.23(b). It shows that

smaller § has smaller current stresses and the voltage stress.

Fig. 5.24(a) and (b) shows the effect of bandwidth of the close loop coagtrol, f
during line transient. Fig. 5.24(c) and (d) shows the effect of bandwidth of the close
loop control, §, during load transient. The bandwidth of the control is increased from
830 Hz to 12 KHz in both cases. It shows that in line transient, a larigas Emaller
current stresses and the voltage stress; while in load transient, a sptakeismaller

current stresses and the voltage stress.
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Fig. 5.22 Effect of character impedance of the resonant netwgrk, Z
Larger 4 has smaller current stresses and the same voltage
stress.
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Fig. 5.23. Effect of resonant frequency of the netwqrkSialler §
has smaller current stresses and the voltage stress.
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Fig. 5.24. Effect of bandwidth of the close loop contrgl|rf line
transient, a larger.fhas smaller current stresses and the
voltage stress; in load transient, a smallehds smaller
current stresses and the voltage stress
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Table 5.1 shows the design trade off according to simulation observations. In order
to have a smaller current stress, we prefer a larger magnetizing inductance. But a larger
magnetizing inductance has a smaller ripple current, which means a larger possibility to
have diode reverse recovery problem. Increasing the clamp capacitor reduces the clamp
capacitor voltage but at the same time, it increases the magnetizing current of the
transformer. The bandwidth of the control is most confusing. It has an opposite effect in
load and line transients. None of the parameter gives the circuit a perfect solution, how
to make the trade off when selecting these design parameters? The simulation cannot

give us a straightforward answer.

The solid line in Fig. 5.25 shows the state trajectory of the active-clamp reset
circuit during the same input-voltage transient as in Fig. 5.18(a). The state trajectory
starts with a closed cycle as described in Fig. 5.20. The dashed line in Fig. 5.25 is
generated by connecting all the average points in each switching period. The averaged
state trajectory shows a much simple waveform than the one in the state trajectory. The
averaged state trajectory presents the dynamic behavior of the state variable in a simple
form by ignoring the ripple information, which can be easily considered after the

analysis.
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Table 5.1. Design trade off is very hard to make according to
simulation waveform observation.

Condition Lm Cc fc

Larger Zo

Smaller fo

— ||

Diode reverse recovery

Line change T

Load change L

Design trade-off

Im(A)

-1 T T T
0 100 200 300 400

Ve(V)

Fig. 5.25 The state trajectory of the active-clamp reset circuit
during input-voltage step from 100 V to 200 V transient.
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5.3.5 Duty cycle equations during step input-voltage and load transients

Since the transient behavior of the active-clamp reset circuit depends on the speed
of the control and the characteristics of the resonant circuit, we will first derive the duty

cycle equations during line and load transient.

As can be seen from Fig. 5.18(a) and Fig. 5.18(b), the clamp voltage and
magnetizing current transient waveforms show a resonant behavior with superimposed
high switching-frequency ripples. Usually the resonant frequency is at least one
magnitude smaller than the switching frequency in order to obtain a small ripple
voltage of the clamp capacitor in steady state. Therefore, to simplify the analysis, the
switching frequency ripples are ignored in the following analysis. However, the clamp
voltage and magnetizing current ripples can be easily added into the results obtained by
the simplified model later. As an illustration, Fig. 5.25 shows the relationship between

state trajectory (solid line) and average state trajectory (dashed line).
5.3.5.1 Average model of the active-clamp forward converter

From Fig. 5.19(a) and Fig. 5.19(b), by ignoring the high switching frequency

ripples, the average model of the active-clamp forward converter can be written as

dv, . V,
C.-—2=i+1_ —-=2, 5.37
F dt | 0 R ( )
di d-V
Lo—L=—n_y 5.38
F dt n o} ( )
IR Ry (5.39)
M dt - in c? .
dv .
C.-—<¢=d"i_, 5.40

where d is the duty cycle of main switch and d'=1-d.
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Equations (5.39) and (5.40) can be rewritten as

(ij.% 9y v, (5.41)
d) da d

(Ej dve ;| (5.42)
d') dt

According to (5.37)-(5.42), the average model of the forward converter power
stage and the active-clamp reset circuit can be drawn as in Fig. 5.26(a) and Fig. 5.26(b),
respectively. As can be seen from Fig. 5.26, the forward converter power stage and the
active-clamp reset circuit are only coupled through the duty cycle. For the step input-
voltage and load changes, the forward converter power stage represents a linear system.
However, the average active-clamp reset circuit is nonlinear with respect to the duty

cycle.
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Fig. 5.26 The average model of the active-clamp forward converter:
(a) average model of the forward converter power stage;
(b) average model of the active-clamp reset circuit.

5.3.5.2 Duty cycle equations of forward converter with voltage feedback control

during line and load changes

To further study the transient behavior of the active-clamp circuit, it is necessary to
know the duty cycle dependence during input-voltage and load changes. Assuming that

the input-voltage perturbation is limited to a step change, and
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Vin_new =Vin_oId + AVin

l o_new = l o_old + Ai0 (5 43)
Dnew = Dold + Ad .
Vo_new =Vo_old + AVo

where Av,, and Ai,are the perturbations anddand Av, are the corresponding

changes.

The perturbations of (5.43) yield

AV, =G, -Ad+G, -Av, +Z - Ai,, (5.44)
where,
Dold
G, =N _ n , (5.45)
AV 1+s-—++s-L.-C,
z, =N ST , (5.46)
Alo 14s.-48.L.C
\/in_new
G, = _ n . (5.47)

1+S-LRF+52-LF .C,

Assuming the transfer function of control loop compensator is A(s), the loop gain

is T(s)= A(s)-G,(s) as shown in the closed-loop block diagram of the forward

converter in Fig. 5.27. According to Fig. 5.27, the closed loop equations are

Ad close Ad AV, Dy T(s) | (5.48)
AV, AV, AV, 1+T(s)

in _ new
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Ad Ay, s-L.-n T(s)
Av, Ai, V 1+T(s)’

in _ new

£|Close: (5.49)
Ai,
where, BQq is the duty cycle before perturbation, and Mwis the input voltage after

the line step change.

Generally, neglecting the ESR zero of output-filter capacitgr tike optimal
compensation of the output-voltage feedback control loop requires the transfer function

of the compensator in the form

_ A (1+ s/a)zl)~ (1+ s/a)zz)
Als)= S (1+ s/a)p) ' (5.50)

where, compensator zeroes, and w,, are placed to cancel two poles ig t&nsfer

. 1 .
function, i.e.,»,, and w,, are close to-———, and @, is placed at a frequency

JL.-C.

between crossover frequeney and switching frequency,.

Since when T>>1,Lz1, and when T<<1,LzT. The L transfer
1+T 1+T 1+T

function becomes

T 1
14+T (Q+sle,) Q+slo,)

(5.51)

as shown in Fig. 5.28.
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Fig. 5.28 T/(1+T) Bode plot.
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Substituting (5.51) into (5.48) and (5.49), the closed-loop transfer functions are

Ad Dy 1
Ady Do | , 5.52
Avin |Close \/in_new (1+ S/ a)c)' (l+ S/a)p) ( )
Ad S-L.-n 1
=2 S . ) 5.53
A, e Vin new 1+s/w,)- (1+ s/a)p) (5-53)

Therefore, from (5.52), for a step input voltage change, the time domain equation
for the duty cycle can be written as

p c p @

d(t) = Dold + (Dnew - Dold ) (l_ . e—wc-t + e e_wp.t] (554)

Because generally, is selected so that, >> ., (5.54) can be simplified to

d(t) = Dy + (Dye — Doy )- L—€7). (5.55)

Similarly, from Eq. (5.53), under the same assumptions, the time domain equation

for the duty cycle during a step load change can be obtained as

Nocle oy gt (5.56)
Vv

o]

d(t) = Dold -

5.3.6 Proposed average state trajectory analysis approach

5.3.6.1 Average state trajectory equations

From Fig. 5.26, it can be seen that the average model of the active-clamp reset
circuit is a nonlinear system whose parameters are the functions of the duty cycle. At
the same time, the duty cycle is independent of the parameters qjf-the resonant
network, i.e., it is decoupled from the state variablesnd j,. In addition, since the

duty cycle does not change during each switching period, the average model in Fig.
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5.26(b) can be considered linear during each switching period with input voltage fixed

at 9'\/in’
d

magnetizing inductanclwe\:j“"T , and clamp capacitanc%‘f—.

By solving (5.41) and (5.42), the state trajectory equations during each switching

period are
Vc(t) =r (O) ’ CO{(Z(O) — @, t] + Veenters (557)
i (t)-Z, =r(0)-sinfa(0) - o, -t], (5.58)
where,
Veenter = %'Vin ) (5.59)
£(0) = {[Ve(0) ~ Vool OF +i(0) - 2,7, (5.60)
_ —1 Im(o) : ZO
a(0) = tan [—Vc ©0) - Vcenterj . (5.61)

In (5.57) - (5.61),vc(0) is the initial average voltage of the clamp capacitor and

im(O) is the initial average magnetizing current of the transformer at the main switch on

instant. o, = is the resonant frequency of,1Cc resonant network, and

d
JLu -Ce

L, L
Zy= C—M is the characteristic impedance of the resonant network.
C

By combining (5.57) and (5.58), the state trajectory equation can be written as

[Ve() = Veened]” +lin(t)- Zo [ = (0 (5.62)
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It is an eclipse with center & 0) in thev, —i., state plane, and a circle in the

V. —i.,-Z, state plane. The dynamic equilibrium poingn¥ is the center of the state

Cc
trajectory and is a function of the duty cycle and the input voltage. The average state

trajectory is shown in Fig. 5.29 with the solid line.

Because the duty cycle is a slow varying compared with a switching period, the
duty cycle d(t) changes gradually during transient. Consequently, it can be assumed that
the average state trajectory movement is a continuous movement with moving center
Veenteft) described by equations (5.57)-(5.62), where all quantities dependent on duty

cycle are functions of time.

Similarly, one can analyze the average state trajectory in the presence of resistive
loss Ry which represents a sum of the switch on resistance and the core loss of the
transformer. The normalized average state trajectory with damping is shown in Fig.

5.29 with a dashed linecgieris the spiral point of the state trajectory and the damping

Ry

of the trajectory ise >

-t

Since time constant in the damping term is usually very large when no external
damping circuit is used, the effect of the damping does not have a significant impact on
peak values of state variables in the transient analysis. The rest of the section will

analyze the circuit’s transient behavior without a damping effect.
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Fig. 5.29. Average state trajectory without damping (solid line);
with damping (dashed line).
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5.3.6.2 Movement of the average state trajectory during line transient

Before the input-voltage step change from 4 to Vin new the average state

trajectory is a single point in the, —i_ - Z, state plane with duty cycle dgR initial

average clamp-capacitor voltag@(0)=%-v

' in_old
old

and the average magnetizing

current of the transforme'rm(o):o. Since immediately after an input-voltage step

change, the duty cycle cannot change instantaneously, the trajectory center after the
Dold

Change isvcenter(o) = 1 .V

in _new

and the average state trajectory follows the circle
old

described in (5.62) with the centetdye(0), 0] and radius (0) = |V,.(0) - v.(0) .

When the converter operates with the control loop open, i.e., has a fixed duty
cycle, d does not change. Consequently,vand r do not change, and the state
trajectory is a fixed circle as shown in Fig. 5.30. However, when the forward converter
has an output-voltage feedback control, the duty cycle changes gradually Jsaam D
Dnew as described in (5.55) so the center of the circle moves frgm(® to

Y/ = —D”"‘W' VA

c_new D in _new?
new

which is the new steady state value of the clamp-capacitor
voltage. The trajectory movement is illustrated in Fig. 5.31.

Fig. 5.31(a) and Fig. 5.31(b) are the state trajectories during input-voltage from
200 V to 300 V transient with a bandwidte3 kHz and §=20 kHz, respectively. Both
state trajectories follow the open loop circle (dashed line) at the beginning of the
transient. Since wnermoves faster in Fig. 5.31(b) due to a higher bandwidth, the state
trajectory in Fig. 5.31(b) takes less time to move to the new steady state, and it results
in a lower peak voltage of the switch and a lower peak magnetizing current (smaller

thick solid-line circle).

Fig. 5.31(c) and Fig. 5.31(d) are the state trajectories during input-voltage from
300 V to 200 V transient with a bandwidtyx3 kHz and £&20 kHz, respectively.
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Similar state trajectory movements can be observed. As can be seen from Fig. 5.31, the
worst case (largest thick solid-line circle) happens when the input-voltage steps from
low to high, and the bandwidth is lowest.

The resonant frequency of the active-clamp circuit plays an important role, since
the state trajectory is determined by two movements, the state trajectory center
movement, whose speed is controlled by the bandwjdémd the resonant movement,
whose speed is determined by the resonant frequeneigf 5.32 shows the calculated
maximum values of yvand j, as functions of ff.. For the same bandwidth, a lower
resonant frequency has a smaller peak clamp-capacitor voltage and peak magnetizing

current.

The peak voltage of the main switch and the magnetizing current of the

transformer can be calculated by adding the ripple as

i.(peak) =i, ave(max)+1-M (5.63)
- 2 L,
1 2

5.3.6.3 Movement of the average state trajectory during load transient

Before a load step change, the average state trajectory is a single point in the

v.—i.-Z, state plane with duty cycle dgR initial average clamp-capacitor voltage

C

v, (O):D—""’I-V and the average magnetizing current of the transfoip{e)=0.

C in
old

According to (5.56), at the moment of a step load change, the duty cycle changes for

N-w,-L

Ad =— ELAl, (5.65)

in

so that the initial trajectory center is
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Dyq +Ad

0)= -
Vcenter( ) DOld ._Ad in

(5.66)

The average state trajectory follows the circle described in (5.62) with circle center

at [Veente(0), 0] and radius (0) = |V,(0)— v (0} .

Because of the output-voltage feedback control, the duty cycle returns gradually to
Dog as described in (5.56). Therefore, the center of the circle moves fgau0y to

vC(O), which is the original steady state value of the clamp-capacitor voltage, as

illustrated in Fig. 5.33.

.7 high line to low line low line to high line

Fig. 5.30. Open-loop state trajectories during input step changes.
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Fig. 5.31. Closed-loop average state trajectories with different
bandwidths and input step changes: (a)-(b) input-voltage
step from 200 V to 300 V; (c)-(d) input-voltage step from
300 V to 200 V.
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Fig. 5.32 The maximum average values oand j, are functions of

folfe.

Fig. 5.33(a) and Fig. 5.33(b) are the state trajectories during a step load change
from 18 A to 20 A with a bandwidth off3 kHz and &20 kHz, respectively. Both
state trajectories follow the open loop circle (dashed line) at the beginning of the
transient. Sincehermoves faster in Fig. 5.33(b) due to a higher bandwidth, the state
trajectory in Fig. 5.33(b) takes less time to move to the new steady state. It should be
noted that according to (5.56), the circuit with higher control bandwidth has a larger
initial duty cycle jump. As a result, the initial radius r(0) is much larger for the high
bandwidth case. This is opposite to the case of a step input-voltage change, where the
circuit with a higher bandwidth control experiences a larger maximum clamp-capacitor

voltage and magnetizing current.

Fig. 5.33(c) and Fig. 5.33(d) show the state trajectories during a step load change
from 20 A to 18 A with a bandwidth<3 kHz and §£&20 kHz, respectively. As can be
seen from Fig. 5.33, the maximum transient voltage stress of the switch and the
maximum transient magnetizing current occur for a positive step load changing with a
high bandwidth. For the same bandwidth, a lower resonant frequency has a smaller

peak clamp-capacitor voltage and peak magnetizing current.
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In addition, the minimum input-voltage condition exhibits the largest clamp-
capacitor voltage and the magnetizing current transient singg0) is the largest due
to the smallest d'. A smaller output-filter inductance helps to reduce the duty cycle

change during transients and reduces the peak voltage and the magnetizing current.
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Fig. 5.33. Closed-loop average state trajectories with different
control bandwidths and load step changes: (a)-(b) load
current step from 18 A to 20 A; (c)-(d) load current step
from 20 A to 18 A.
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5.3.7 Experimental verification of average state trajectory approach

In order to verify the averaged state trajectory analysis approach, a circuit board of
a 100w, 5V forward converter with active clamp reset circuit is build to verify the
predicted trajectory. The circuit parameters are shown in Fig. 5.34. The input voltage

range of the circuit is 40-100 V and the maximum duty cycle is 0.7.

Fig. 5.35 shows the experimental waveforms of the clamp capacgoand the
magnetizing currentyl with an input step change from 50 to 75 V and load 10A. Fig.
5.36 shows the averaged state trajectories of calculated (dashed line) and measured
(solid line) \c and 4. The measured dand |, reach the new steady state faster due to
the damping in the real circuit. It shows that the analysis predicts the dynamics of
clamp capacitor voltage and the magnetizing current very well during the line transient.

The model without damping is used for the worst case scenario.

Fig. 5.37 shows the experimental waveforms of the clamp capacgoand the
magnetizing currentyl with a load step change from 10 to 15 A and input voltage 50
V. Fig. 5.38 shows the averaged state trajectories of calculated (dashed line) and
measured (solid line) ¢and },. The measured }/and |, reach the new steady state
faster due to the damping in the real circuit. It shows that the analysis also predicts the
dynamics of clamp capacitor voltage and the magnetizing current very well during the
load transient. The model without damping is used for the worst case scenario.
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Fig. 5.34 Experimental circuit diagram
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Fig. 5.35 Experimental waveforms with an input step change from
50 V to 75 V: (a) time domain waveforms of clamp
capacitor voltage and magnetizing current; (b) same
transient waveforms in }ly state plane.
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Fig. 5.36 Comparison of averaged state trajectories of calculated
and measured /and |y during 50 — 75 V line transient.
Dashed line, calculation; solid line, measurement.
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Fig. 5.37 Experimental waveforms with a load step change from 10
A to 15 A: (a) time domain waveforms of clamp capacitor
voltage and magnetizing current; (b) same transient

waveforms in \&-ly state plane.
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Fig. 5.38 Comparison of averaged state trajectories of calculated
and measured and |, during 10 — 15 A load transient.
Dashed line, calculation; solid line, measurement.
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5.4 Summary

The dc analysis of the forward converter with active-clamp reset circuit is
discussed in this chapter. It shows that the parasitic capacitances of the devices (main
switch, active clamp switch, and the parasitic capacitance of the transformer) introduce
a positive bias magnetizing current of the power transformer in steady state. And the
leakage inductance of the transformer introduces a negative bias magnetizing current of

the power transformer in steady state.

A large positive dc bias of the magnetizing current could cause the diode reverse
recovery problem of the circuit and a large negative dc bias could cause the active-
clamp switch loss the ZVT on operation. The numerical equations of the bias

magnetizing current are derived to verify the simulation observations.

The large-signal performance of the active-clamp-reset circuit is very important in
a robust circuit design. During large-signal transient, the charge unbalance of the
active-clamp capacitor could cause a resonant of the reset network. Consequently, it
could cause a large peak of the switch voltage and magnetizing current of the power
transformer. The large peak of the switch voltages and the transformer magnetizing
current could overstress the devices, saturate the transformer, and cause the diode

reverse recovery problem.

An average state trajectory approach is proposed to analyze the response of the
active-clamp circuit and predict the dynamic trace during the large-signal transients.
The average state trajectory approach is demonstrated by predicting and calculating the
dynamic performance of the active-clamp-reset circuit with output-voltage feedback
control during line and load transients. A circuit board is build to verify the average
state trajectory approach. The analysis results match the experimental results very well

during line and load transients. It is shown from the analysis that control bandwidth is
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also a design parameter besides the magnetizing inductance of the transformer and the

active-clamp-capacitor.
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6. DESIGN OPTIMIZATION OF THE ACTIVE-CLAMP
FORWARD CONVERTER USING VIRTUAL PROTOTYPE DVT

6.1 Introduction

From previous large-signal analysis of the forward converter with active-clamp
reset circuit, we see that the average state trajectory can clearly show the dynamic
movement of the active-clamp circuit during different line and load conditions. There
are two movements are involved in the average state trajectory: the movement of the
resonant network which is a function of the magnetizing inductance and clamp
capacitance, and the movement of the state trajectory center, which is a function of duty
cycle. Due to the input voltage or load change, the circuit moves from an old steady
state to a new steady state (for load transient, it will move back to the original steady
state) by these two movement as shown in Fig. 6.1. For a forward converter with a
fixed active-clamp reset circuit (i.e.,Land G are fixed), the whole trajectory is
determined by the movement of the steady state center, which is a function of the duty

cycle.

Fig. 6.1 illustrates the average state trajectory of the circuit during a line transient.
The original steady state point is 0, then the center moves from 0 to 1, 2, 3, 4 during the
transient, and 4 is the new steady state point. We can predict the dynamic movement of
the circuit as long as we understand the duty cycle movement during the large-signal
transient. We can see that the far the center moves away from the original point, the
larger the clamp voltage and magnetizing current could be. The largest voltage and

current stresses of the circuit can be measurethy,,..(max), as shown in Fig. 6.1.
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From average state trajectory analysis, we can predict the worst case scenario in the

transient, so the circuit can be designed according to these worst conditions.

Previous chapter shows that it is possible to derive the duty cycle equations in
voltage feedback control, so the average state trajectory can be obtained by enter simple
duty cycle equations in a numerical analysis tool, such as Matlab. Since the final goal
of the analysis is to solve the large-signal transient design problems in the 5V power
supply system discussed in the chapter 4, where an active-clamp forward converter
with current mode control is applied, we will further extend the analysis result and
provide the design procedure for current mode control circuit. In the following analysis,
it will show that the average state trajectory can not be obtained by some simple
equations because the non-linearity of circuit in the current-mode control. This chapter
is going to demonstrate how the average state trajectory analysis and the virtual
prototype simulation tool facility solving the design problems related to active-clamp
reset circuit. At the end, the virtual prototype DVT process is repeated to verify the
design.

d(t) Vin

/ Ve_centedt) = a(t)

< Vv

Avc_center(max)

Fig. 6.1. There are two movements involved in the average state
trajectory: the movement of the resonant network and the
movement of the state trajectory center, which is a
function of the duty cycle.
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6.2 Dynamic performances of the active-clamp reset circuit with peak

current mode control

Since the 5 V forward converter of the power supply system we tested has peak
current mode control, we will extend the study of the average state trajectory with
voltage mode control to the one with current mode control in this section. At first, we
will study the duty cycle equations in current mode control. In voltage model control,
the forward converter with active-clamp reset circuit can be de-coupled into two
independent circuits: the simple forward converter circuit and an active-clamp reset
circuit. With the assumption that the magnetizing current is much smaller than the load
current reflected to the primary, so the control of the forward converter is independent
of the reset circuit, and the reset circuit in related to main forward converter by duty
cycle in voltage feedback control.

In current mode control, since the sensed current is the sum of the load current and
the magnetizing current, the active-clamp reset circuit could have interactions with the
main forward converter [67]. If we design the circuit such that the resonant frequency
of the reset circuit is much larger than the crossover frequency of the forward converter
and the load current is much larger than the magnetizing current, the circuit can be de-

coupled into two independent circuits as in the voltage feedback control.
6.2.1 Average model of the forward converter with peak current mode control

Fig. 6.2 shows a simplified forward converter circuit diagram with peak current
mode control. The circuit is simplified to a buck converter by eliminating the primary
circuit and moving the primary input voltage into an equivalent voltage source on the
secondary. We define the slope of the sensed current ramy tiseSslope of the
external ramp is & and the modulator gain for the model jg Buty cycle is d, the

current sensor gain is,Rvhere
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g =N ) (6.1)

From Fig. 6.3, we can see
Vc—Se-d-TS:(I+¥jR, (6.2)

Simplify (6.2), we get

Vo _y,
L ‘R |-d-T.=V.-I-R. 6.3
L+ R AT =V 1R (6.3)
If we define
F - ! , (6.4)
i_vo
S, +-1 ‘R |-T
e 2'L RI S
then
d=F, -V.-1-R) (6.5)

From (6.4), we can see that when the input voltage Vin has a sudden change, Fm
will change immediately before the voltage compensation responses, the circuit has an
additional feed-forward from input voltage compared with a voltage mode control
circuit. Also, when the load has a sudden change, the change of the output voltage will
cause Fm to change immediately, which is an addition feed-forward from output

voltage.
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Since Fm changes under line and load transients, (6.5) is a nonlinear equation. The
duty cycle is determined by three terms: modulator gain, output voltage of the error
amplifier, and the sensed inductor current. We have to understand the transient

response of each term in order to predict the dynamic performances of the circuit.

9 I
o—" _’IWY\J_
"l
%CD A C;VO?:RQM
Rc _
|

Ri :
SLKL(I_ switch current
external ramp

Vo

Vref

Fig. 6.2. Simplified forward converter circuit diagram with peak
current mode control.
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Fig. 6.3. Circuit diagram for deriving duty cycle equations.

6.2.2 Circuit dynamic performances under line transient

As in (6.5), the duty cycle is a function af,H, and y, since (6.5) is a nonlinear
equation, we can not derive the explicit equations of the duty cycle during large-signal
transient. We will study the transient responses of each individual term under small

perturbations, and predict the duty cycle large-signal behavior correspondingly.
6.2.2.1 Dynamics of the control yunder small perturbation of the input voltage

Fig. 6.4 shows converter average model circuit diagram. Similar to the voltage
loop derivation in the previous chapter, we can derive control to input voltage equation

from following steps:

Av,
AV,

n

_Av, Ay,

= 6.6
Av, Av, (6.6)

T, is the voltage loop gain with current loop closed, so
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AV AV

AV T AV, AV, T.
_—_c —__ v . in_ _ in_ | v 6.7
Av, o Av, 1+T, Av, 14T, 6.7)
Av, Av,

A R R-T +(D"m°_;j T

VC S A\
A |c|ose: R D 1+ T (68)

in D |:mc . Dl_(l_ jj| v
2
where
S
=1+ o (6.9)

The detailed derivations of the small-signal transfer functions with current mode
control can be found in [80-86]. If we define the crossover frequency of the closed loop

gain isw, as shown in Fig. 6.5, then

Av, 1
DV |c|ose: Ry (610)
AV, 1+ s/w,
Av,(t)=—k,-(1—e ") Ay, (6.11)
where,
R RLT +(Dl'mc_;j
PEEEANLALE - (6.12)
* o fmoofa-3)

Since k is a constant for a specific circuit, the small-signal response of the error

voltage, v, is a function of the control bandwidtt, , and is a first order function.
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Fig. 6.4 Simplified average model circuit diagram.

1+T,

. T . .
Fig. 6.5 Bode plot ofl—v_l_. T, is the loop gain when current loop
+ v

is closed.
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6.2.2.2 Dynamics of the inductor current iunder small perturbation of the input

voltage

From Fig. 6.4, we get:

S-C

| =1, +——V, (6.13)
1+S-R -C
Ay, S C Ay, (6.14)
Av, 1+S-R.-C Av,
LS
V
ol = ‘F (S)-F(S)—— 6.15
AVin close L ( . 1) p( ) h( ) 1+T\, ( )
+|D'm, — =
R-T, 2
where,
F (5)=12CR (6.16)
S
1+ —
wp
1 T
=——+—2_.(m.-D-05 6.17
o= rtic (M ) (6.17)
1
F.(S)= . (6.18)
S S
1+ +—
a)n p a)n
Q=+ (6.19)
" z-(m,-D-05) '

The transfer function, £S), gives the dominant low-frequency characteristics of
the system and the transfer functiog(S}, shows the effects of the sampling action on
the system.
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Equation (6.15) can be written as:

" D.[mc.Dl(ltz)j]Fh(S) 1 scC

= 6.20
AV close L . 1 1+T S ( )
" +|D'm, — = vo1+—
R-T, 2 @,
Sincew ,is a low frequency pole, assume:
w, <o, (6.21)
Ai
# close— N ° S/a)c (622)
AV, 1+ S/o,
Ai (t)=k -e"-Av, (6.23)
in which,
o-fm-0{1-9)
k (6.24)

Since kis a constant for a specific circuit, the small-signal response of the inductor

current, i, is a function of the control bandwidtl, , and is a first order function.

6.2.2.3 Dynamics of the duty cycle under line transient

Since \{'s change is not significant compared tgsvduring line transient, ,fFis
basically a function of . For an input voltage from low to high, Vin increases, so Fm
decreases.c.\and j are both first order functions of crossover frequency as in (6.10) and
(6.18). Compared with the change gfand | in this case, change of thg Bominants
the duty cycle function as we called voltage feed-forward mechanism. The duty cycle

decreases instantaneously because of the feed-forward control.
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Fig. 6.6 shows the circuit response waveform during line step change from 36 V to
72 V, lo = 15 A. The crossover frequency of the circuit is fc = 13.7 kHz. The peak
voltage of the main switch during transient is not significant compared with the
transient we discussed in voltage control mode. Fig. 6.6(a) shows that averaged duty
cycle waveform and Fig. 6.6(b) is a zoomed in of Fig. 6.6(a) with original duty cycle
waveform. Both figures show that the duty cycle changes immediately after the next

cycle of line change due to the input voltage feed-forward mechanism.
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Fig. 6.6. Circuit transient response during line step change from 36 Vto 72V, lo =
15 A. fc = 13.7 kHz. (a) averaged duty cycle waveform. (b) zoomed in of figure (a)
with original duty cycle waveform. Both figures show that the duty cycle changes
immediately after the next cycle of line change due to the input voltage feed-forward

mechanism.
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6.2.2.4 Dynamics of the state trajectories under line transient

Fig. 6.7 is the same transient as in Fig. 6.6. Vin 36 - 72V, lo = 15 A. Fig. 6.7(a) is
the time domain }, and G waveform. Fig. 6.7(b) is the state trajectory waveform. Fig.
6.7(c) is the average state trajectory waveform. From Fig. 6.7(c) we see that the average
state trajectory does not move too far to the right side compared to the one in the

voltage mode control.

Fig. 6.8 is a study of the effect qftb circuit response. It shows that the reducing
of f. does not have a significant effect in line transient response as in voltage mode
control due to the feed-forward control. In the figure, Vin is from 36 to 72V, lo is 15 A.
Fig. 6.8(a) is the time domain waveform with=f13.7 kHz. The peak voltage of main
switch is 132 V. Fig. 6.8(b) is the time domain waveform wjtk 8 kHz. The peak
voltage of main switch is 132 V. Fig. 6.8(c) is the average stage trajectory,with f
13.7 kHz. Fig. 6.8(d) is the average stage trajectory with3fkHz. Fig. 6.8(c) and (d)

does not show significant differences in trajectory movement
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Fig. 6.7. Same transient as in Fig. 6.6. Vin 36 - 72 V, lo = 15 A. (a) time domain L
and G waveform. (b) state trajectory waveform. (c) average state trajectory waveform.
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Fig. 6.8 Reducing.fdoes not have a significant effect in line
transient response as in voltage mode control due to the
feed-forward control. Vin from 36 - 72 V, lo = 15 A. (a)
time domain waveform with.f= 13.7 kHz. The peak
voltage of main switch is 132 V. (b) time domain
waveform with § = 3 kHz. The peak voltage of main
switch is 132 V. (c) average stage trajectory with 1.3.7
kHz. (d) average stage trajectory with=f 3 kHz. (c) and

(d) does not show significant differences in trajectory
movement.
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6.2.3 Comparison of line transient dynamics with voltage and current mode

control

From previous analysis, we see in voltage mode contsql, .. (max) as shown

in Fig. 6.11is

AVc_center(rnax) = EE))max : A\/ln (625)

max

and the worst case of voltage mode control happens at

e minimum line (maximum duty cycle)

¢ input step change from low to high

¢ low bandwidth and high resonant frequency of reset circuit.

In current mode control, due to the feed-forward mechanism, . (max) is

reduced significantly when line from low to high.

D
AVc_center(rna'x) = M 'Vin (neV\b - % '\/in (Old) (626)
feed_ forward max

Where \{;(old) is the input voltage before the step changgn®w) is the input
voltage after the step change, angdDowardiS the duty cycle immediately after the

input step change due to the feed-forward mechanism.

If we define the feed-forward mechanism gain
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kf = : y (627)
V,0d)
S + n
e 7L R
then
Dmax
Dfeed_ forward — k— (628)
f

Since k >1 when the input voltage steps from low to high, the duty cycle is
reduced immediately.

Fig. 6.9 compares the transient response of the active-clamp circuit with current
and voltage mode control. Both circuit is designed with the same bandwyidtH,4f
kHz. Fig. 6.9(a) is the transient waveforms with current mode control. Fig. 6.9(b) is the
transient waveforms with voltage mode control. Fig. 6.9(c) is the average state
trajectory in current mode control. Fig. 6.9(d) is the average state trajectory in voltage
mode control. The worst case of the line transient in current mode control happens at
Vin from 36 V to 72 V transient at full load as shown in Fig. 6.9(a), there is no design

problems in line transient
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Fig. 6.9. Comparison of transient response of the active-clamp
circuit with current and voltage mode control. Simulation
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condition: \, from 36 to 72 V,J = 30 A. Both circuit has

fc = 14 kHz. (a) transient waveforms with current mode

control.

(b) transient waveforms with voltage mode

control. (c) average state trajectory in current mode
control. (d) average state trajectory in voltage mode

control.
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6.2.4 Circuit dynamic performances under load transient
6.2.4.1 Dynamics of the control yunder small perturbation of the load

Similar to input transient derivations, we can derive the control to load equation

from following steps:

Av, AV, Av
: c _ c . : 0 (629)
Aly,  Av, Al
If T, is the loop gain with current loop closed, then
Av,  Av,
AV T Ai Al T,
— lhose= = — 6.30
Ai, eose AV, 1+T, Av, 1+T, (6-30)
Av, Av,
Av, . T,
DV Iclose= i : (631)
Al F.(s) 1+T,
If the crossover frequency of the closed loop gaia_ isthen
Av, 1
Z )l —_R. 6.32
Aio |c|ose R 1+ S/a)c ( )
Av,(t)~ R -{—e"" ) A, (6.33)

So similar to line transient, the small-signal response of the error voltage av

function of the control bandwidtla, , and is a first order function.
6.2.4.2 Dynamics of the inductor current under small perturbation of the load

From Fig. 6.4 we get:

B S-C

I, =1, +—————V, (6.34)
1+S-R.-C
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Al 1 S-C AV,

— =1+ - — (6.35)
Ai, 1+S-R.-C Aij,
Av R 1
— |eiose= -F_(S)- 6.36
Al |c|ose RTS ' 1 p( ) 1+T ( )
0 1+ | D"m, — = v
L 2
Ai R 1 s-C
o, kel R T 1) 14T, ., s (6:37)
° 1+ s-(D'-mc—j vo1l+—
@
p
Al
# close— + > ’ > (638)
Al Stw, S+,
1)
Al ({)=]1-— P gty TR gt | Af (6.39)
0, -, o, -,

Since w,is a low frequency pole, the system response will first be affected by
control bandwidthy, . The small-signal response of the inductor currenis iclose to

the function of the control bandwidth, , and is a first order function.

6.2.4.3 Dynamics of the duty cycle under load transient

Since \{, does not change during load transient,ig-basically a function of §/
For a load step change from low to high,décreases, so Fm decreasesand j are
both first order functions of crossover frequency as in (6.26) and (6.33). The duty cycle

equation is:

Ad(t):Fm-R-(\ U“\ -(e“c"—e‘“p‘)J-Aio (6.40)
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When \,'s change is not significant, the change of thelées not dominants the
duty cycle function, this happens in most of the case due to the specification of the

output voltage.

Fig. 6.10 shows the circuit response waveform during the load step change from 15
A to 30 A, Vin = 36 V. The crossover frequency of the circuit is fc = 13.7 kHz. The
first rising of the duty cycle is mainly determine by crossover frequency of the control
loop and it is a first order system.

20 A/div

0.5 V/div

20 A/div

0.2 V/div

|,|||||||||||I|||'|'|'|'|'|'|'|'|'| 0.2 V/div
aiu 100u 150u

Fig. 6.10 Transient response waveform during load step chagne
from 15 Ato 30 A, Vin = 36 V.4= 13.7 kHz.
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6.2.4.4 Dynamics of the state trajectories under load transient

Fig. 6.11 has the same load transient condition as Fig. 6.10. The additional output
voltage-feedback due to the change @idéesn't have significant effect. Fig. 6.11(a) is
the time domain k and G waveform. Fig. 6.11(b) is the state trajectory waveform.
Fig. 6.11(c) is the drain to source voltage of the main switch . Fig. 6.11(d) is the
average state trajectory waveform. From Fig. 6.11(d) we see that the average state
trajectory moves far to right side compared to that in the line transient. The possible

circuit design problems are marked by the dotted cycle as in Fig. 6.11.

Fig. 6.12 is a study of the effect @fifi load transient. It shows that the reducing of
fc decreases the voltage stress of the main switch. In the figure, Vin is 36 V, lo is from
15 A - 30 A. Fig. 6.12(a) is the time domain waveform wijtk f.3.7 kHz. The peak
voltage of main switch is 184 V. Fig. 6.12(b) is the time domain waveform ywitle.2
kHz. The peak voltage of main switch is 131 V. The main switch voltage stress is

reduced significantly by reducing the control loop bandwidth.
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Fig. 6.11. lo from 15 A to 30 A, Vin = 36 \, £ 13.7 kHz. (a) the time domain,L
and G waveform. (b) the state trajectory waveform. (c) the main switch drain to source
voltage. (d) the average state trajectory waveform. The circuit problems are shown in

dotted cycles.
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Fig. 6.12. Effect of fc in load transient. (a) the time domain
waveform with § = 13.7 kHz. The peak voltage of main
switch is 184 V. (b) the time domain waveform with=f
8.2 kHz. The peak voltage of main switch is 131 V. The
main switch voltage stress is reduced by reducing the
control loop bandwidth significantly. (c) average state
trajectory with £ = 13.7 kHz. (d) average state trajectory
with f. = 8.2 kHz.
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6.2.5 Comparison of load transient dynamics with voltage and current mode

control

As shown in Fig. 6.1y, ue(t) is

Vc_center(t) = W " Vin (641)

The worst case in load transient happens when duty cycle has the largest jump at
the beginning of the transient. Similar to voltage mode control, in current mode control,
the duty cycle jump is a function of first order system:

Ad(t)=F, -R (L(et _e! )j-Aio (6.42)
0, —0,

Fig. 6.13 shows the transient waveforms of the active-clamp circuit during load
transient in both voltage mode (a) and current mode (b) control. The simulation
condition is Vin = 36 V, lo from 15 A to 30 A. Fig. 6.13(c) is the average state
trajectory in current mode control and Fig. 6.13(d) is the average state trajectory in
voltage mode control. Even the load transient response are not exactly the same in both
cases, circuit has large voltage and current stresses and could have problems as shown

in Fig. 6.11. The worst case happens at
e minimum line
¢ |oad step change from low to high

¢ high bandwidth.
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Fig. 6.13. Line transient response of the active-clamp circuit in (a)
voltage mode and (b) current mode control. (c) is the
average state trajectory in current mode control and (d) is
in voltage mode control. It shows that even the transient
responses in current mode control and voltage mode
control are different, both transients have large voltage and
current stresses and could cause circuit problems.
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6.3 Design considerations of the power transformer at steady state

operations

As we discussed in the previous chapters, the parasitic capacitances and the
leakage inductance of the transformer cause a positive or negative dc bias of the
magnetizing current of the transformer. This dc bias could cause the transformer
saturation, the diode reverse recovery problem (with a large positive dc bias), and the
active-clamp switch to lose ZVS turn-on (with a large negative dc bias). It is very
important to have an adequate transformer design to avoid these problems.

This section shows how to take into account the effect of the dc bias of the
magnetizing current in the transformer design with the aid of simulated design curves.
The circuit specifications and the parameters of the 5 V forward converter power
supply system are:j¥= 36 - 72V, § = 0 - 30 A, transformer turns,,N¥ 4 and N= 1,
switching frequency &= 500 kHz, and the equivalent parasitic capacitance Z00

pF.
6.3.1 Generating design curves of the maximum dc magnetizing current

The maximum positive dc bias of the magnetizing current occurs at low line full
load with maximum duty cycle; and is a function of the parasitic capacitance; the
maximum negative dc bias of the magnetizing current occurs at high line full load, and
is a function of the leakage inductance. The design curves can be obtained by
simulating the virtual prototype with different parameter values as shown in Fig. 6.14.
Fig. 6.14(a) shows the maximum positive dc bias vs. parasitic capacitance at low line
full load, and Fig. 6.14(b) shows the maximum negative dc bias vs. leakage inductance

at the high line and full load.
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Fig. 6.14. The design curves of the maximum dc bias of the
magnetizing current. (a) the maximum positive dc bias
with different parasitic capacitances. (b) the maximum
negative dc bias with different leakage inductances.

Chapter 6 Design Optimization of the active-clamp forward converter using virtual prototype DVT 271



6.3.2 Estimating the maximum dc bias of the magnetizing current

The equivalent parasitic capacitancgg@<200 pF, so the maximum positive dc bias
of the magnetizing current is 60 mA as shown in Fig. 6.15(a); the estimated leakage

inductance I is 150 nH, so the maximum negative dc bias is 60 mA as shown in Fig.

6.15(b). The maximum dc bias in absolute vamex(I , (bias)) , is 60 mA.

E lo=30A
200m—3
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1503
< E
&8 | w3
=} 3
E 3
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Fig. 6.15. The estimated maximum dc bias of the magnetizing
current. (a) the maximum positive dc bias with =200
pF. (b) the maximum negative dc bias with£ 150 nH.
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6.3.3 Verifying the transformer non-saturation

The definitions of the flux terms in magnetic equations are shown in Fig. 6.16. The
flux bias of the transformer core due to the parasitic capacitance and the leakage

inductance is:

Ny ma><ﬂ|m(bias)|)

| (6.43)

Bnias =H

e

where max(llm_dc) is the maximum dc bias current, I¢ the primary winding

turns, anddis the magnetic path length. The condition for the transformer core has

non-saturation is

% ’ Bpp + Bbias < Bsat (644)

where the flux swing,

_V, At

"N, A (6.45)

in which, Acis the effective cross sectional area of the core.

If the criterion in (6.38) is not satisfied, the transformer has to be redesigned. One

of the possible solutions is to redugdy increasing the air gap.
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Fig. 6.16 Definition of the flux terms in magnetic equations.
6.3.4 Verifying the proper operation of the active-clamp circuit at steady state.

The condition for the circuit has no diode reverse recovery problem and has ZVS

turn-on of the active-clamp switch is:

1(pp)>2-max{,, .|) (6.46)

So the criterion of the magnetizing inductance is:

L, <—0" 6.47
2- Im_dc ( )
where,
N 2.
L M Ny A (6.48)

If the criterion in (6.42) is not satisfied, the transformer has to be redesigned. One
of the possible solutions is to redugdy increasing the air gap. It is worth to mention
that additional design consideration is recommended for the large-signal transient
behavior of the active-clamp reset circuit [69], which will be discussed in the following

section.
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6.4 Design consideration to minimize voltage/current stresses during

large-signal transient

6.4.1 Design issues of the active-clamp circuit

As we discussed in the previous chapters, there are several design issues in active-
clamp circuit, especially during large-signal transient. Fig. 6.17 shows the load transient
waveforms of the active-clamp circuit. The maximum voltage of the main switch and
the maximum magnetizing current of the transformer are much larger than that at
steady state. These could cause circuit problems such as voltage stresses, transformer
saturation, and the diode reverse recovery problem which are marked as dotted circles
in Fig. 6.17. Besides large-signal transient problems, circuit could have stability
problem due to the interaction of the resonant network of the active-clamp-reset circuit.
Fig. 6.18 shows small-signal transfer function of the loop gain. The phase margin of the
loop gain at crossover frequency is negative due to the additional pole in the active-

clamp-reset circuit near resonant frequency.

This section will demonstrate how to use virtual prototype to provide design
information and optimize the design parameters related to these design issues. The
design parameters discussed here are the magnetizing inductance of the trangformer L
the clamp capacitance.,Ghe control bandwidth,fand the maximum duty cycle limit
Dmax. The circuit has input voltage 36 - 72 V, full load 30 A. The duty cycle limit of
the controller chip is 0.75. The control bandwidth of the current circuit design is 14
kHz. The design process focuses on solving the potential problems in the circuit:
voltage stress of the main switch, transformer core saturation, diode reverse recovery of

the active-clamp switch, small-signal instability due to the active-clamp circuit.
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Fig. 6.18 Stability problem due to the resonant network of the
active-clamp reset circuit.
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6.4.2 Normalization

The normalized peak voltage and peak current values will be used in the design

: : .V : .
curve. The normalized switch voltage\4/sﬁ and the normalized magnetizing
- (min

N 4 . . .
current |s\ﬁ . The x axis uses fs a parameter. Wherg,(vhin) is the minimum
. (min
voltage of the circuit, in this circuit example, it is 36 Yid the resonant frequency of

the active-clamp circuit, and, & the character impedance.

f, = (6.49)
2.7-4JL,, -C,
L
Z = |m 6.50
0= (6.50)

6.4.3 Design constraints

There are four design criteria: the voltage stress of the main switch, transformer
saturation, reverse recovery problem of the body diode of the active clamp switch, and
the small-signal stability problem. For each design criterion, we can draw a forbidden

area in the design curve.
6.4.3.1 Design constraint 1: switch voltage stress
Voltage stress: ¥peak) <\ (rating)
Where, \{(peak) is the peak voltage during the transiegfating) is the device

voltage rating of the main switch. If we use nominal curves in the design, the design

constraint of the voltage rating is shown as the shaded area in Fig. 6.19.
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Fig. 6.19. Voltage overstress area in design curve.
6.4.3.2 Design constraint 2: small signal stability

The resonant frequency of the active-clamp circuit should meet the following

eguation to have a stable system and not affect the phase margin.
d, f,>2f, (6.51)

where diy, is the duty cycle limit value of the controller chip,i$ the control
bandwidth. So small-signal stable condition is:

L (6.52)

The design constraints for the small signal stability are shown as the shade areas in
Fig. 6.20(a) and (b).
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Fig. 6.20. Small signal unstable area in design curves. (a) peak
switch voltage curve. (b) peak magnetizing current curve.
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6.4.3.3 Design constraint 3: transformer saturation

Fig. 6.21 shows the relation between flux and magnetizing current, wheseha
effective cross sectional area of the core, Lm is the magnetizing current. From Fig.

6.21, we can get:

B..-A N
i (sat)= % (6.53)
We can rewrite saturating magnetizing current into:
B..-A-N_ -2-7-f
i, (sat)=—= AN, : (6.54)
ZO
The design constraint for transformer saturation is:
i (peak)-Z, By AN, -2.-7-f,
n(Peal-Z, Boo AN, (6.55)
V,, (min) V,, (min)

The design constraint for the transformer saturation is shown as shaded area in Fig.

6.22. It is a straight line in the normalized design curve.

Fig. 6.21. Relation of saturation flux to the saturation magnetizing
current.
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Fig. 6.22 Transformer saturation area.

6.4.3.4 Design constraint 4: diode reverse recovery problem
i.(peak)<i, (ripple) (6.56)
where,

. V,-D-T, nV, T,
I (1ipple)= === =—

m m

(6.57)

Similar to peak magnetizing current, the ripple current can be written as:

i,(ripple)-Z, n-V,-2.7-f,
V, (min) £, -V, (min)

(6.58)

S

The diode reverse recovery problem area is shown as in Fig. 6.23. It is a straight

line in the normalized design curve.
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Fig. 6.23. The diode reverse recovery problem area.

Chapter 6 Design Optimization of the active-clamp forward converter using virtual prototype DVT 282



6.4.3.5 Feasible operating regions for the switch voltage and magnetizing current

According to four design constraints, we can draw the feasible operating regions
for voltage and magnetizing current as shown in Fig. 6.24.
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Fig. 6.24 Feasible operating regions for voltage and magnetizing
current. (a) design area for normalized switch voltage
curve. (b) design area for normalized magnetizing current
curve.
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6.4.4 Generating design curves

For the fixed control bandwidth and maximum duty cycle limit, we can generate a
set of design curves of the maximum peak voltage and magnetizing current by varying
parameters L and G. Since line transient is not a problem in current mode control, we
will generate design curves according to the worst conditions in load transient. From
previous analysis, we know that the worst case happens at low line and load from low
to high transient. In this example, Vin is 36 V, and lo changes from 0 A to 30 A.

A set of design curves is generated by varyiggabd G values with a fixed
control bandwidth, 14 kHz, and maximum duty cycle limit, 0.75. Each single
simulation generates one point in the voltage design curve and one point in the
magnetizing current curve. The normalized design curve for peak voltage and
magnetizing current are shown in Fig. 6.25 and Fig. 6.26, respectively. There are 7
simulation points (with different Cvalues) for each Lm and the total number of
simulations to generate a set of curves in Fig. 6.25 and Fig. 6.26 are 35. The total
simulation CPU time is only 9 minutes by using proposed simulation and modeling

approach.
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Fig. 6.25 Normalized peak switch voltage yscurve.
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Fig. 6.26 Normalized peak magnetizing current ysufve.
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6.4.5 Determine the feasible Lm and Cc to meet the design constraints

After we generate the design curves with design constraints, the feasénhel IC
to meet all the design criteria can be easily determined. We will use the main converter
in the power supply system discussed in the chapter 4 as an example to demonstrate
how to use design curves to redesign the active-clamp circuit parameters and solve the

previous design problems.

Assuming the device rating of the main switch is 180 V, so the normalized
boundary of the voltage stress is 5 wheifrivin) = 36 V. When the control bandwidth,
fc = 14 kHz, and maximum duty cycle limitd= 0.75, the boundary of the resonant
frequency for small-signal stability is 112 kHz. The feasibjg dnd G can be
determined by three steps.

1. Find the desired parameter rangesdantl L., in peak-voltage design curves.

Fig. 6.27 is the peak-voltage design curves wittdfkHz and g, 0.75. These is a
big dot in Fig. 6.27, which corresponds to the original desigrs 180 uH and €=
0.01 uF. The maximum voltage is about 200 V, which exceeds the 180 V voltage rating

of the switch.

The dotted lines covered area is the desired design area to meet voltage stress
limitation and small signal stable criterion in the normalized peak switch voltage vs. f
curves. We can see that only the curveatL20 uH meets the constraints whgrsf
at 112 kHz to 480 k Hz range.

2. Within the defined ranges fordnd L, in step 1, we can find the desired ranges
for f, and Ly, that also meet the magnetizing current constraints.

Fig. 6.28 is the peak magnetizing-current design curves witd kHz and g,
0.75. These is a big dot in Fig. 6.28, which corresponds to the original degigrgQ.
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uH and G = 0.01 uF. It shows that the original design has diode reverse recovery

problem and is at the boundary of the transformer saturation.

Fig. 6.28 shows that there are no feasible parameters available within the desired
areas from stepl. It also means that there is no feasjbndl G can meet all the

design constraints in the previous circuit condition.

We need to change the design parameters and repeat the design iterations. There
are several ways to do it (e.g. loosing design constraints, changing control bandwidth or
maximum duty cycle limit) and these approaches will be discussed in the next section:

design trade off.

3. If we find the desired ranges fay &nd Ly, from step 1 and 2, Ccan be

calculated by

1
CC:(2-7r~f YL (6:59)

Within the desired parameter range, a smaljethius a smaller Cusually is

preferred to reduce the voltage and current stresses.
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6.4.6 Design trade-off

If there is no adequate parameters @fand Gthat can meet all the design criteria,
the other design parameters have to be changed. After changing circuit parameter

values, we can repeat the design iterations from step 1 to 3.

Previous example shows that there is no adequasadtl G to meet all the design

criteria. There are several design trade-off to solve the problem.
Design trade-off 1: increasing device rating.

From Fig. 6.27 and Fig. 6.28, we see that if we do not restrict the device voltage
rating, there is a small area in Fig. 6.28 which can meet all the design criteria. The
design result will be k=20 uH and ¢smaller than 6 nF. The additional disadvantage

is the high ripple current of the magnetizing current due to a small L

It is worthwhile to mention that a too small magnetizing inductance could have a
very high ripple of the magnetizing current which will increase the loss of the circuit
and may affect the main converter operation if the ripple of the magnetizing current is
not negligible to the reflected load.

Fig. 6.29 shows load transient waveforms with original circuit design at Vin = 36
V, load step change from 0 to 30 A. The circuit parameters,are80 uH, G = 0.01
uF, £ = 14 kHz, and @, = 0.75. The peak voltage value is 195 V and there is diode
recovery problem during the transient.

Fig. 6.30 shows load transient waveforms with magnetizing inductance reduced
from 80 uH to 20 uH at the same transient condition. The peak voltage value is still
high, but there is no diode recovery problem during the transient. The ripple

magnetizing current is very high in the circuit.
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Fig. 6.29. Load transient waveforms with original circuit design at
Vin =36V, load step change from 0 to 30 A.
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Fig. 6.30. Load transient waveforms with reduced magnetizing
inductance |, = 20 uH at W, = 36 V, load step change
from 0 to 30 A.
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Design trade-off 2: getting rid of the constraint of the body diode reverse recovery.

From Fig. 6.28, we see that the diode reverse recover constraint is the hardest one
to meet in the parameter design. The design is much easier to meet other criteria
without this constraint. This can be done by connecting a Schottky diode in series with
the auxiliary switch to block the conduction of the body diode, and then to connect a
fast-recovery anti-parallel diode around the series connection of the Schottky and the
auxiliary switch [56]. The disadvantage is the additional components to increase the

cost of the circuit.
Design trade-off 3: decreasing control bandwidth.

From previous analysis, we know that a smaller bandwidth can reduce the peak
voltage and current during load transients. The disadvantage is a slower recovery from

transient in the output voltage of the main converter.

Fig. 6.31 and Fig. 6.32 shows the normalized voltage and magnetizing current
design curves with reduced control bandwidth. The feduced from 14 kHz to 8 kHz.
The design result isk.= 40 uH, G is less than 0.013 uF. In the figure, it shows that a
smaller G, thus a larger.f has a larger voltage stress but less current stress and more

design margin without saturation and diode reverse recovery problem.

Fig. 6.33 shows load transient waveforms with bandwidth reduced from 14 kHz to
8.2 kHz, and magnetizing inductance reduced from 80 uH to 40 uH at the same
transient condition. The peak voltage value is reduced from 195 V to 153 V, and there
is no diode recovery problem during the transient. However, the output voltage

transient response is little bit slower than the original design.
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Fig. 6.31 Normalized voltage design curve with reduced control
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Fig. 6.32 Normalized magnetizing current design curve with
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Fig. 6.33. Load transient waveforms with reduced bandwidth f
8.2 kHz at \{, = 36 V, load step change from 0 to 30 A.

Design trade-off 4: reducing maximum duty cycle limit value.

The voltage and current stresses can also be reduced by reducing the maximum
duty cycle limit value. Similar to solution 3, the disadvantage is a slower recovery from

transient in the output voltage of the main converter.

Fig. 6.34 and Fig. 6.35 shows the normalized voltage design curve with reduced
maximum duty cycle limit. The maximum duty cycle limit is reduced from 0.75 to 0.7.
The design result is;.= 40 uH, Gis less than 0.011 uF. Similar to the precious case, a
smaller G has a larger voltage stress, but less current stress and more design margin

without saturation and diode reverse recovery problem.

Fig. 6.33 shows load transient waveforms with maximum duty cycle limit reduced
from 0.75 to 0.7, and the magnetizing inductance reduced from 80 uH to 40 uH at the
same transient condition. The peak voltage value is reduced from 195 V to 141 V, and

there is no diode recovery problem during the transient.
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Fig. 6.34 Normalized voltage design curve reduced maximum duty
cycle limit. The Dlim is reduced from 0.75 to 0.7. The
design area to meet voltage stress limitation and small
signal stable criteria is shown in the dotted area.
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Fig. 6.35 Normalized magnetizing current design curve with
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from 0.75 to 0.7. The design area without transformer
saturation and diode reverse recovery problem shows in
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Fig. 6.36. Load transient waveforms with reduced maximum duty
cycle limit di, = 0.7 at \f, = 36 V, load step change from
0to 30 A.
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6.5 Validation of the design by virtual prototype test

Virtual prototype DVT process is repeated after the circuit design modification.
The following are comparisons between the original circuit problems and the circuit
behavior after the design modification. The circuit parameters are modified by reducing
the maximum duty cycle limit from 0.75 to 0.7 and magnetizing inductance from 80 uH

to 40 uH. The clamp capacitance is 0.01 uF.
6.5.1 DC performance

Fig. 6.37 shows design verification of dc bias of magnetizing current of
transformer. The dc bias of the magnetizing current does not shown any problems since

the magnetizing current ripple is about 800 mA .

Vin=72V
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Fig. 6.37. Design verification of dc bias of magnetizing current of
transformer at steady state.
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6.5.2 Small signal performance

Fig. 6.38 shows the design verification of the small signal analysis at worst case
condition. The resonant frequency of the active-clamp circuit has been pushed far

enough and does not interfere with the crossover frequency of the loop gain.
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0dB
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Fig. 6.38 Design verification of the small signal analysis.
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6.5.3 Large-signal transient

Fig. 6.39 shows the design verification of the large-signal transient analysis with
worst case: Vin =36 V, lo = 0 to 30 A. Fig. 6.39(a) shows the waveforms with original
design. Fig. 6.39(b) shows the waveforms after design modification. The original

circuit problems during large-signal transient are solved.

I'IHH il nﬂﬂﬂ ”MHH 100 V/div
cS L T
g’ ] T

Yods_main

I 40 A/div
N AL L L L
Ediu EEOU EG0u T0ou T20u Tdiu
Time (s)
(a)
Vds_main
—il il 100 vidv
| illlll ( NMM | H’iHH 11
"l I 11—
hﬁ“u'r I ]W[Wp |' ML 0.5 Avdiv
’ 40 A/div
| l Bqlﬂu l BBlﬂu l BBllJu l ?DIDU I ?2|Du I ?4|Du l
Time (s)
(b)

Fig. 6.39 Design verification of the large-signal transient analysis
with worst case: Vin = 36 V, lo = 0 to 30 A. (a)
waveforms with original design. (b) waveforms after
design modification.
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6.5.4 Abnormal conditions

Fig. 6.40 shows the design verification of the short circuit test: Vin =36 V, lo =0
A. Fig. 6.40(a) is the waveforms with original design. Fig. 6.40(b) is the waveforms

after design modification. The original circuit problems during abnormal conditions are

solved.
ﬂﬂ” ‘MMHHMHHHHHHH 100 V/div
m
s GUE i) soo mac
................. \; r w TyTTIvTTTe
. : 50 A/div
Time (s)
(@)
qll MUH“UMWUU L 200 v
[ T _
o MN A fnﬂﬂMMWM, [1|' lfw 500 mA/div
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Fig. 6.40 Design verification of the short circuit test: Vin = 36 V, lo

= 0 A. (a) waveforms with original design. (b) waveforms
after design modification.
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6.6 Summary

The dynamic responses of the active-clamp forward converter circuit with peak
current mode control under line and load transients are discussed. A design procedure is
provided to solve these design issues. The circuit performances of the power supply
system design are improved by redesign the active-clamp reset circuit. The virtual
prototype DVT is processed to verify the design. It is the first time that with the aid of
the virtual prototype, we are able to optimize the circuit design of the active-clamp

forward converter for large-signal transient behaviors.
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7. CONCLUSIONS

Today’s design and test procedure of a complex power supply system is very
expensive and time consuming because the designers must rely very heavily on
hardware breadboards and prototypes to do the vast majority of their design and
concept verification. A virtual prototype that implemented by simulation software is
implemented in this dissertation, so that a set of systematic simulation tests can be
added before the first hardware prototyping to verify the design concepts and uncover
most of the potential design deficiencies. By detecting most of the errors before the
hardware test, this virtual prototype DVT procedure can reduce design iterations
significantly. Consequently, it can shorten product time to market and reduce design

errors and the resulting costs of delays, changes, rework, and other quality problems.

This dissertation implements the virtual prototype by developing simulation
methodology for a practical power supply system. A multi-level modeling and multi-
level simulation methodology is proposed and verified by detailed simulations for a
forward-converter power supply system. The multilevel modeling and simulation
approach focuses on selecting the appropriate level of device models and function
blocks for each specific objective, therefore, the shortest simulation CPU time can be

achieved while still simulating the system behavior accurately.

The multi-level modeling and simulation methodology in virtual prototype test
procedure is composed of four parts: circuit partition, multi-level modeling,
hierarchical test sequence, and multi-level simulation. By applying multi-level
modeling and simulation methodology in virtual prototype test, the simulation time and
accuracy are improved significantly. It shows that for a practical 5 V forward converter

power supply system, it took less than 8 hours to finish about 800 tests for a complete
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virtual prototype test. The virtual prototype DVT procedure covers different system
tests that include the basic function test, steady stage analysis, small-signal stability
analysis, large-signal transient analysis, subsystem interaction test, and system

interaction test.

The dissertation also demonstrates how to debug and solve the circuit design
problems by the aid of virtual prototype. The anomalies of the active-clamp forward
converter are well known for a decade, but there is no effective way to analyze and
predict these problems so far. The problems related to the large-signal transients of the
circuit are very hard to be considered in a design procedure. The analysis and design of
the active-clamp reset circuit with considering the dynamic performances show great
challenge because of the non-linearity of system behavior.

With the help of the virtual prototype, it is the first time that we are able to analyze
the dynamic behavior of the active-clamp forward converter and provide a design
optimization procedure to obviate these circuit problems. The average-state-trajectory
approach is proposed in the dissertation and verified by circuit measurements. It shows
the proposed state-trajectory approach can predict the dynamic behavior of the reset
circuit in both voltage feedback control and current mode control circuits during input

voltage and load transients.

A design procedure for active-clamp reset circuit is proposed by using computer
generated design curves. Finally, the 5 V power supply system is verified by repeating
the virtual prototype DVT test with the new design parameters. It shows that the
problems related to active-clamp circuit are solved by using this proposed design
procedure.

This dissertation focuses on verifying the circuit performance at a nominal
condition, i.e., at a specific temperature with nominal component values. Due to the fast

simulation speed of the virtual prototype DVT, this methodology can be applied to a
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system that requires more simulation tasks (e.g. simulation with different temperatures,

tolerance analysis).

The proposed modeling and simulation methodology is to set a guideline or a
frame for the virtual prototype test. The complexity levels of models and simulation
schematics are flexible in terms of capable to vary for different applications or different
preferences of designers. Since most of the models, test sequences, the levels of
simulations are very general and can be used for different power supply systems, it is
very easy for other people to justify his own model levels and test sequences according
to different applications and preferences. The best way to implement the virtual
prototype DVT is to use an automation test system, so that all the tests can be fulfilled

and the circuit problems can be recorded in an automated simulation runs.
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Appendix A Dynamic Library Work Sheet Example (Mathcad file)

General approach for creating rectifier
diode model

Principle:

1. Select leakage current at 125 C

2. Select forward voltage drop at 125 C

3. Assume two segment model. When V = 0V, | = 0A

3. Need three points in data sheet to generate model. Proposed point
leakage current at 75% break down voltage
forward voltage at 1A
forward voltage at maximum or full load

4. Adjust parameter values If there are n diodes in parallel.

Define units:
uA=z10°%A

nc=10°c
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Example: 32CTQO030 rectifier

Major characteristics of 32CTQO030 rectifier:

From data sheet:

Major Ratings and Characteristics

o
Characteristics 32CTQO30( Units
II LAY Rectangular an M
wavelonm
Vamu 30 v
T /
II - & p=5ussine 400 A
g ) —
)
Ve @15Apk,T =125°C 0.40 W —*
(perleq) E
= |~ T,= a0
r -5510150 C £ 1 |
B w ¥ T)—125¢
: M= =
sy | -:- ].
SR e —— -
“”E‘Jﬁ
S—— t
a‘-;‘ s ! ! £
T 1) I 1
o 53] L -
-
E 75
d ] ] |
g SO
1
a1y ety et 11,1,
25— o 2 4 B8 B 1 12 14 16 18

(| % : Fervawcd e Do - Mo,

Fig, 1-Max, Forward Vollage Drop Charactenstcs
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From measurement :

Charge vs Voltage for 32CTQO030

N 7
o
e

/

0

Charge (nC)

0 5 10 15 20 25

—— Qmeasure (NC)| Voltage (V)

Circuit specification: maximum current 50 A
three rectifier in parallel

Imax:=50 A
n:=3
Calculate diode parameters:

1. Select three points in forward current vs. forward voltage fro
data sheet:

Break down voltage is 30 V, leakage current at 75% break down
voltage is 35 mA in data sheet:

Vb:=30V
Vr:=-0.75Vb Vr=-225V
Ir:=-15mA

Maximum forward current in each rectifier:

If_max:="0A If_ max- 16.667

n
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Get forward voltage drop at 1 A and 17 A from data sheet:

Vf1:=0.2V If1:=1-A
Vf2:=0.42V If2:=17-A
2. Calculate turn on and off resistances:

Roff:z? Roff = 1.5103 oohm
r

_VR2- Vil
on’=—m—
If2— If1

Ron= 0.014 ohm

3. Calculate intersection of two segments:

X
leak ® i=——
Roff
forw(x) := X- Vf1+ If1
Ron

4. Verification (model valid for If < 17 A):

x:=0-Vv,0.02V. 2.V

gieni]
) 10'§W0-segments diode forward voltage drop
L]
(] ’/
.
5
< 100 -
E 2 [ it
3 forw(x) E = F Ty ==
E E — T, o
g g
T f
10 =
1 T
T
1
1 R e . T T T T
0O 02 04 0608 1 12 14 16 1.8 L - R R T IR T Tl
X Huxmdkﬂn@pﬂi;.:-hf—h_m

Fig. 1 - Max. Forward Vakage Dop Characloristics
Forward Voltage Drop (V) '8 o PRI s Hiep LnatecleiEe
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X:=0-V,0.2V. 25V

'I(;vi/o segments diode reverse voltage

ey |
=157 [— —
“”E‘Jﬁ
e i
%1.:‘ BEC i
< .01 T L8]
S 0.0 J X
c -
[
% E 1 =]
O leak x) ol i {
% L 1 —T 1
g 1
& _ 2 —a 1
1010 3 o1 ﬁ '
[ 1 1 1 1 1 ]
| 1 1 1 1 1 1
Froevl I I S R R E—
[0} 5 0 15 =20 = o
Fawersaitage- g (V)
1010 4

0 5 10 15 20 25

X

x:=-30V.. 5V
Reverse Voltage (V)

Two segments diode model

100
78
< |
§ eak( X) 56
§ forw( x)
3 34
12
-10
=30 -23 -16 -9 -2 5
X
Voltage (V)
Find knee forward voltage:
Knee voltage initial guess: Xx:=0.3V
Given
leald X=forw(x)
Vknee:= find ¥ Vknee= 0.186 V
Iknee:= forw{ Vkneg Iknee= 1.24‘2.0_4 A
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Calculate charge parameters:

1. Select three points of charge vs. reverse voltage from measureme

Vqo:=0V Q0:=0C
Vgli=5V Q1:=10.5nC
Vg2:=21V Q2:=22.4nC

2. Calculate two-segment capacitor values:

c1:=_R1= Q0

Vgl- Vgo Cl= 2.110_9 oF
Q- Q1 _
c2: Vg2- Vgl C2= 7.437%10 10 oF

3. Verification:

Charge vs Voltage for 32CTQ030
25
Bad
20 //
= 15 =
o /
2 Iy
8 10 g
o //
5 /;'
0 ’
0 5 10 15 20 25
Qmeasure (nC) Voltage (V)
= = = =Qmodel (nC)
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Summatry of rectifier model (three paralleled) parameters:

Level 1:

Piecewise linear resistor parameters:

VO_n:=Vr

V1 n:=nVknee

V2_n:=nVfl

VO_n=-22.5V

V1 n= 0.559 V

V2 _n= 0.8V

Level 2:

I0_n:=nIr
I1_n:=nlknee

12_n:=nIfl
10_n=-0.045A

_ =4
1_n=3.72510 * *A

12_n= 2A

Piecewise linear capacitor parameters (in addition to piecewise linear resistor
in level 1):

Appendices

Vg0o_n:=Vvqo0
Vgl_n:=Vql
Vg2_n:=VQg2
Vg0_n= °V
Vgl _n= °V

Vg2_n= °V

QO0_n:
Ql_n:
Q2_n:

n QO
nQl
n Q2

Q0_n=°nC
Q1 _n=-°nC

Q2_n=°nC
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Appendix B Device Model Library

B.1. Passive components

Capacitor

C: capacitance; & ESR; Lesi ESL

Appendices

c c Resr c Resr I-esl
|1
—| I— | — v _l |__W\,__me_
M1 M2 M3
Inductor

L: inductance; R: winding dc resistance; Rcore loss resistance.

Rp
L AN
Rdc
— Y Y\ __
L
M1 M2
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Transformer
Lm: magnetizing inductancejt leakage inductance

Racp Racs winding dc resistance;Rcore loss resistance

r==-_- T i FemTOn AT T
: np‘ S ! : np'ns :
1 \ 1 :
i ! | !
1 | L 1 :
' 1 m ' '
1 ! | 1
1 : 1 !
; ! — :
| ideal xfmr : ' ideal xfmr |
M1 M2
Fommmmmm——
: ideal xfmr '
R S —YmM L
: np. ng ! L : 1
! e " ! :
1 ! | 1
R, S L I : : :
P m : ! Rp Lm [ AL T
: |
- i ideal xfmr Racp Rycs
M3 M4
@
N, 4 L
m2
L ml

sat

L, characteristics in M3 of transforer
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B.2. Semiconductor devices

Diode
i Q
v -V
M1 M2
N MOSFET
D D D
G _I G _l G _l Cds
TN * Y\ &=
L L] I
S S S
M1 M2 M3 M4
Q A
Cdg3
Cng :
1
|
1
1 |
: Cdgl :
1 1 -~
V.
\/
Vg1 Vg2 dg

Cqg characteristics in M4 of N MOSFET
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P MOSFET

Appendices

D D
G G G Coa
_l _I _I Cds G o Cds
- - A A -\ p— — ¥
+ + + -
|_. | | Cys l
S S S S
M1 M2 M3 M4
Qo A
ng3
ng2 :
1
|
1
1 1
i Coar |
| 1 -~
Ll
\Y/
ngl ng2 gd

Cgd Characteristics in M4 of P MOSFET
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NPN bipolar transistor

Gain=

|
FL .
>
<
!
£
Ly
>
<
£
<

M1 M2

PNP bipolar transistor

. 1
. 1 Gain=
Gain= 1
oK PO 5
B
b
b 1 |
e -
+ A
A
e
e
M1 M2
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Appendices

B.3. IC chips

Operational amplifier

Rin: input resistance
Ro: output resistance
Ry, Go: low frequence pole
Vh: maximum output voltage limiter
V: minimum output voltage limiter
ls: static power supply current

e v
DC gain F Gain=1 Vo
ot [ | ’
+ Rp __IS i + Ro
Ol TO= | O
T | Vil ]

M1
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Comparator
Ro: output resistance
Rq4, Cy: delay time constant

ls: static power supply current

=
+
O

]]

il
«@)°
"/

I+
Py
o

GND -

GND

M1
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Voltage regulator TL431

Ro: output resistance

Vef. reference voltage

Ry, Gy: low frequence pole R and C

>
Cathode —VWv
R
Ref DC gain ref Gain = 1 Cathode
Vref | | ARV [ Vv | | h
T-l R @ p 1 ref . RD
Anode — Cp T - @
l JE o
Ref
o Anode
M1
Optical coupler MOC8101
Ry, Go: low frequence pole R and C
Current gain Gain=1
Anode o—Ppr— ~NNN—— Emitter
Anode Collector
Ro
YK P O T ()
C
P
Cathode l— Emitter | |
Cathode © O Collector
M1
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Gate driver TSC4427

ls: static power supply current

o Vg
A ]
N
Vin Vv 4
——| TCsaa27}— M| v, ( o v
out
[o,
{>° I R,
MW L
GND T
- O
GND
M1
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