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ABSTRACT

BI -DIRECTIONAL DC-DC CONVERTER FOR LOW POWER APPLICATIONS

Manu Jain

Applications that require exchange of power from the source to the load and vice-
versa have conventionally been implemented with two uni-directional converters; each
processing the power in one direction. With growing emphasis on compact, smaller and
efficient power systems there is increasing interest in the possibility of using bi-
directional converters, especially in DC power based applications like space,
telecommunication and computer systems. A bi-directional dc-dc converter, capable of
bilateral power flow, provides the functionality of two uni-directional converters in a
single converter unit. This thesis proposes a topology for a bi-directional dc-dc converter
for use in low power applications. The implementation of this converter topology for a
battery charger/discharger circuit, with applications in DC UPS systems, demonstrates its
feasibility and advantages when compared to the conventionally used circuits. The
topology is based on a half-bridge on the primary and a current fed push-pull on the
secondary side of a high frequency isolation transformer. The small signal and steady
state analyses of the proposed topology are presented. Characteristic curves generated
from the analysis aid the design of a laboratory prototype as demonstrated by a detailed
design example. Experimental results from the prototype, under different operating
conditions, validate and evaluate the topology. Achieving bi-directional flow of power
using the same power components provides a simple, efficient and galvanically isolated

topology for a low power bi-directional dc-dc converter.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

Power electronic circuits primarily process the energy supplied by a source to
match the form required by the load, by means of using semiconductor devices to control
the voltage and current. The energy is usually available from the utility grid or from a
bank of batteries with the applications ranging from high-power conversion equipment
processing megawatts to everyday low power equipment with requirements of a few
milliwatts.

The majority of power converters are unidirectional with the power being
supplied from the source to the load. But, a number of applications like motor drives [1-
4], uninterruptible power supplies [5-10], alternate energy systems [11], battery charger-
dischargers, telecommunication [12] and space systems [13-14], require the additional
exchange of energy from the load to the source. These applications utilize power
converters with bi-directional transfer properties.

Conventionally, two independent unidirectional converters were used to achieve

bi-directional transfer of power. The escalating cost of energy in recent years has resulted



in growing emphasis on energy management due to the drain on natural resources and
environmental pollution, and energy saving techniques are becoming more important.
The demand for the development of sophisticated, compact and efficient power systems
has prompted research in bi-directional converters providing the desired bilateral power
flow and capable of replacing the two unidirectional converters.

Bi-directional power flow is an especially attractive proposition in DC power
based systems such as spacecraft applications, telecommunication and computer systems,
where the weight and physical size of the power processing modules are a critical aspect
of design. Bi-directional dc-dc converters allow transfer of power between two dc
sources, in either direction with the ability to reverse the direction of flow of current, and
thereby power, while maintaining the voltage polarity at either end unchanged. Such
converters are by nature more complex than unidirectional converters.

Although, extensive research has been conducted on unidirectional de-de
converters, the focus on dc-dc converter topologies applicable for bi-directional power
flow has been primarily on medium and high power applications [15-19] with few
topologies presented for low power applications. This thesis presents a bi-directional dc-

dc converter for low power applications.

1.2 LITERATURE REVIEW

In this section, previous work in the area of bi-directional dc-dc converters is
reviewed with the objective of defining the current status of research in this area and
evaluating topologies for their possible implementation in low power bi-directional de-dc

converters.



1.2.1 High Power Bi-directional DC-DC Converters

Various topological variations for DC-DC converters of high power applications
with bi-directional power transfer properties have been proposed. The high power dc-dc
converters use either resonant [20], soft switching achieved by controlled phase shift [17-
19] or hard switched PWM. In general, despite their individual advantages, these
topologies are unsuitable for low power applications due to one or all of the following
reasons:

e Large number of switches.

e High component count.

* Many switches are active at any given instant of time and the gating pattern

may be complicated.

¢ Limited range of satisfactory operation with high efficiency.

e Complex power and control circuitry.

Operation of the converters in resonant mode [20] uses SCR’s, is seen to have
high power densities and has the advantage of natural commutation and soft switching
ability. However, they have penalties in terms of frequency sensitivity, higher voltage
and current stresses in the devices and larger ripple currents in the input and output
capacitive filters. Resonant converters also require careful matching of the operating
frequency to the resonant tank circuit, and magnetic saturation or drift in the resonant
frequency can result in failure.

The dual active bridge presented by Divan et. al. in [17] achieves lower switching
losses by controlling the phase shift between the two inverting stages operating at high

frequencies. It utilizes the leakage inductance of the transformer as the main energy



transfer element. At high powers and frequencies designing a transformer with controlled
leakage is extremely complicated [22]. Also, this topology imposes limitations on the
load range and the input voltage range to maintain soft switching for all devices.

The inverse-dual-converter [15-16] does not have the disadvantages of a limited
range of operating conditions or complicated transformer design and has high power
density at high efficiency. But, this topology is unsuitable for low power applications due
to the higher number of switching devices and the sequential commutation technique for

their gating.

1.2.2 Medium and low power Bi-directional DC-DC converters

As for the higher power applications, medium and low power bi-directional dc-dc
converters are also based on either hard switching [6-9, 14, 23-29], soft switching or
resonance [13, 30-31]. Most of these dc-dc converters are well suited for a particular
application but have one or more of the following drawbacks:

¢ Lack of galvanic isolation between the battery and the load or source.

e High component stresses.

e Limited operating range when based on resonance or soft switching

techniques.

e Large current ripple through the inductors.

* Athigh frequencies the converters designed to operate under resonance or soft

switching may suffer from hard switching of the devices.

The converters operating in the resonant mode [13, 30-31] have a limited range of

load and voltage conditions and also subject the devices to high stresses. The presence of



only one active switch in the circuit path during each direction of power flow, leads to
higher ratings for the switch and the components as a whole and results in greater costs.
In addition, conduction losses in the resonant converter maybe higher. The bi-directional
converter topologies presented in [13, 26-31] do not provide galvanic isolation between
the battery and the load or source, which is often required in battery operated dc-dc
power systems.

Two significant applications of bi-directional dc-dc converters namely, DC UPS
[26-28] and battery charger/discharger circuits [13, 14, 23, 29] are based on topologies
that aim to achieve lower part count and therefore use components with higher ratings

that are expensive and are not optimally selected.

1.3 SCOPE AND CONTRIBUTIONS OF THE THESIS

This thesis is concerned with a bi-directional dc-dc converter for low power
applications. The purpose is to present a topology that attempts to overcome the
drawbacks in the existing topologies. The unique combination of two well known power
topologies to achieve the proposed topology of the bi-directional dc-dc converter is the
principal contribution of this thesis. The main objectives of the thesis are:

(1) To propose a bi-directional dc-dc converter topology that can be used for low
power applications. The specific application of a battery charger/discharger is
taken into account as a case study.

(i)  To present the steady state and small-signal analysis of the proposed converter.

(iii) To develop a design procedure for the converter that enables the selection and

rating of components for its implementation.



(iv) To verify the feasibility of the proposed converter, the analysis and the design
procedure with a design example and the experimental results obtained from the

practical setup of the designed converter.

1.4 THESIS OUTLINE

The contents of each chapter of the thesis are organized as follows:

Chapter 2 presents the basic topology of the proposed bi-directional converter
with application in a battery charger/discharger circuit. The selection of the proposed
power topology as opposed to other possible topologies is discussed. The basic
components of the converter are described. Operating principles of the bi-directional
converter in both the charging and discharging modes are presented. The control of the
converter is achieved by peak current mode control and its basic principles and
advantages are discussed.

Chapter 3 presents the steady state analysis of the converter in both operating
modes. This is used to generate characteristic curves, which provide an insight into the
converter and can be used to rate and select the power components in an actual design.
The experimental results from the steady state operation of a prototype are used to verify
the analysis and the characteristic curves.

Chapter 4 presents the small-signal analysis of the converter while operating in
the forward/charging mode and the backup/discharging mode. The key transfer functions
for the converter and the error amplifier that aid in the compensated error amplifier
design are presented. The theoretical frequency response is compared with the frequency

response of the prototype to validate the small-signal analysis. Dynamic response of the
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prototype, under switchover from one mode to another and load transients, is presented to
demonstrate the closed loop response of the converter.

Chapter 5 presents the detailed design procedure for a laboratory prototype of the
proposed converter. The procedure demonstrates the ease of selecting and rating power
components when the characteristic curves provided by the steady state analysis are used.
The compensated error amplifier in the control loop is designed with the information
provided by the transfer functions resulting from the small-signal analysis.

Chapter 6 presents the contributions and conclusions of this thesis and
suggestions for future work.

Appendix A shows the detailed mathematical procedure of the small-signal

analysis and the derivation of key transfer functions for both operating modes.



CHAPTER 2

DESCRIPTION OF THE BI-DIRECTIONAL
CONVERTER

2.1 INTRODUCTION

As discussed in the previous chapter, some applications require bi-directional
transfer of power, which is now being achieved through a single bi-directional converter
rather than the conventional approach of using two uni-directional converters. A bi-
directional dc-dc converter topology for low power applications is proposed. A battery
charger/discharger circuit is chosen as the application where such a converter can be
implemented. The battery charger/discharger circuit can be used as part of a DC
uninterruptible power supply (UPS).

Conventional battery charger/discharger circuits, Fig. 2-1(a) comprise of two
converters; one for the charging the battery from a DC bus and the other to provide power
to the DC bus from the battery. The proposed bi-directional converter provides both
functions of battery charging and discharging in a single conversion unit with its bi-

directional power flow capability, Fig. 2-1(b).
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Fig. 2-1 Battery charger/discharger circuit.

(a) Conventional circuit using two uni-directional converters. (b) Battery
charger/discharger circuit using proposed bi-directional converter.

The basic power topology of the proposed bi-directional converter is shown in
Fig. 2-2. The bi-directional converter is seen to consist of a half-bridge topology on the
primary of a high frequency isolation transformer and a current-fed push-pull topology on
the secondary of the transformer. The DC bus is connected to the half-bridge end and the
battery is connected to the current-fed push-pull end of the converter. The converter
operates in the forward/charging mode or the backup/discharging mode, depending on the
status of the DC mains. All switches are bi-directional and are gated according to the
operating mode of the converter.

The objective of this chapter is to describe in detail the topology, modes of
operation and the control principle of the proposed bi-directional dc-dec converter for a

battery charger/discharger application.
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Fig. 2-2 Topology of the proposed bi-directional dc-dc converter.

2.2 SELECTION OF THE APPROPRIATE POWER TOPOLOGY

Various power topologies can be considered for implementation in bi-directional
dc-dc converters. For the battery-charging/forward mode of converter operation, the low
voltage battery is charged from the high voltage DC bus and a buck-derived converter
must be used. In the backup mode, when the battery supplies the power to the DC bus, a
boost-derived circuit is used to produce the higher voltage at the DC bus. Selecting the

appropriate topologies is dependent on the application while taking into account their

merits and demerits.

The proposed bi-directional dc-dc converter consists of a buck-derived half-
bridge circuit on the primary (high voltage end) of the high frequency transformer and a
boost-derived current-fed push-pull on the secondary (battery end). The use of these
topologies is justified by comparing them to other possible converter topologies.
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2.2.1 Half-Bridge topology for the buck-derived primarv side converter

Bridge topologies are commonly used in converters being fed from a rectified AC
line or a high voltage DC bus. Half- and full-bridge topologies subject their switches in
the off state to a voltage stress equal to the DC input voltage and not to twice that as do
the push-pull, single-ended and interleaved forward converter topologies. In addition, the
drawback of voltage spikes on the primary of push-pull and the single-ended forward
topologies due to leakage inductance in the transformer primary winding is absent in the
bridge topologies. The primary leakage inductance spikes are clamped to the DC supply
bus and any energy stored in the leakage inductance is returned to the bus instead of
being dissipated in some resistive element. This allows the converters to be used from a
high voltage DC bus with switches having lower voltage ratings that are inexpensive and
easily available. The inherent problem of transformer saturation in the push-pull is easily
overcome in bridge topologies. Bridge topologies also provide better utilization of the
transformer windings and core than the conventional push-pull where only one half
winding is used during each cycle.

Although the switches in full-bridge topology carry half the peak and rms currents
compared to the half-bridge, for the same output power, the number of switches is twice
that in the half-bridge. Thus, the full-bridge is usually used in higher power circuits.

The double-ended forward converter also subjects the off state switches to a
voltage stress equal to the DC bus voltage like the half-bridge. But, the half-bridge
secondary provides a full-wave output compared to a half wave in the forward converter.
Thus the square-wave frequency in the half-bridge secondary is twice that in the forward

converter, resulting in a smaller output LC inductor and capacitor. The number of
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windings on the half-bridge primary is half that in the forward as it must sustain half the
supply voltage as compared to the full voltage in the forward, resulting in reduce the
winding cost and lower parasitic capacities. The half-bridge topology operates the
transformer core in the bipolar flux mode of operation and utilizes the whole primary

winding allowing full copper utilization of the transformer.

2.2.2 Flux balancing in the half-bridge topology

If the average volt-seconds applied to the primary winding for all positive going
pulses is not exactly equal to that for all the negative going pulses, the transformer flux
density will increase with each cycle and staircase into saturation. A volt-seconds
inequality on alternate half cycles will cause the transformer core to be biased closer
towards saturation and enter the curved part of the hysteresis loop. The magnetizing
inductance, which is proportional to the slope of the hysteresis loop, decreases and the
magnetizing current increases. Under such conditions, small temperature increases can
bring about a runaway situation, which drives the core into saturation and destroys the
power switches.

In half-bridge implementations using MOSFETs as switching devices, such a
situation may arise due to unequal voltage drops across the MOSFETs when they are in
the on state. Thus, the junction of C; and C; is not exactly at half of the supply voltage.
Current-mode control when applied to the half-bridge will ensure that the peak current is
identical for each half cycle. In order to correct any volt-second asymmetry a small
differential offset in the pulse width will be created, but this results in unequal ampere-
seconds drawn through the primary switching devices. Use of a DC blocking capacitor in

series with the transformer primary [32] has been suggested, but this will cause a voltage
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to build up across it in a direction that reinforces the original volt-second asymmetry. The
series capacitor will charge towards one of the supply voltages and alternate half cycles
will have unequal voltage amplitudes.

A suitable method of avoiding the runaway saturation of the core is to use a
separate balancing winding on the primary side of the transformer with two catching
diodes D; and D, [33]. This will restore the centerpoint voltage on C; and C,
compensating for any unequal ampere-seconds in the switching devices by allowing
restoration current to flow through them. The wire gauge and the diodes can be small. as
they carry only small restoration currents. The number of turns on the balancing winding,

N, should be the same as the primary turns, N,.

2.2.3 Current-fed push-pull for the boost-derived secondary side converter

To provide bi-directional power transfer, the output rectifying stage for the half-
bridge must be implemented with bi-directional switches. When the converter operates in
the backup mode, the battery is the source of energy and provides power to the DC bus.
The presence of the output filter inductor of the half-bridge topology in series with the
source (battery) results in a current fed topology for the backup mode.

Current-fed converters present numerous inherent advantages, especially at high
output voltages and higher output powers, which is the case when the battery is providing
backup power to the DC bus. For high output voltages, the size and cost of an output
inductor becomes prohibitive. Also, the current-fed converter inherently limits the current
provided by the battery.

To allow bi-directional flow of power, the current-fed topology must be a boost-

derived circuit. This is evident from the principle of duality for linear electrical networks,
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as the half-bridge is a buck-derived circuit. Although switching power converters are
nonlinear electrical systems by their very nature, linear duality analysis and principles
can be applied to them. This can be demonstrated by the fact that linear small-signal
models, using the state-space averaging methods can represent such converters.

A number of boost-derived current-fed topologies have been reported in literature
and have been well received as they provide significant advantages over conventional
circuits in many applications. Among them the current-fed push-pull operating with
overlapping conduction intervals for the switches is probably the mostly widely used
topology [34-36]. The disadvantages of other current-fed topologies include:

e poorly controlled inrush current at turn-on,

e use of multiple winding chokes and transformers,

e presence of a tapped input inductor, and

® use of two or more switches in series which reduce the conversion efficiency.

In the proposed converter, the rectifying stage of the half-bridge inverter naturally
provides the current-fed push-pull topology. When used with overlapping switch
conduction times, the above mentioned topology has the advantage of equal division of
inductor current between the switching devices, thereby reducing their average and rms

currents as well as the rms current magnitude in the transformer winding N,.

2.3 BASIC DESCRIPTION OF THE CONVERTER COMPONENTS

The topology of the bi-directional converter is shown in Fig. 2-2. The basic
elements of the converter, their functionality and advantages for both operating modes

are described briefly in this section.
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(i) Capacitors, C, and C;

The capacitors C; and C; provide the split voltage source at the primary winding
of the transformer for the forward operating mode. With their large capacitance values,
they are the input filters to the half-bridge converter and remove any ripple that may be
present due to the rectified AC line. Also, a lengthy input, which adds series inductance
and resistance between the source and the power supply, may not be able to deliver the
high-frequency demands of the supply necessary for the fast voltage and current
transitions within it. These capacitors will charge at a low frequency and source current
over a much higher frequency range. In the backup mode, they form the output filter
section for the loads at the DC bus. For the time intervals when the power is not
transferred from the battery to the bus, the capacitors discharge to power the load at the
DC bus. They are the holdup capacitors during the switchover from forward to backup

mode.

(i) Switches S| and S;

The power MOSFETs S; and S, are the primary switching devices of the half-
bridge circuit while the converter is operating in the forward mode. They are gated at a
constant frequency with variable on time to provide the necessary regulated output
voltage at the battery end, from the DC bus. The intrinsic body diodes of these switches

provide rectification at the DC bus end during backup mode operation.

(iii)  Transformer T,
The high frequency transformer T; galvanically isolates the battery from the DC

bus, thereby from the loads connected to it. It also performs a voltage step-up and/or step-
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down function for the converter depending on the operating mode. N, represents the
transformer primary winding and each half of the center-tapped secondary is represented

by N,.

(iv)  Auwxiliary winding, N,, and diodes D, and D,
The auxiliary winding N,, and the two catching diodes D, and D, restore the

centerpoint of the capacitors C and C; to half the input DC voltage and prevent staircase
saturation of the transformer during operation as a half-bridge converter. In the backup
mode, these elements enable equal and simultaneous charging of C; and C», which are

now the output filter capacitors.

wv) Switches S3 and S,

The power MOSFET S; and S are the main switching devices of the current-fed
push-pull converter in the backup mode. They are switched at a constant frequency and
their variable on time is controlled according to the load demand on the DC bus or the
variation in the battery voltage. In the battery-charging mode, the body diodes of these
switches are the rectifying elements for the half-bridge converter and carry the battery

charging current, iy

i) Inductor L,

The inductor L, is a part of the output filter for the half-bridge converter topology
and reduces the ripple in the battery charging current. The energy stored in the inductance
is used to charge the battery during the intervals when the switches S, and S, are not
gated. In the backup mode, L, is in series with the energy source (battery) resulting in a
current-fed push-pull topology.
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(vii)  Capacitor C,

The output filter for the half-bridge comprises of L, and C,. The voltage ripple at
the battery side is determined by the capacitor C,. C, discharges to hold up the battery
voltage when primary side switches are not conducting and its charge is replenished by
the energy stored in the inductor L,. This capacitance does not play any significant role in

the battery discharging mode.

2.4 OPERATING MODES OF THE CONVERTER

The converter has two modes of operation. In the forward mode the battery is
charged by energy from the DC bus and in the backup mode, in the absence of the DC

mains the battery discharges to power the load at the bus.

. Forward/ Charging Mode: In the forward/charging mode the converter operates

as buck-derived topology. The energy from the DC mains charges the battery over the

k.
<

¢ ———1 |oad

Power —

Fig. 2-3 Converter topology in the forward mode.
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input voltage range of the bus, while also powering the down stream load converters. In
this mode only the switches S; and are S, gated and the body diodes of the switches S3
and S; provide battery side rectification. The converter topology for this mode of

operation is shown in Fig. 2-3.

e Backup/ Current-fed Mode: On failure of the dc mains, reversal of power flow
occurs resulting from a switchover to the battery. Now the converter operates in the
boost-derived mode. The battery supplies the load power at the DC bus voltage. In this
mode, the switches S; and S; are gated and the body diodes of the switches S; and S,

provide rectification at the output DC bus side. This operating mode is shown in Fig. 2-4.

__;_ < Power

Fig. 2-4 Converter topology in the backup mode.
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2.4.1 Forward/ charging mode under ideal conditions

Fig. 2-6 and Fig. 2-7 show the operation for this mode. The DC bus powers the
down stream converters and charges the battery. The bus voltage, Vs, is bucked down by
the half-bridge converter and charges the battery to the nominal voltage, V.. by
supplying the battery charging current, iy, The switches S; and S, on the primary side
are gated at duty ratios less than 0.5, while S; and S; are not switched at all.

The converter operation is repetitive in the switching cycle, ;. The various stages of
operation during one switching time period are described by the time intervals between z,
to 14, in the idealized waveforms of Fig. 2-5. Fig. 2-6 and Fig. 2-7 show the converter

circuit for each time interval.
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Fig. 2-5 Idealized waveforms for the forward mode of operation.

Waveforms for nominal input and battery voltages at full load at the battery end with
switch duty ratio less than 0.5.



° Interval ty-t,:

Fig. 2-6(a) shows converter operation during this time interval. Both the switches
S1 and S; are in the OFF state before time ty. Now, switch S is turned ON at to for a time
interval of “d,T,”. The converter operates as a buck-derived half-bridge. A voltage V/2
appears across the primary winding, N,, and also the OFF switch, S». On the secondary
side only the body diode c;f the switch Si, Ds,, is forward biased and provides output

rectification. Dy, carries the total secondary current. Dyg; is subject to a reverse voltage

stress equal to the voltage across the secondary winding of the transformer and does not
carry any current during this interval. The output filter components, Z, and C,, provide
the necessary filtering action for the current and voltage at the battery end. The voltage
across the inductor results in a linear increase in the inductor current, and therefore the

primary switch current /s, for the ON period of primary switch.

. Interval ti-t>:

The converter operation during this time interval is shown in Fig. 2-6(b). Switch
Sy is turned OFF at instant f; while S> continues to remain OFF. During this dead time
interval there is zero voltage across the primary, and therefore secondary windings of
transformer, and no power is transferred to the secondary side. The energy stored in L,
from the previous interval provides the battery power. Voltage across the inductor

reverses and the inductor current iz, decreases linearly as it freewheels through the body
diodes Ds; and Dg,, both of which are forward biased. The diodes share the current
equally during this interval, thereby reducing the rms current through them. As none of
the primary side switches, Sy or S, are conducting they are subject to a reverse voltage

stress across them that is equal to half the supply voltage.

21



3
Y \’ N,
/‘ La ibau
vk g |
0 S
—
_l_ Power — Ds4
(a)
DS;
v ihus . D] Cl - B - Sl
V‘-E: = e Nf’x Ny -
i s —
—
=Dy o
G = RN
_ Power — Ds4
(b)

Fig. 2-6 Converter operation in the forward mode.
(a) Interval £, — 1,. (b) Interval ¢; — 15.



° Interval t,-t5:

Fig. 2-7(a) describes the converter circuit during this interval. The switch Sy is
turned ON at instant t, while S; continues to remain in the OFF state. The operation of the
converter is similar to that during the interval fo-t;, with S> and S; being analogous to S,
and Sy in the interval fo-7;. Now S; carries the primary side current and the body diode of

switch S3, Ds;, conducts and provides secondary side rectification. The voltage and
current stresses for the switches in the OFF and ON states are identical to those in the

interval ro-1

. Interval t3-t,:

Converter operation during this interval is similar to that in the interval ¢; - 7.
None of the primary side switches is ON and the battery charging current, is provided by
the energy stored in the inductor. The body diodes of both the switches on the secondary

side, Ds; and Ds,. conduct simultaneously and share the inductor current equally. This

interval is depicted in Fig. 2-7(b).
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Fig. 2-7 Converter operation in the forward mode.
(a) Interval 1, — 5. (b) Interval 3 — 1.
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2.4.2 Forward mode operation with flux imbalance

The time intervals #y — 4 describe the half-bridge operation of the bi-directional
converter in the forward/battery-charging mode under ideal conditions without any flux
imbalance. As explained in section 2.2.2 of the text, if the voltage at the Junction of the
capacitors, C; and C; drifts away from the ideal condition of half the input DC supply
voltage it may result in saturation of the transformer core and thereby damage the power

switches irreversibly. Fig. 2-3 shows the balancing winding N, and two catching diodes

D and D, that maintain the centerpoint voltage at the junction of C| and C,. The phasing
of the balancing winding is in series with the primary winding »,. By the nature of the
two series windings of identical turns, the centerpoint of the high voltage capacitors is
forced to one-half of the input DC voltage. Any drift in the midpoint voltage will cause a
small amount of restoration current to flow through the balancing winding and the diodes.
The primary circuit path in the event of a flux imbalance condition when either switch is

shown in Fig. 2-8.

Fig. 2-8 Converter operation in the forward mode under flux imbalance conditions.
(a) When switch S; is ON. (b) When switch S, is ON.
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2.4.3 Backup/ Current Fed Mode

The converter operates in this mode, Fig. 2-4, on failure of the DC mains. The
backup mode is the boost-derived mode of operation. In the absence of the DC bus, the
battery discharges to supply power to the down stream -converters connected to the DC
bus. The switches S; and S, of the current fed push-pull topology are gated at duty ratios
greater than 0.5. Rectification at the output is provided by the body diodes of the switches
Sy and S,. The backup mode is described with reference to the waveforms presented in
Fig. 2-9. As in the charging mode, inductor current is assumed to be continuous. The time
intervals between #y to t; describe the converter operation, which is repetitive over a
switching cycle, T;. Each time interval is also represented by the converter circuits in F ig.

2-10 and Fig. 2-11.
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Fig. 2-9 Idealized waveforms for converter operation in the backup mode.

Waveforms for nominal DC bus and battery voltages at full load at the DC bus end with
switch duty ratio greater than 0.5.
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o Interval ty-t,:

Switch Sy is assumed to be in the ON state before the time instant f, and S3 is
turned ON at 7 with an ON time equal to DT,. The converter topology during this time
interval is shown in Fig. 2-10(a). The transformer secondary windings, N, are subject to
an effective short circuit, which causes the inductor, L,, to store energy as the total
battery voltage appears across it. The inductor current, i;,. ramps up linearly and is shared
equally by both S; and Si. During this interval, energy stored in the output bulk
capacitors, C and C,, provides the load power at the DC bus. There is no transfer of
energy from the battery end to the DC bus end. None of the body diodes of the primary
side switches is conducting and they are subject to a reverse voltage stress equal to half

the output voltage at the DC bus.

. Interval t)-t;:

Ss is tumed OFF at instant #; while S; continues to remain ON during this interval.
described by Fig. 2-10(b). The energy stored in L, during the previous interval
replenishes the charge in the output bulk capacitors and provides load power at the bus.
through the body diode Ds, and the diode D;. Consequently, the inductor current ramps
down and will reach the value equal to that at instant ¢, if the operation is in steady state.

Voltages across the auxiliary winding N, and the primary winding N, are identical due to

their series phasing and equal number of turns. Thus, equal currents flow through D; and

Ds, allowing simultaneous and equal charging of both C; and Cs, respectively.
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Fig. 2-10 Converter operation in the backup mode.
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29




° Interval t,-t5:

This interval , Fig. 2-11(a), is similar to interval ¢,-t;,. Switch S5 remains ON and
Sy is switched ON at time 7. The duty ratio for S; is therefore greater than 0.5. With both
S3 and S4 turned ON, the transformer secondary is effectively shorted and the inductor
core stores energy, resulting in a linear rise in inductor current, i;. Voltage across both

Np and N, is zero, so load power is supplied by the discharge of the bulk capacitors.

Current and voltage stresses for the switches on the battery side and the load side are

identical to those across them in the interval ¢, —¢,.

° Interval ts-t,:

Converter operation during this interval, Fig. 2-11(b), resembles that during the
interval #;-f2. S; remains ON and S; is switched OFF at instant r3. The stored energy in ,
is transferred to the primary side of the converter through the switch conducting on the

secondary side. S, and the primary diodes Ds, and D,. The conduction of Ds, and D;

results in equal charging of C; and C,, respectively.
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2.5 CONTROL PRINCIPLE

The average dc output in DC-DC converters must be regulated within a specified
tolerance band around its nominal value in response to changes in the output load and the
input voltage variations. Keeping the switching frequency constant, the output voltage of
the converter is maintained at the desired level by varying the on time of the switch(es).
Voltage or current mode control techniques are used for the regulating the voltage at the
output of a converter.

Current mode control, with an additional inner control loop directly controls the
inductor current with the error signal rather than controlling the duty ratio of the pulse
width modulator. Current mode control presents many advantages, such as:

. improved transient response due to the faster inner current loop,

. automatic symmetry correction which eliminates the problem of transformer core
saturation in most topologies,

. simpler loop compensation as it removes one pole from the control-to-output
transfer function, especially in the presence of the right-half-plane zero.

. inherent feed-forward of the input voltage,

. capability for modular design of power supplies whereby several power supplies
can be operated in parallel and provide equal currents, and

. inherent pulse by pulse limiting of the switch current by measuring it directly or
indirectly somewhere in the circuit.

In the proposed converter, both the forward and backup modes use peak current-

mode control, Fig. 2-12, to regulate the output voltage. The necessary control action on
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Fig. 2-12 Peak current-mode control.
(a) Basic logic circuit. (b) Relevant waveforms.

the switch duty ratio is achieved by limiting the peak value of the sensed current against

an error signal generated by the comparison of the output voltage with its reference value.

2.6 CONCLUSIONS

The bi-directional de-dc converter is based two converter topologies, namely the
half-bridge and the current-fed push-pull. The reasons justifying the choice of these

topologies over possible other implementations are presented in this chapter. Bi-
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directional converter operation in the forward mode as a buck-derived half-bridge
converter and in the backup mode as a boost-derived current-fed push-pull converter is
described over one steady state switching period. The advantages of using peak current-

mode control for converter regulation are also mentioned.
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CHAPTER 3
STEADY STATE ANALYSIS

3.1 INTRODUCTION

The previous chapter presented the details on the topology, operating modes and
the basic elements of the proposed bi-directional dc-dc converter. In order to design a
converter it is necessary to quantify circuit characteristics, such as the currents flowing
through its elements, the voltages across these elements etc. Thus, the selection of
components for the bi-directional converter is influenced by various circuit parameters
and operating conditions. The design oriented steady state analysis of the converter in
both operating modes provides design equations from which numerical values for steady
state converter performance and component stresses are computed and used in the
component selection process.

The design oriented steady state analysis is based on the pertinent idealized
waveforms shown in Fig. 2-5 and Fig. 2-9. The key concept in the ensuing analysis is the
fact that the converter must be boost-derived under all conditions in the backup mode and
buck derived under all conditions in the forward mode. Thus the output voltage in the
backup mode should always be greater than or at least equal to the lower limit of the DC

bus voltage range; an operating condition that is specified before the converter design



commences. This condition must be satisfied under the worst case when the secondary
switches are operating at minimum duty ratio with maximum battery voltage. This
constraint determines the nominal battery voltage for a given turns ratio of the
transformer which consequently effects all other circuit parameters.

The circuit parameters are normalized in this worst case analysis to ensure
validity of the results and suitable converter operation over a wide range of operating
conditions. Using the steady state design expressions, characteristic curves are generated
for the circuit parameters to aid the component selection process. These curves are
plotted as a function of the variation in the input DC bus. Other relevant qualitative
considerations that must be accounted for while selecting the components in an
experimental setup are also presented.

Finally, one must also bear in mind the dual set of constraints arising from the use
of the same power circuit for both the operating modes and therefore choose the

components accordingly.

3.2  SIMPLIFYING ASSUMPTIONS FOR STEADY STATE ANALYSIS

The following simplifying assumptions are made for the steady state analysis of
both operating modes. Despite the limitations imposed by these assumptions. the

expressions derived in the following sections are accurate enough for practical design

purposes.
1. The circuit is operating under steady state, implying that all voltages and currents
are periodic.
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3.3

The switches are ideal. Therefore in the conducting state the voltage drops across
them are zero and they have infinite resistance in the blocking state.

The transformer is ideal with unity turns ratio.

The output capacitor is very large and the output voltage is held constant.

All circuit parameters are normalized over their base quantities and referred to the
primary of the isolation transformer. Secondary side variables reflected to the
primary are denoted by a prime “ * .

The output power of the converter in the forward/battery-charging mode is
between one-half and one-third the output power delivered in the backup mode.
The maximum theoretical duty ratio of the switching devices in the forward mode
is 0.5 and the minimum theoretical duty ratio for the switching devices in the
backup mode is 0.5.

The range in the input DC bus is specified which therefore determines the

nominal battery voltage.

DEFINING THE BASE QUANTITIES

To normalize the circuit parameters for the analysis base quantities for voltage.

power and frequency are defined and those for impedance and current are derived from

the basic defined base quantities.

The output DC bus voltage in the backup mode, Vs, is chosen as the base voltage.

I pu voltage, V,u,. = V5 volts.

The output power at the DC bus in the backup mode is defined as the base power.

1 pu power, Pba.ve = Pbus watts.
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The converter switching frequency in the backup mode is chosen as the base value for
frequency.

1 pu frequency, fou. = f; hertz.
Using these defined base quantities the derived base quantities for impedance and current
are expressed as,

1 pu current, Jyo,e = Py, / Vs amps (base value for current),

1 pu inductance, Ly = P,,, / 2ntf; henries (base value for inductance), and

1 pu capacitance, Cyoe = 1/ 27f, P, farads (base value for capacitance).

3.4 STEADY STATE ANALYSIS OF THE FORWARD/ CHARGING MODE

The half-bridge operation of the converter in the forward mode is analyzed for
continuous inductor current at a fixed switching frequency. The equivalent circuits of F ig.
3-1 represent the two different states of forward mode operation with all parameters
reflected to the primary of the isolation transformer.

Fig. 3-1(a) is the equivalent circuit representation of converter when either one of
the primary side switches S; or S is in the ON state, for a time interval of dT..

Fig. 3-1(b) is the equivalent circuit representation of the forward mode for the
interval (1-ds)7; when none of the primary side switches is being gated. The output
power is delivered by the energy stored in the inductor. Both the body diodes conduct

simultaneously and share the battery charging current equally.
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Fig. 3-1 Equivalent circuit for the forward mode.
(a) Either S or S; is ON. (b) S| and S- are both OFF.

3.4.1 Duty ratio of switches Sl and S,

The maximum theoretical ON time for the primary side switches, d.T.,. is 50% of

the switching time period 7.. The maximum and minimum duty ratios of S; and Sa.

dg,..and dg. ., are given by the following expressions:

Vian
Smax =M_ (31)

Smin

V 14
_battyge 29
dﬁ"mm - (J "—)

Smax

where V, is the normalized value of the maximum battery voltage and V. and
battyyqe Smax
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Fig. 3-2 Duty ratio for switches S to S.

(a) Minimum duty ratio of §; and S;. (b) Maximum duty ratio of S} and S5. (¢) Minimum
duty ratio of S’3 and S. (d) Maximum duty ratio of S’ and S’,.

Vs,,,,,, are the maximum and minimum voltages at the DC bus in the forward mode. The

theoretical values of the duty ratios for a specified variation in the DC bus voltage from
its nominal value are shown in Fig. 3-2.
In a practical setup a dead time is provided between the turn OFF instant of one

switch and the turn ON of the other to ensure that they do not overlap and thereby present

a short circuit at the transformer primary.

3.4.2 Minimum value of output inductor L o

The current through L', is assumed to be continuous over the entire operating

range of the bi-directional converter in the forward mode. The minimum required value

of the output inductor, L[,m,_", is calculated at the boundary of continuous and

discontinuous conduction of the inductor under minimum load conditions (i.e. when the
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battery draws minimum charging current) at the maximum input DC bus voltage. This

lower limit for the inductance value is expressed as

VI
L., =—== (1-24 ﬁ;.”,,,,) pu, (3.3)
4- fs -1 l'wan,,,,-,,

where [;,, ~ is the minimum pu battery charging current and Vean,,, the normalized

value of the maximum battery voltage. Fig. 3-3 shows L;mm as a function of the specified

variation in the input DC bus voltage for typical values of the power at the battery end.
The actual value of the inductor in an experimental setup maybe larger than “omin

depending on the ripple current specifications for the battery charging current. A suitable

tradeoff is be made between the output current ripple, A’7, and the size of the inductor.
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(b)
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Fig. 3-3 Minimum value of inductance to maintain continuous inductor current.

(a) Forward mode, P;., = 0.33 pu. (b) Forward mode, P,,, = 0.4 pu. (c) Forward mode.
Py = 0.5 pu. (d) Backup mode, P,,, = 1.0 pu.
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3.4.3 Maximum voltage across switches S; and S,

Power switches are generally the least reliable components within a power supply
and must be selected carefully. The selection of the appropriate switch depends primarily
on the voltage stresses across it and the rms current through it. The switch must be rated
to withstand the maximum reverse voltage across it.

The maximum reverse voltage across the primary side switches, S; and S, is

equal to the maximum input voltage at the DC bus which is given by the expression,

Vs  pu (3.4)

Sllmn = Sthzr
where, Vs, is the maximum input DC bus voltage. The maximum voltage stress across
max =

S and §; are shown in Fig. 3-4.
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Fig. 3-4 Maximum voltage stress across switches S; and S-.
(a) Forward mode. (b) Backup mode.



3.4.4_ Maximum current through switches S, and S>

Once the voltage rating for the switches is determined (3.4), the required current

handling capability of the switch must also be calculated. The maximum rms current

through the primary side switches, /5 and Ig ., is defined under the worst case of

minimum input voltage and maximum battery charging current. /;,,, .

The maximum rms current through the switch is given by,

1 ! 2 114 -
Islnnv = [Sznnx - 2.\/5 \/(lzlbaﬂmu + Al 2) ’ dﬁfma_x pu (3.5)

where A/’ is the normalized value of the ripple in the inductor current. Fig. 3-5 shows the
design curves for the maximum rms current through S; and S, for the typical battery

charging power levels.

PN
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[
|

Current (pu)

d—
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0 01 02 03 04 05 0.6 0.7 0.8

Variation in Vs (pu)

Fig. 3-5 Rms current through the switches S; and S..

(a) Forward mode, P,., = 0.5 pu. (b) Forward mode, P;,, = 0.4 pu. (c) Forward mode. Ppax
= 0.33 pu. (d) Backup mode, P;,, = 1.0 pu.
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3.4.5 Maximum voltage across the switches S’ and S’

The body diodes of the switches S and S’ provide rectification at the secondary

side of the high frequency transformer. Thus, D’s; and D’s,, are subject to maximum

reverse voltages when they are reverse biased. The maximum voltage is determined from

when only one diode is in the circuit path. The voltage stress across the body diode and
therefore the switch itself, is given by,

’ ’

VDS3'"0X = VDS4max = Vsma.r pu (36)

Fig. 3-6 shows the voltage across the secondary side switches reflected to the primary.
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Fig. 3-6 Maximum voltage stress across switches .S 3 and S”,.
(a) Forward mode. (b) Backup mode.
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3.4.6  Maximum current through switches S 3and Sy

The body diodes, D’s; and D’s,, carry the battery charging current. The average
current through these diodes is therefore calculated to select the switches S7; and S’ with
appropriate current ratings. The average current through the diodes over one switching
time period computed for the worst case condition of minimum input voltage and

maximum load conditions is shown in Fig. 3-7 and is given by the expression:

!

I
I =r = % pu (3.7)

Ds3pe D$3 g

/E
% .
L

Current (pu) —

0 0.1 02 03 04 05 0.6 0.7 0.8
Variation in Vs (puy) ———>

Fig. 3-7 Average current through the switches S5 and S .

(a) Backup mode, P, = 1.0 pu. (b) Forward mode, P,,, = 0.5 pu. (c) Forward mode. P..
= 0.4 pu. (d) Forward mode, P,,, = 0.33 pu.



3.4.7 OQutput capacitor C’,

While operating in the forward mode, if the battery is suddenly removed. the
energy stored in the inductor L', must be discharged into the output filter capacitor C”,,
This constraint and the maximum allowable value of output voltage ripple on ¥, , based
on the parasitic equivalent series resistance (esr) of the capacitor, define the choice of the
filter capacitor C, . The first, and the dominant, constraint gives the minimum possible

value of capacitor that can be used as,

2
L r . [ r
o *ban -
C, = nax pu (3.8)
r 2 I/” 2
battpegy 7 bant

14

where, Ibau,,mk is the peak allowable battery voltage when the load is removed. Fig. 3-8

shows the capacitor value for different values of output power in the forward mode.
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Fig. 3-8 Output capacitor, C",.

(a) Forward mode, P;., = 0.5 pu. (b) Forward mode, P,., = 0.4 pu. (c) Forward mode.
Py =033 pu.
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3.4.8 _Input capacitors C, and (&)

The input bulk capacitors, C; and C», Fig. 3-1(a), provide a split voltage source

for switches S; and S; and are equal in value. These bulk capacitors must provide

adequate filtering action for the input voltage ripple, Y ipple -

They must also be large
enough to provide sufficient hold up time at the DC bus voltage under dc mains failure,
before the converter begins operation in the backup mode. The value of the capacitors is
calculated from the expression given below and is shown as a function on the DC bus

variation in Fig. 3-9.

2-1,,

C,=C, = = lg. pu (3.9)

I/ripple

[
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Capacitance (pu x10%) —»

Fig. 3-9 Input capacitor, plotted as a function of the DC bus variation.

(a) Forward mode, Py, = 0.5 pu. (b) Forward mode, P,,, = 0.4 pu. (c) Forward mode.
Pio=0.33 pu.
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where ¢, is the capacitor discharge period and / pri 1S the primary current at minimum
input voltage and maximum battery charging current, calculated for an expected

converter efficiency of n = 80% and is expressed as,

_ Pb'a" ’ dﬁ"mar 100
pri — )

pu (3.10)

’
Vbatl,,,m, n

3.4.9 Balancing winding NV, 1 and catching diodes D, and D,

As described in section, the balancing winding N,, must have the same number of
turns as the transformer primary winding N, and be phased in series with it through the
ON time of S and S,. This will maintain the voltage at the midpoint of C; and C; to half
the input bus voltage.

As MOSFETs mismatches are small, the average current in the winding and the
catching diodes is very small, in mA. Therefore, a wire with smaller diameter can be used

for N,, and the current rating of D, and D; is also small.

3.S STEADY STATE ANALYSIS FOR THE BACKUP/ CURRENT FED MODE

The procedure for the steady state analysis of the backup mode is similar to that
of the forward mode. It provides the necessary design equations and characteristic curves
for the circuit parameters, plotted as a function of the specified variation in the DC bus
voltage about its nominal value. The analysis is based on the idealized waveforms shown

in Fig. 2-9 for continuous inductor current.
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The equivalent circuits of Fig. 3-10 represent the circuit states of converter
operation in the backup mode. All circuit parameters have been normalized by reflecting
the secondary side parameters to the primary side of a transformer with unity turns ratio.

The equivalent circuit of Fig. 3-10(a) represents the operation of the converter in
the backup mode during the time interval D,,T,, when both switches S’; and S’ are ON.
The entire battery voltage appears across the inductor. The diode D, is reverse biased and
does not conduct. Output power is supplied by the energy stored in the capacitor C,,,
which is the equivalent circuit representation of the capacitors C; and C; in series.

The equivalent circuit of Fig. 3-10(b) represents the time interval DT, when any
one of the switches, S and S, is ON and powsr is delivered from the battery to the

load. D,, is forward biased and carries the load current. D,, is the circuit representation of

I g Lpus
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(a)
. L, S, or S, .
1[_'0 i Lous
__,_{WY.\ T glu >
. = q 1.
14 batr f ch poy § V:
(b)

Fig. 3-10 Equivalent circuit for the backup mode.
(a) Both switches 3 and S’ are ON. (b) Only one switch S5 or Sy is ON.
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the diode pair D; — Dsz or Dy — Dgl. Depending on whether S’; or S is turned ON one of

the diode pairs conducts and charges both capacitors C; and C,. Thus, each pair carries

the total load current with each diode carrying half the output current.

3.5.1 Duty ratio for the switches S5 and S

The switches S5 and S’s are operated at duty ratios greater than 0.5 to ensure
overlap and allow the inductor L, to store energy. To operate in the boost-derived mode,
the minimum duty ratio for the switches is determined for the worst case condition which

occurs at maximum battery voltage when the output voltage at the DC bus is at the lower

limit of the specified voltage range Vs - The minimum duty ratio is calculated by the

expression,

Ve
Dm,_n =1_ nun (3.11)
2V

The maximum possible duty ratio of the secondary switches is now determined when the
battery voltage is at its minimum allowable value.

Ve-V, .
D =3 battmin (3.12)

max
VS

The minimum and maximum values of the duty ratios are plotted in Fig. 3-2.

3.5.2 Minimum value of Inductor L °

The lower limit value of the inductor, L', ., is computed at the boundary of

discontinuous and continuous inductor current for a minimum load, Tsusp;» and maximum
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battery voltage. It is expressed as,

2.5-V,
L, =———S_.2D,-1)-D,®> pu (3.13)

Omin

s’ ]b”-"mm
where the duty ratio D, is defined under boundary conditions at a minimum load of 0.1
pu at the bus, and D; =1-D,. D, is derived from the expression for the minimum

inductor current under boundary conditions which is given by,

. VD] A
Doy =—————+(2D; 1) pu. (3.14)
2 ) f; ) L;"I”’

Fig. 3-3 shows the minimum required value of the inductor in the backup mode for

different specified voltage ranges at the DC bus.

3.5.3 Maximum voltage across switches S and S’

The first step in choosing the appropriate MOSFET is to determine the maximum
reverse voltage across it. The maximum voltage stress across the secondary side switches,

Fig. 3-6, S"; and S’; occurs when the one of the switches in ON and is given by,

Ve V. =V pu. (3.15)

SB max S-t max Sma.r

3.5.4__Current through switches S5 and S’

Once the voltage rating for the switches is determined the suitable current rating
must be calculated. The rms current through the switches S’ and S, shown in Fig. 3-11,

is given by,
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Fig. 3-11 Rms current through the switches $; and S ;.

(a) Backup mode, P4, = 1.0 pu. (b) Forward mode, P,,, = 0.5 pu. (c) Forward mode. P,,,
= 0.4 pu. (d) Forward mode, P, = 0.33 pu.

3 3 . 1 Us, 2 9

[;Sm:,c = 1;% = ‘/: Z bwsmar A2 .(3 —2Dmax) pu (3.16)
6 D,

where. A'i is the ripple in the inductor current when reflected to the primary of the ideal

and D, =1-D,

ax *

3.5.5 Maximum voltage across switches S; and S

The body diodes of S; and S, provide rectification on the primary side of the bi-
directional converter in the backup mode. The maximum voltage across Dxl and D_cz 1s

shown in Fig. 3-4 and is be expressed by the equation,
St max = VSlma:r = VSmax pu (3'17)
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3.5.6 Current through switches S; and S,

In the backup mode the body diodes of S; and S, must have suitable current
ratings to carry the current powering the loads at the DC bus. The average current rating

required for these body diodes for maximum load current at the DC bus is given by,

I b
Ipg.. = Ing, e =% pu. (3.18)

The average current through the switches is shown as a function the specified variation in

the DC bus voltage in Fig. 3-12.
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Fig. 3-12 Average current through the switches S| and S-.

(a) Forward mode, P4, = 0.5 pu. (b) Forward mode, P,,, = 0.5 pu. (b) Forward mode, P,.,
= 0.4 pu. (¢) Forward mode, Py, = 0.33 pu. (d) Backup mode, P,,, = 1.0 pu.

33



3.5.7 Balancing winding Np,_and catching diodes D; and D,

The balancing winding, V,,, and the diodes D; and D, enable simultaneous and
equal charging of the capacitors C; and C,, during intervals #;-t, and ;-14, as explained in
section of the thesis. As the balancing winding carries the same current as the transformer
primary winding, they are both wound using wires of equal gauge.

The diodes D, and D, are selected according to the maximum reverse voltage
across them and the average current flowing through them while charging C; and Ca.
Their voltage and current ratings are identical to those for the body diodes of the switches

Si and S, Fig. 3-4 and Fig. 3-12, due to presence of identical windings N, and N,,.

3.5.8 Capacitors C; and G

The capacitors C; and C? are selected according to the desired output ripple at the
dc bus. They must also be large enough to hold the voltage at the bus when the switches
S’y and S’y overlap, during intervals fo-f, and f5-f3. under the worst possible case of

minimum battery supply voltage and full load.

3.6 __EXPERIMENTAL VERIFICATION OF THE STEADY STATE ANALYSIS

The performance curves from the design oriented analysis are used in chapter 5 to
design a bi-directional converter with specified operating conditions. Experimental
results are obtained from the actual implementation of that design. These results are
presented in this section to verify the steady state analysis. The design specifications and

component details of the experirental setup are provided in chapter 5 with the design
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procedure. The waveforms and values presented in this section are not referred to the

primary side of the transformer.

3.6.1 Experimental waveforms for the forward mode

The experimental results for the forward mode are obtained for the following

operating conditions:

Input DC bus voltage, Vs =360 V

Converter operating frequency, £, = 100 kHz

Power at the battery end, P,,, =85 W

Nominal battery voltage, V., =48 V
These values are well within the operating limits specified for the converter design. The
converter is operating at 75% load at the output.

The steady state current and voltage waveforms for the primary side switches S|
and S; are shown in Fig. 3-13(a) and (b). Fig. 3-13(c) shows the current in the
transformer primary winding which is seen to be symmetrical for each switch, implying
that there is no flux imbalance in the transformer core.

The current and voltage stresses for the secondary side switches S; and S; are
shown in Fig. 3-14. Fig. 3-14(c) shows the continuous battery charging current of 1.55 A
through the output inductor. The ripple in the inductor current is only about 0.2 A. The
battery is being charged to 54.5 V, Fig. 3-15. It is seen that the battery voltage has very

small ripple content, as is required.
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Fig. 3-13 Experimental results for the forward mode in steady state.

(a) Voltage across primary side switch S; or S,. (b) Current through primary side switch
S or 8. (¢) Total current in primary winding of transformer. (Input voltage = 360 V,
output power = 85 W, output voltage = 54.5 V, switching frequency = 100 kHz.)
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Fig. 3-14 Experimental results for the forward mode in steady state.
(a) Voltage across secondary side switch body diodes D s, or D’s,. (b) Current through
secondary side switch body diode D s, or D’s,. (c) Current through the inductor L,. (Input

voltage =360 V, output power = 85 W, output voltage = 54.5 V, switching frequency =
100 kHz.)
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Fig. 3-15 Experimental results for the forward mode in steady state.
Voltage at the battery, V... (Input voltage = 360 V, output power = 85 W, output voltage

=54.5 V, switching frequency = 100 kHz.)

Current spikes are observed in the experimental waveform of Fig. 3-14(c). These
are attributed to the reverse recovery of the rectifying diodes. Use of diodes with softer
reverse recovery, like Hexfreds, will reduce the current spikes. These diodes have a
higher voltage drop but it will not greatly effect the efficiency of the converter because of

the low currents flowing through them.

3.6.2 Experimental waveforms for the backup mode

Experimental results for the steady state operation of the converter setup
described in chapter 5 in the backup mode verify the analytical expressions and the
design curves of the backup mode. The results are obtained under the following operating
conditions:

Battery voltage, V,,, =50V
Converter operating frequency, £, = 100 kHz
Power delivered to the DC bus, P,,, =190 W
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Nominal voltage at DC bus, V=323 V

These values are well within the operating specifications for which the converter
is designed. The battery is charged and provides load power at 75% of the rated output
power. The voltage at the output (DC bus) must be within the specified range of 300 ~
400 V to power the down stream converters and has been chosen at 323 V in the
experimental setup.

The gating pattern for the secondary side switches S*3 and S is shown in Fig. 3-
16(a). This clearly shows the overlap between the ON times of the two switches. The
voltage and current stresses across the switches is shown in Fig. 3-16(b) and (c). Current
sharing in switches when both of them are ON can be observed from Fig. 3-16(c).

The voltage across the primary side switches and the current through their body
diodes is shown in Fig. 3-17(a) and (b). Current in the transformer primary winding is
shown in Fig. 3-17(c) and is symmetrical for both the positive and negative halves
indicating that the core is not saturated.

The current through the inductor L, in series with the battery is continuous and
has an average value of 6 A, Fig. 3-18(a). The output voltage of the converter at the DC

bus, Fig. 3-18(b), is 323 V and is seen to have negligible ripple content.
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Fig. 3-16 Experimental results for the backup mode in steady state.

(a) Gating pattern for the secondary side switches 3 and S’s. (a) Voltage across S’ or
S's. (¢) Current through S or §°. (Battery voltage =50 V, output power = 190 W, output
(dc bus) voltage = 323 V, switching frequency = 100 kHz.)
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Fig. 3-17 Experimental results for the backup mode in steady state.

(a) Voltage across primary side switch body diodes Ds, and Dy, and catching diodes D,
and D;. (b) Current through primary side switch body diodes Ds, and Dy, and catching
diodes D; and D;. (c) Current in the transformer primary winding. (Battery voltage = 50
V, output power = 190 W, output (dc bus) voltage = 323 V, switching frequency = 100
kHz.)
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Fig. 3-18 Experimental results for the backup mode in steady state.
(a) Current through the inductor, i . (b) Voltage at the DC bus, V. (Battery voltage = 50

V., output power = 190 W, output (dc bus) voltage = 323 V, switching frequency = 100
kHz.)

Reverse recovery spikes in the transformer current in Fig. 3-17(c) are observed
due to diode recovery. Use of Hexfreds can reduce this problem to a great extent as

explained in section 3.6.1.
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3.7 STEADY STATE EFFICIENCY EVALUATION

The efficiency of the bi-directional dc-dc converter in steady state operation in

both modes is obtained from the experimental setup to evaluate converter performance in

steady state.

Converter efficiency in the forward mode is obtained from the experimental setup
powered from a 350 V DC bus charging the battery at 54.1 V. Fig. 3-19 shows the steady
state forward mode efficiency as a function of the load (battery charging current) for the
specified battery voltage. The full load corresponds to the condition of the battery

drawing 1.8 A charging current. The efficiency is seen to reach a peak of 86.6 % and

decreases as the battery draws less charging current.
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Fig. 3-19 Converter efficiency in forward and backup modes.
a) Forward mode. Input voltage =350 V, battery voltage = 54.1 V. b) Backup mode.
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Fig. 3-19 also shows the steady state efficiency of the practical implementation of
the converter in the backup mode. The efficiency for a battery voltage of 50 V powering
the DC bus at 325 V is plotted as a function of the load at the DC bus. The full load at the
DC bus occurs at 250 W. An peak efficiency of 90.5 % is obtained for this mode.

These experimental results confirm a high efficiency for the proposed topology in

both its operating modes.

3.8 CONCLUSIONS

The steady state analysis provides the equations that determine circuit parameters
and the component ratings of the proposed converter. Normalized design curves are
generated from these mathematical expressions to enable converter design over a wide
range of operating conditions. Experimental results are obtained for both the forward and
backup modes from the laboratory setup of the bi-directional converter described in
chapter 5. These results validate the theoretical design expressions and design curves for
converter operation in steady state. The prototype of the converter shows high efficiency

in both operating modes.
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CHAPTER 4
SMALL SIGNAL ANALYSIS

4.1 INTRODUCTION

The component ratings and the circuit parameters are determined by the steady
state analysis presented in the previous chapter. The output voltage of the converter is
regulated despite the variations in output load and input voltage, by adjusting the duty
ratio of the switching devices. This dynamic response of the converter is achieved by
implementing a feedback control system, Fig. 4-1, which provides the desired regulation.
A compensated error amplifier is used which compares the output voltage against its
nominal operating value and modulates the pulse width of the switching device in the
converter.

To design the error amplifier, mathematical expressions that describe the dynamic

behavior of the power stage, Fig. 4-1 must be derived. This dynamic behavior can be

Vi l

% Compensated| ,, | pwM d Power v
it Emor | Controller|—> _ Stage + >
NS Amplifier Output Filter

Fig. 4-1 Block diagram representation of a converter with feedback control.
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described by small-signal transfer functions, expressed in terms of ac perturbations
around a steady-state dc operating point of the converter. These transfer functions are
used to design the error amplifier in the feedback loop, which provides the overall system
with the desired dynamic response. The transfer functions provide an insight into the
parameters governing the converter behavior and are suitably controlled in order to
design a converter that meets the requirements of efficiency, output regulation, output
ripple, stability etc.

This chapter outlines the small-signal ac analysis for both modes of converter
operation under current mode control and provides transfer functions describing
converter characteristics thereby helping to design and evaluate the compensator in the
control loop. Open loop expressions for the forward and backup modes are derived for
gain and audio susceptibility, using the state-space approach outlined in [37]. The

analysis is validated by the results from the design example described in chapter 3.

4.2 STATE-SPACE APPROACH

Switching power supplies are non-linear and discontinuous by nature therefore.
some linearizing technique must be used in order to analyze such converters using the
simple techniques of linear circuit analysis and synthesis. State-space averaging [37-39]
is one such technique that results in a linear model of the power stage including the
output filter for small ac signals, linearized around a steady-state operating point. State-
space averaging by itself, approximates the switched system to a continuous but non-
linear one and the process of linearization allows the resulting non-linear system to be

approximated to linear system. The linearizing process does involve some compromise in
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accuracy, but is adequately correct for normal design purposes. Bode plots are used to
determine the frequency response of the linearized converter to small signal variations in
its operating parameters.

State-space averaging provides mathematical expressions describing the small-
signal line-to-output and control-to-output transfer properties of the converter. The
technique presented by [37] for current-programmed converters is an extension of the
technique presented in [38] and has been used to derive the key transfer functions for the
converter in both operating modes. Using this technique, the current-programmed
converter is expressed as a function of the states, input voltage and the control signal
rather than the duty ratio. The inner current loop is absorbed in the forward path of the
converter leaving only one simple voltage feedback loop evident, which is also easier to
compensate.

The following text presents the basic procedure and some key equations for the
small-signal state space analysis of each mode of converter operation. The detailed

mathematical procedure for the analysis has been derived in appendix.

4.3 SIMPLIFYING ASSUMPTIONS

The small signal ac analysis of the converter is performed with some basic
assumptions to aid the procedure. The following assumptions have been made for the
analysis using state-space averaging:

° The semiconductor devices are ideal and have instantaneous switching from one
state to the other, i.e. offer either zero or infinite resistance to currents.

. The ac perturbations of the variables about their respective dc operating points are
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small enough that the product of two ac quantities is negligible.

. The ripple in the output voltage is negligible.

. The comer frequency of the output filter is assumed to be atleast a decade or two
below half the switching frequency of the converter.

) The parasitic elements of the inductor and capacitor have been considered, but are

negligible when compared to the equivalent load resistance.

4.4 SMALL-SIGNAL ANALYSIS OF THE FORWARD MODE

For the small-signal ac analysis of the forward mode, the circuit parameters are
reflected to the secondary side according to the appropriate transformer turns ratio.
Converter operation is repetitive over half a switching interval. thus the two equivalent
circuits in Fig. 4-2 are representative of the two distinct converter states in half the
switching period. One circuit state, Fig. 4-2(a) corresponds to the condition when either

Sy or Sz is ON for a time duration expressed as d,,T,, where

+.1)
T, =%
2

Ss

The other circuit state, Fig. 4-2(b), represents to the duration (1-d,)7,,, when both

the primary side switches are in the OFF state.
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Fig. 4-2 Equivalent circuit for the small-signal analysis of the forward mode.

(a) Either primary side switch S or S, is ON for time d,,T.,. (b) None of the primary side
switches is ON for time (1-d,,)T,..

4.4.1 State-space equations for the circuit states

The state-space equations for the equivalent circuit state in Fig. 4-2(a) when one

of the primary switches is ON are expressed by

X =A;x+Bvg

T
vbatq - Cl X

(13 ki

where, “ x 7 is the state variable vector consisting of the inductor current and the

capacitor voltage as state variables. (4.2) can be written as
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L - i
dt L L
= - +| 2LN |-
av, 1 1 ’s
- _ v, 0
dr C RC (4.3)
iL
vbaltl [r c l]
1%

c

The state-space equations for the circuit state depicted in Fig. 4-2(b), representing the

time interval when neither of the primary switches is ON are

).( = Azx + Bzvs

T 4.4
Viar, = C2X
which are re-written as
di r.+r 1
—£ --= S i 0
dr L L
= . + vS
dv, 1 1
— -1 | 0
dr C RC (4.5)
i

4.4.2 Linearized averaged state-space equation

The state-space equations for each circuit state, (4.3) and (4.5). are averaged over
the equivalent switching time period T, for d,, and (1- d,,), respectively. The matrices of
the averaged equations maybe nonlinear with respect to the duty ratio d,. Thus. the
averaged equations are perturbed around the dc operating point by adding small-signal ac

perturbations to the circuit variables,
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d, =D

s +d x=X+X v =V + Vs (4.6)

5s S5

where the small-signal ac perturbations are denoted by the symbol “ " on the variables
and the steady state values are denoted in upper case letters. An approximation is made
that the perturbations are negligible when compared to the steady-state values:

d

N <<

<< 1 =S <<1. 4.7
D 4.7)

S ES
[

Ss

All the nonlinear terms, second order terms, in the perturbed averaged state-space
equations are neglected resulting in a linear set of equations. The resulting equations
contain both the steady-state (dc) and the dynamic (ac) parts from which the only the
dynamic parts are retained, [Appendix A]. This provides the final linearized ac small-

signal model.
X = At +Bis +[(A, - A,)X + (B, - B,)V]d., (4.8)

which is expressed in the s-domain (using Laplace transforms) to determine the relevant
transfer functions describing the converter in the forward mode operation. Thus (4.8) is

expressed as

. r.+vr 1 .
sif(s)| |- o= L] [de Vs
L L )
= : w2V s )+ | 2N L a s)  4.9)

| V() 0 0

sv.(s) o

0=
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4.4.3 Control constraint

The control constraint expresses the control signal as a function of the
programmed inductor current. As suggested [37] the variations in the programmed
current can be approximated to follow those in the control signal exactly, thereby
equating the two. However, a second more accurate relationship between the two, from
the geometry of Fig. 4-3, gives better description of the effect of the current loop. This
second technique has been used in the following analysis and the constraint is expressed

as,

§§° Ss§

iL + %mld T, = Veontrol ~ mcdssTss . (410)

where m, is the rising slope of the inductor current, m. is the slope of the stabilizing ramp

and v, the control signal.
Small-signal perturbations are applied to (4.10) and only the linear terms of the

dynamic (ac) part are retained. Substitution of appropriate variables will express the

Yeontrot

~

S g N

slo;%? m slopé: m,

( 1 'dss) T&r.

dn 7;: o 3 —

Fig. 4-3 Waveforms showing relationship between programmed current and control
signal in forward mode.
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variation in the programmed inductor current as a function of the variations in the control
signal, the state variables, the input voltage and the duty ratio [Appendix A].
Mathematical manipulation provides the variation in the duty ratio is expressed as a
function of the variation of the other parameters.

The expression for the variation in the duty ratio is substituted back in the
linearized averaged state-space representation of (4.8). The programmed inductor current
is now a “driving term” rather than an unknown state and duty ratio looses its status as an
independent input. This provides the final current-programmed state equation by

expressing the linearized averaged state-space equation as a function of the state variables

X(s) . the input voltage v (s) and the control signal ¥, (s) as
sk(s) = A'R(s) + B'Fg(s) + C',pp0 (5) (4.11)

where the matrices A", B" and C” are defined in Appendix A with the detailed derivation

of the small signal analysis.

4.4.4 _Control-to-output transfer function

The control-to-output transfer is one of the key analytical expressions that
characterize converter operation. The frequency plot of this transfer function determines

the restrictions and requirements on the design of the compensator.

For a constant input voltage, Vs(s) =0, the current-programmed state equation
(4.11) is reduced to a function of X(s) and ﬁco,,m.,,(s). This allows X(s) to be expressed

as a function of ¥_,,,,,,(s) by matrix manipulation,

%(s) = [sT= A T'CY ot (5) (4.12)
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where [ is the identity matrix.

The small-signal expression for output voltage is given by
Doaur (5) = CX(s) (4.13)

Substituting for X(s) from (4.12) in the above expression gives the small-signal

control-to-output transfer function for the forward mode,

S
I+ —
D) _ R (4.14)
ﬁcontra[ (S ) 1+ al + al

/
0,/C; w0./C

The control-to-output transfer function contains not only the frequency of the
dominant pole at the load comer frequency of w,, but also the zero frequency at . and

crossover frequency for the inner current loop at ®_.. The mathematical expressions

defining these corner frequencies and the open loop gain G,, are derived in the appendix.

4.4.5 Line-to-output transfer function

The converter also is subject to perturbations in the input voltage that effect the
output voltage. The system response to small variations in the input voltage is expressed
as a transfer function describing the relation between the output and input voltage of the
converter. The process for deriving this transfer function is similar to that for the control-
to-output transfer function. This line-to-output transfer function, also called the audio

susceptibility, for the forward mode is expressed as,
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V... (s -
Lo, - (4.15)
vs(s) l+—> 4 5

o, /C 0,0./C

where the corner frequencies are identical to those in the control-to-output transfer

function and defined in the appendix.

4.5 SMALL-SIGNAL ANALYSIS OF THE BACKUP MODE

The procedure for the small-signal analysis of the backup mode of the bi-
directional converter is similar to that of the forward mode. The converter has four states
over one switching period defined by the intervals f; — 73 in section 2.4.3. Closer
observation reveals only two distinct states, as converter operation is repetitive over half
a switching time interval. The equivalent circuits, shown in Fig. 4-4 represent the two
states of the converter. All parameters are reflected to the primary of the isolation
transformer by the appropriate transformation ratio N’, which is the ratio of the turns in
the secondary to those in the primary winding. The detailed analysis with the
nomenclature definition is provided in the appendix.

Fig. 4-4(a) represents the state when both S; and Sy are closed for a time interval

dqfsx: T.u, where

(4.16)

D being the actual duty ratio of the secondary side switches and 7, the switching time
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period of the converter in the backup mode. When only one of the secondary side
switches in the ON state, the converter operation can be described by the equivalent
circuit of Fig. 4-4(b) for a time interval (1-d)7,. In the equivalent circuit, C. is the
equivalent capacitance of the capacitors C, and C, and r, is the equivalent esr of this

capacitance C..

,2
4’,1‘/ ,,2 4L/IN

N /2
+ r. +
2N 'L . Ré v,
- Cefl\ vce -
(a)
4, /N’2 4L/N’'~
N, 2 i
+ r. +
2 IN "L . R3S
- [ C”l‘ N

(b)

Fig. 4-4 Equivalent circuit for the small-signal analysis of the backup mode.

(2) Both secondary side switches S3 and S; are ON for time d,4,T,. (b) One of the
secondary side switches is ON for time (1-d_4,) 7.

76



4.5.1 State-space equations for the circuit states

The state-space equations for the two circuit states are defined in a way similar to

that in the forward mode, expressed by,

Forintervald,, T, Forinterval (1-d )T,

).( == a]X + blvba" )-{ = a2X + bzvba" (4.17)
T T

vbau, =€ % and vbanz =CX

The inductor current and the capacitor voltage are once again chosen as the state
variables.
The state-space equations for the interval d7, when both switches are ON,

represented by the circuit state of Fig. 4-4(a) are therefore written as,

rn 71 T T
dlLe _n 0 I,Lt’—l r-l
dr L
L
p = ! ) + “Voan
‘}
L dr 4L (Rs +1,)C, (4.18)
iLe
R
vg, = 0 S
Rg +r,

v
Ce

Similarly, the state-space equations for the equivalent circuit for the interval (1-d.:.)7,

when only one switch is ON can be written as,
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- oa T .

'2 '

dlLe —l rL + rLreN _ NRS iLe l
dt L (Rg +1,)4 2L(Rg +71,)
= . + *Voan

dv,, RN’ 1

- - Ve, 0
L dt ] | 2C,(Rs+r,) (Rs +1,)C, | (4.19)
i
N'Rr, R
v, = s s

2(Rg +1,) (Rg +r.)
v

Ce

4.5.2 Linearized averaged state-space equation

The state-space equations (4.18) and (4.19) describing each circuit state are
averaged over the switching time period T,, for their respective time intervals of d.,,.T..
and (1-des)T.. Small-signal ac perturbations are added to the DC quantities around the

DC operating point as follows:
dCﬁS = DCﬁS + dCfSS x=X+X Voarw = Vban + 1;ban (4.20)

As in the forward mode analysis, the ac perturbations are denoted by the symbol *
" and the steady state DC quantities are denoted in upper case letters. The perturbations
are considered negligible when compared to the DC quantities, so the non-linear second
order terms in the perturbed averaged state-space equations are neglected, providing a
linear set of equations containing both the steady-state (dc) and the dynamic (ac) parts.
The ac part represents the final linearized ac small-signal model of the converter in the

backup mode. This can be represented by as in the forward mode, with appropriate values

for the matrices by,
;{ =aX + bﬁbau + [(al - aZ)X + (bl - bZ)I/ba!I]C;cfss (4-21)
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The process of obtaining the linearized small-signal equations is given in detail in
the appendix. The final Laplace form of (4.8) describing converter operation in the

backup mode can be expressed as

B t2 gr ST r [
Sl‘: (S) - reN cfss N cfss 'I»: (s) 1 VSN
L, L, -
B 4L 2L Ll 2L
= ¢ + Vian (8) + . dofss(S)
. s 1 -
SV, (s) —s - v, (5) 0 > ;
| 2C, RsC, | | RsCod iy, |

(4.22)

4.5.3 Control Constraint

The relationship between the control signal and the programmed current is similar
to that used in the analysis of the forward mode operation, section 4.4.3. Fig. 4-5 shows
the programmed current with rising slope m,, falling slope m, and the slope of the

negative compensating ramp as 7., being compared to the error signal e.

N
slopei m,
: slope: m,

dC ArS 7:'.\' .

e (ldg)Tas

Fig. 4-5 Waveforms showing relationship between programmed current and control
signal in the backup mode.
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From the geometry of Fig. 4-5 the relationship between the programmed current

and the control signal is expressed as,

) 1
i, + > md T =e- m.d .. T (4.23)

cfss

After perturbing and linearizing (4.23), the perturbation in the duty ratio is expressed as a
function of the perturbed states, input voltage and output voltage. As in the analysis for
converter operation in the forward mode, this information is incorporated with the
linearized averaged state-space equations. The programmed current changes to a driving
term and the duty ratio is not an independent input anymore. The final current-

programmed state equation expressed as a function of the perturbations in the state

variables X(s) . the input battery voltage v,,, (s), and the control signal é(s) is,

sX(s) = a'k(s) + b'V,,, (5) + c'é(s) (4.24)

4.5.4 Control-to-output transfer function

The variation in the output voltage with a variation in the control signal is given
by the open-loop control-to-output transfer function. This transfer function is derived in
the similar way as in the forward mode, shown in the appendix, and is expressed as.

A)

] - —

1‘;5(5) — . 0):2

. (4.25)

5 s s
e(s) 1+ +
/
0, [Co o0, /C,

It provides information on the corner frequencies due to the load, the zero and the

crossover of the inner current-loop. The open-loop control-to-output transfer function
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determines how the system responds to sinusoidal inputs because reference signals,
disturbances etc. can be represented as sinusoids. The loop gain provides information on
the overall system stability. The transfer function defines the compensator characteristics

required in order to provide the overall open loop response to the system.

4.5.5 Line-to-output transfer function

The open loop change in the output voltage due to a variation in the input voltage

(audio susceptibility) is given by the expression.

(4.26)

4.6 THEORETICAL FREQUENCY RESPONSE FROM SMALL-SIGNAL

ANALYSIS

Bode plots are used to determine the frequency response of the converter. The
theoretical Bode plot of the control-to-output transfer function uses the numerical values
of the components calculated in the design example of the bi-directional described in
chapter 5. The compensated error amplifiers for both operating modes are designed and
their elements are suitably chosen. For the compensator plot values calculated in chapter
5 during the design of the compensated error amplifier to provide the converter with the
desired characteristics have been used.

The theoretical plots show the open-loop frequency response for the open-loop
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control-to-output transfer function, the compensated error amplifier and the overall
compensated bi-directional converter in both operating modes. These plots are produced

using the mathematical software package MathCad 7.0.

4.6.1 Bode plots for the forward mode

The theoretical Bode plots for the open-loop control-to-output transfer function,
the compensator transfer function and the overall open-loop response of the converter in
the forward mode are shown in Fig. 4-6. The relevant corner frequencies clearly indicated
on them.

All parameters have been derived and defined in the appendix with the small-
signal analysis and their numerical values are chosen from the design example in chapter
5. For the control-to-output transfer function. the 360 V DC bus is charging the battery to
54.65 V at 1 A charging current.

The theoretical Bode plots show a crossover frequency of 2.9 kHz for the
compensated converter. The load comer frequency provides the dominant pole at 6.2 Hz.

The second pole for the power stage is at the crossover frequency of the loop gain of the

minor current loop, ®,. at (2n)120 kHz and can be approximated by,

@y

0, = ————
wn(l - D)

c

where o is the converter switching frequency and # is ratio of the slope of the stabilizing

ramp to the inductor current slope during the ON time. ®, is the only visible proof of the
current loop after it has been absorbed into the new power stage. The zero occurs due to

the output capacitor esr, at the corner frequency of @_ equal to (27)6.7 kHz.
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Fig. 4-6 Theoretical Bode plot for the forward mode.
Open-loop response of the uncompensated converter, compensated error amplifier and

the overall compensated converter. (Input DC bus voltage = 360 V, battery voltage =
54.65 V, battery charging current =1 A)
The compensating elements of the error amplifier are chosen so as to provide a

pole at 1.78 kHz and a gain of about 28 dB. The pole compensates for the zero and

provides the desired response characteristics to the converter.

4.6.2 Bode plots for the backup mode

The theoretical Bode plots for the small-signal control-to-output transfer function,
the compensated error amplifier and the resulting overall compensated system are shown
in Fig. 4-7, as also the corner frequencies indicting the poles and zeros of the system. The
values for the various parameters of the transfer functions and the design of the

compensator are given in the converter design in chapter 5 and Appendix A.
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Fig. 4-7 Theoretical Bode plot for the backup mode.
Open-loop response of the uncompensated converter, compensated error amplifier, and

the overall compensated converter. (Battery voltage = 50 V, output power = 187 W,
output (dc bus) voltage = 326 V)

The theoretical Bode is plotted for a battery voltage of 50 V powering the DC at
326 V with 187 W (75%) load at the bus. The gain plot for the power stage shows the
presence of the dominant pole due to the load at 3.5 Hz, the right half plane (rhp) zero at
the corner frequency of 4 kHz. and the second pole at the crossover frequency of the
current loop at 90 kHz. The compensation network of the error amplifier is chosen to
compensate for the rhp zero and provide a crossover frequency below the corner
frequency of the rhp zero. The choice of the elements of the compensator is detailed in
the design example in chapter 5. The compensated error amplifier adds a pole at 1.7 kHz.

The overall open loop response of the converter is now plotted and is seen to have
a cross over frequency of 1 kHz for the specific operating conditions. The theoretical

value of the gain is also found to be sufficiently high at 44 dB.
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4.7 __EXPERIMENTAL VERIFICATION OF SMALL-SIGNAL ANALYSIS

A bi-directional converter is designed in chapter 5, using the steady state and the
small-signal analysis presented in chapters 3 and 4, respectively. The theoretical Bode
plots in section 4.6 are plotted with the numerical values of components used in the actual
implementation and provide a basis for validating the small-signal analysis. To verify the
small-signal analysis and the accuracy of the theoretical Bode plots, the open loop
frequency response is obtained for both operating modes from the experimental setup of
the converter.

Also. results of the dynamic response of the converter under various transient
conditions are obtained from the practical converter setup. The converter response
validates the small-signal analysis and the transfer functions.

The transient performance of the bi-directional converter is evaluated under the
following conditions:

1 - Step change in load while operating in the backup mode.

2 - Switchover from the forward to the backup mode at 75% load at the DC bus

when the battery is in the charged state.

3 - Switchover from forward to the backup mode at 75% load on the DC bus

when the battery is drawing a charging current of 1A.

These transient conditions provide a good estimate about the stability and the
response time of the converter. The results for the switchover from the backup to the
forward mode are ﬁot presented as they are not a critical dynamic characteristic of the bi-
directional converter. This effect can be explained by the fact that when the ac line comes

back, the DC bus voltage rises and on crossing the 325 V threshold, begins to power the
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loads at the DC bus. The bi-directional converter now operates in the forward mode to
charge the battery. The error amplifier for the backup mode reduces the inductor current
resulting in a smooth transition from one operating mode to the another. In the actual
setup, a delay is allowed before the battery begins to charge again to ensure the presence
of a stable ac line and thereby prevent short unwanted switchovers from the backup to the

forward mode and vice-versa.

4.7.1 Bode plot of the open loop frequency response in the forward mode

The experimental open loop control-to-output response for the forward mode of
the converter designed in chapter 5 is shown in Fig. 4-8. This response is obtained for the
converter operating off a 360 V DC bus, charging the battery to 54.65 V at 1 A current.

The magnitude plot, Fig. 4-8(a) shows the crossover frequency of the converter at
2.75 kHz. This crossover occurs below the comer frequency of the zero. The slope of the
magnitude plot at the crossover is approximately —20 dB/decade. The laboratory
equipment limits the lower value of the frequency to 10 Hz. In addition there is
inaccuracy at lower frequencies due to the other test equipment like the transformer. Due
to these practical limitations the gain at frequencies lower than 50 Hz may not be
accurate. The gain at 100 Hz is approximately15 dB and it is expected that the DC gain is
sufficiently high.

The phase plot for the forward mode of operation is shown in Fig. 4-8(b). This
plot is the inverted due to the error amplifier configuration and is 180 degrees out of
phase. Thus at 0 dB, the phase is —180 + 56 = - 124 degrees and the phase margin 1s 56
degrees. The magnitude and phase plots suggest that the converter is adequately stable

against transient conditions in the forward mode.
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Fig. 4-8 Experimentally obtained Bode plot for the forward mode.
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Open loop frequency response of the control-to-output transfer function (a) Magnitude
plot. (b) Phase margin plot. (Input DC bus voltage = 360 V, output battery voltage =
54.65 V, output power = 54.65 W)
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4.7.2 Bode plot of the open loop frequency response in the backup mode

The open loop control-to-output transfer function and the design of the
compensated error amplifier in the feedback path is verified by the experimentally
obtained open loop frequency response of the converter operating in the backup mode.
These results are obtained when the converter is operating with the battery at 50 V
powering the DC bus at 326 V at 75 % of the rated load.

The magnitude plot in Fig. 4-9 shows the crossover of the compensated system at
944 Hz. The crossover frequency is below the corner frequency for the right half plane
zero so that the phase lag does not exceed 180 degrees and high enough to provide large

bandwidth over which the benefits of feedback are realized.
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Fig. 4-9 Experimentally obtained Bode plot for the backup mode.

Open loop frequency response of the control-to-output transfer function.(a) Magnitude
plot. (b) Phase margin plot. (Battery voltage = 50 V, output DC bus voltage =326 V,
output power at DC bus = 190 W.)
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The phase plot is once again out of phase by 180 degrees due to the inverting error
amplifier. Thus, at unity gain, the phase of 72 degrees in Fig. 4-9 corresponds to an actual
phase of —180 + 72 = -108 and the phase margin of the voltage loop gain is at an
acceptable value of 72 degrees, Fig. 4-9. The Bode plots from the experimental setup
verify the small-signal analysis and the choice of the elements of the compensating

network in the error amplifier to provide the overall dynamic response to the system.

4.7.3 Step change in load in the backup mode

The transient in the load is observed in the backup mode when the load at the DC
bus changes from 25% to 75% of the rated full load. The battery voltage is at 50 V and
provides backup power to the DC bus. Fig. 4-10 shows the change in the load current /.
from 0.2 A to 0.57 A. The inductor current attains a steady state value of 4.05 A when the
load current at the DC bus is 0.57 A.

The output voltage is regulated at 323 V. The waveform for the voltage at the DC
bus when shown over a smaller scale indicates a negligible dip of about 2 V during the
transient condition. The voltage quickly regains its steady state value and does not cause

any adverse stress on the down stream converters being powered from the DC bus.
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Fig. 4-10 Step change in load (25% to 75%) in the backup mode.

(a) Voltage at the DC bus, V5. (b) Current at the DC bus. 7. (c) Current in the inductor,
i; . (Battery voltage = 50 V, output voltage = 323 V)

4.7.4 Switchover from forward to backup mode when batterv is charged

When the battery is in the charged state and the DT bus fails, the converter must
switchover from operation in the forward mode to the backup mode. Fig. 4-11 shows the
switchover to the backup mode when the load at the DC bus is 75% of the rated full load
and the battery is charged at 53 V, therefore drawing minimal trickle current. In the
forward mode, the voltage at the DC bus is 360 V and after the switchover is regulated at

325V in the backup mode, Fig. 4-11(a).
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Fig. 4-11 Switchover from forward to backup mode with a charged battery and 75%
load at the DC bus.

(a) DC bus voltage, V5. (b) Current in the inductor, i; . (Forward mode: input voltage =

360 V, battery voltage = 53 V, load power at the DC bus = 190 W; Backup mode: Battery
voltage = 53 V, DC bus voltage = 323 V, load power at the DC bus = 190 W.)

The voltage at which the backup mode delivers power to the DC bus has been
chosen at 325 V but any other value that lies within the operating input voltage range of
the DC bus voltage can be selected. This is justified by the fact that the voltage at the DC
is the input voltage for down stream converters that have an working input voltage range
as that specified for the operating input voltage of the bi-directional converter in the

forward mode.
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When the ac mains, which is providing power to the DC bus fails the voltage at
the DC bus begins to drop. As soon as the bus voltage is detected below 325 V, the
converter begins operation in the backup mode and regulates the DC bus to 325 V. As
mentioned, other values of the regulated DC bus voltage can be provided for by simple
changes in the line and bulk detection circuitry.

The waveforms shown over a smaller time interval clearly demonstrate the
change in the direction of the inductor current i , Fig. 4-11(b) which reaches the steady
state value in a very short time duration. The output voltage has no glitch because the
switchover to the backup mode occurs before the DC bus voltage goes out of the

operating range.

4.7.5 Switchover from forward to backup mode when batterv draws current

The dynamic response of the converter is evaluated for the condition when the
switchover from the forward to the backup mode occurs with the battery at 50 V drawing
a charging current of 1 A. The inductor current and the DC bus voltage waveforms are
depicted in Fig. 4-12 for this transient condition. The forward mode operation is at DC
bus voltage of 360 V. The load at the DC bus is 75% of the rated full load value. In the
backup mode the DC bus voltage is regulated at 325 V. The expanded view of the
inductor current over a smaller time interval shows the change in direction in a short time

duration.
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Fig. 4-12 Switchover from forward to backup mode with the battery drawing
charging current and 75% load at the DC bus.
(a) DC bus voltage V. (b) Current in the inductor i,,. (Forward mode: input voltage = 360
V, battery voltage = 50 V, battery charging current = 1 A, load power at the dc bus = 190
W: Backup mode: battery voltage = 50 V, dc bus voltage = 325 V, load power at dc bus =
190 W.)

4.8 CONCLUSIONS

The small-signal ac characteristics of the bi-directional converter in both
operating modes are obtained by means of the state-space averaging technique. Key
transfer functions describing the dynamic behavior of the converter are derived which

determine the design of the appropriate compensated error amplifiers to ensure desired
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response of the compensated converter. Theoretical and experimental frequency response
plots provide information on the gain bandwidth and the phase of the converter and are
compared to show the accuracy of the small-signal analysis. Experimental results of the
practical implementation under the transient conditions validate the selection of the
compensation network parameters for both operating modes, which are a direct outcome

of the small-signal analysis.
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CHAPTER S
DESIGN EXAMPLE

5.1 INTRODUCTION

This chapter presents the design procedure for the practical implementation of the
bi-directional dc-dc converter. A design example of the converter is given to illustrate the
selection of the power components using the characteristic curves and equations derived
in chapter 3. The ratings of the components from the design curves provide a good
approximation for the final values used in an actual. As the final values of the
components used in the implementation are obtained after a few iterations of the
theoretically calculated ones, both the theoretical and the actual values used in the
experimental setup are provided. The qualitative constraints that define the converter
design are also incorporated in the design procedure to provide a detailed design
example.

Parameters from the characteristic design curves for operating conditions other
than those used in the plots can be obtained easily as the underlying design procedure is
the same for all conditions. Once the selection and rating of the basic power components

is complete, the values for the compensating network of the error amplifiers in the
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feedback paths are chosen. The Bode plots of the transfer functions for both operating
modes, presented in chapter 4, provide information on the dynamic characteristics of the
converter. Accordingly the parameters of the compensated error amplifier are selected to

provide the desired response of the overall system under transient conditions.

5.2 DESIGN SPECIFICATIONS

The bi-directional converter is designed according to the following specifications:

Input voltage range at the DC bus = 300 V (V, Smin) — 400V (Vs,, )

Output power while charging the battery in the forward mode, P, = 100 W
Switching frequency in the forward mode, £, = 100 kHz

Output power at the DC bus in the backup mode. P,..= 250 W

Output voltage at the DC bus in the backup mode, V;,, =325V

Switching frequency in the backup mode, £, = 100 kHz

The reasons for these specifications in the practical implementation are as follows:

(1) The down stream converters (loads) powered from the DC bus have a working
input voltage range of 300 V — 400 V and demand 250 W. This defines the
operating input voltage range for the bi-directional converter in the forward mode
and also the power to be delivered to the DC bus in the backup mode.

(i1) The power delivered to the battery in the forward mode is conventionally between
one-half to one-third of that delivered to the DC bus in the backup mode. Using

this convention the forward mode power rating has been defined at 100 W.
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(iii)  The output voltage at the DC bus in the backup mode must be some value
between the working voltage range at the DC bus. This value is chosen at 325 V
though any other value can easily be selected.

(iv)  The switching frequency of the bi-directional converter is specified at 100 kHz to
reduce the physical size of the magnetic components in the circuit. A tradeoff is
made between a high switching frequency that reduces size of the magnetic

components and a lower frequency that would reduce switching losses.

The design curves presented in Fig. 3-2 to Fig. 3-9, Fig. 3-11 and Fig. 3-12
provide suitable normalized ratings of components in the power circuit under worst case
conditions to ensure proper operation of the converter. These curves are plotted as a
function of the per-unit variation in the DC bus voltage V; which is defined in the design

specifications.

5.3 __ SELECTION OF THE POWER COMPONENTS

The base quantities defined in section 3.3 are used for the selection of the power
components. The variation in the DC bus voltage around its nominal value is 0.143 pu
which gives values for the variables Vs, and Vs, . The operating frequency in both
modes is | pu, and the power at the battery end in the charging mode, P . is 0.4 pu. For

simplicity in calculations the variation in the DC bus is taken as 0.14 pu.

5.3.1 Backup battery voltage

The battery voltage must be selected first according to the constraint that the
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output voltage of the converter in the backup mode must be greater than or at least equal

to the minimum DC bus voltage V5, .. This condition must be satisfied even when the

secondary side switches are being gated at their minimum duty ratio and are being
supplied from the maximum battery voltage.

Using this basic constraint, the normalized value of the nominal battery voltage
for the bi-directional converter to operate as a boost-derived converter in the backup

mode is 0.368 pu. calculated from the following expression:

Vear = el pu (5.1)
1.167
where, V,,, _is the maximum pu battery volatge given by,

pu (3.2)

The normalized value of the battery voltage corresponds to the real value of 128.9 V fora
transformer with unity turns ratio.

In the actual experimental setup a lower voltage battery is chosen. A tradeoff is
made between the estimated conduction losses in the circuit, that are directly proportional
to the maximum charging current drawn by battery, and the physical size and cost of the

battery. A 48 V (nominal voltage) battery is chosen.

5.3.2 Transformer turns ratio

The design curves in chapter 3 are normalized with the assumption of a unity
turns ratio transformer. This implies that with a deviation in the nominal battery voltage

from the value calculated for an ideal transformer, the turns ratio can no longer be kept at
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unity if the converter operating specifications are to be met. With a 48 V battery the
corresponding value of transformer turns ratio, V, is calculated from (5.2).
The ratio of the number of turns of the primary to the secondary winding is now

calculated to be,
N=2.687 (5.3)

Therefore, the values obtained from the design curves must be converted to their real

values and then transformed accordingly using the new transformer turns ratio of 2.687.

5.3.3 Switch dutv ratios

Theoretically, the maximum duty ratio of the switches in the forward mode is 0.5
and the minimum duty of the switches in the backup mode is greater than 0.5 to ensure
proper operation of the converter.

For the specified operating conditions, with a unity turns ratio transformer the
maximum and minimum duty ratios for the switches S, to S, obtained from the

characteristic curves for the duty ratios, Fig. 3-2, are:

dp, =0377,ds =0.5, Dy, =0.57, and D, = 0.678.

5.3.4 Inductor,L,:

’
%min*®

The minimum value of the inductor, L required to maintain continuous

inductor current is obtained from Fig. 3-3. For the forward mode operation, with P, =
0.4 pu, this value is determined to be L/, __ = 1.78 pu. This is calculated at a minimum

%min

load at the battery end of 0.04 pu. In the backup mode, L, = 0.582 pu with a minimum

%min
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load of 0.1 pu at the DC bus.

The normalized values in the forward and backup modes are converted to the real
values and then transformed according to the appropriate transformer turns ratio. The
minimum inductance in the forward mode corresponds to 192.67 pH and in the backup
mode the minimum inductance required to maintain continuous inductor current under
worst case conditions is 62.85 uH. Therefore, the worst case value of 192.67 pH from

the forward mode is chosen as the minimum value of the inductance L,_ .

5.3.5 Switches, S; and S3:

The worst case ratings of the primary side MOSFETs are determined for the
maximum reverse voltage across them and the current through them, which allows
selection of the appropriate switch. Fig. 3-4 indicates that the maximum reverse voltage
stress across the primary side switches is 1.14 pu in the forward mode. In the backup

mode the body diodes of the switches, DS. and DSZ, are subject to a maximum reverse

voltage of 1 pu across them. Thus, the switches must be rated for the maximum voltage
stress which is 1.14 pu and corresponds to 400 V.

The maximum rms current through the switches S| and S, in the forward mode,
given by Fig. 3-5, is 0.658 pu when P’,,, = 0.4 pu. The average current through their
body diodes in the backup mode is 0.5 pu, obtained from Fig. 3-12. The desired rms
current rating of the switch is thus determined to be at least 0.47 A and the maximum

average current through the switch body diodes is 0.429 A under the worst conditions.

100



5.3.6 Switches. S3 and S;:

The voltage stress across the switches S; and S is determined by the design curve
provided in Fig. 3-6. The body diodes of S; and S, provide battery side rectification in the
forward mode. They are subject to a maximum voltage stress of 1.14 pu in the forward
mode during the interval when they are not forward biased. In the backup mode the
switches S3 and S are gated and are subject to a voltage stress of 1 pu as indicated in Fig.
3-6. Thus, S; and Sy are rated for the maximum reverse voltage of 1.14 pu across them.
This corresponds to a real value of 400 V.

The maximum average current through Ds; and Dy, in the forward mode is 0.465
pu. Fig. 3-7, and the maximum rms current through the switches S3 and S in the backup
mode is 1.99 p.u, Fig. 3-11. Thus, the real value of the average current through their body
diodes is 0.893 A and the real value of the rms current through S; and S, in the backup
mode is 3.823 A. The MOSFETs for S; and S; are chosen to withstand 400 V across

them and carry 3.823 A rms current through them.

5.3.7 Output Filter capacitor, Co:

The minimum value of the output filter capacitor is determined by the dominant
constraint that it will have to absorb the energy from the inductor if the battery is
suddenly removed. The design curve in Fig. 3-8 for P’ = 0.4 pu gives the value of C’,

as 7.42-10° pu. This corresponds to a real value of 174 uF for C,.

5.3.8 Capacitors Ci and G:

The capacitors C, and C, provide filtering action for the input voltage ripple in the
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forward mode and hold-up time during the switchover to the backup mode. The filtering
action provided by the capacitors in the forward mode is expressed by (3.9) and shown
graphically as a function of the normalized variation in the input DC bus voltage in Fig.
3-9. The characteristic curve gives the value for each capacitor as 3.876-10* pu at a
battery power of P’,, = 0.4 pu. This normalized value corresponds to 125.9 uF when

converted to the real value using the appropriate base capacitance.

5.3.9 _Transformer primary winding, Np:

As the voltage applied to the primary winding in the forward mode of operation is
a square wave the minimum number of primary turns can be calculated using the volt-
second approach according to which the primary volt-seconds per turn is equal to the
secondary volt-seconds per turn. The number of turns of the primary winding in the
transformer is therefore given by,

_Vs-1-10°

AB,. - A,

N

p (5.4)

where Vs = applied DC voltage across the winding (V)

t = ON time duration (us)
AB,.= maximum excursion of the ac flux density (Gauss)

. . 2
A, = effective cross-sectional area of the core (cm”)

For the design process a PQ 35/35 core was chosen with 4, = 1.96 cm®. The total

flux excursion was £ 1300 gauss, giving the value of AB, = 2600 gauss. With a



minimum applied DC bus voltage of 300 V and the maximum ON time duration of

d;. T, the minimum primary turns is calculated from (5.4) as,

2

N, =300 5-10

2600-1.96
=14.7

To avoid half turns the number of primary turns is taken as 15.
Once the number of primary turns is known and the core material has been
selected the magnetizing inductance of the primary winding L, can be calculated by the

following expression:
L,=4;-N} (5.5)

where 4, = the inductance factor or the inductance per turn (uH/N?)

The core material selected is PC 30, for which 4, = 4.86 uH/Nz. Thus from (5.5) the

magnetizing inductance of the primary winding is calculated as,

=2
LP =4.86-15
=1.10mH

5.3.10 Transformer secondarv winding, INs:

From the value of the transformer turns ratio N (5.3) and the number of turns of
the primary winding (5.4) the number of turns of the transformer secondary winding are

calculated by,

N =— (5.6)
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Thus the value of N, is 5.6. This is approximated to 6 whole turns. The magnetizing
inductance of the secondary windings is calculated by an expression similar to (5.5)
where the number of primary turns is substituted by the number of secondary turns and

gives the magnetizing inductance of the secondary winding as L, = 175 pH.

3.3.11 Balancing winding, N,,:

The forward mode of operation dictates that the number of turns on N, be equal

to N,, which results in equal magnetizing inductance, to prevent the saturation of the
core. In the backup mode, it was determined that the wire diameter for both the windings

should be equal as they carry equal current. Thus, the winding N, is identical to N, and

has 15 turns and 1.10 mH magnetizing inductance.

5.3.12 Catching diodes, D; and D,:

Dy and D, have voltage and current stresses equal to those of the body diodes of
Si and S; in the backup mode as they permit simultaneous charging of C; and C, in
conjunction with the body diodes of the switches. In the forward mode these diodes carry
minimal current only when balancing the mid-point of C, and C, and are subject to a
maximum voltage stress of 1 pu. Thus, they are rated according to the stresses in the
backup mode where, the maximum voltage stress across them is 400 V and the average

current through them is 0.429 A.
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5.4 _COMPONENT RATINGS AND VALUES USED IN EXPERIMENTAL SETUP

The numerical values for the component ratings and parameters generated by the
design curves provide a theoretical basis and close approximation for the values actually
used in the experimental setup. In the actual implementation of the prototype some of the
values may vary a little due to practical constraints but the above mentioned procedure
and the design expressions presented in chapter 3 are valid for the new values chosen.
The iterations in obtaining the final values are described in the following text.

In order to provide a dead time between the ON times of the switches in the
forward mode the maximum duty ratio of S, and S., d,,..m, is chosen to be 0.435 and not
the theoretically ideal value of 0.5. A change in the maximum duty ratio implies a change
in the transformer turns ratio if the same battery with 48 V nominal voltage is to be used.
For a battery with 48 V nominal voltage, the operating range is specified between 54.65
and 42 V.

The switch duty ratios can be re-calculated for different battery voltages and turns

ratio by the following expressions.

. Y
_ N - batt,,qy
Smin —
Smin
7.
_ N batty,
Smar
S, -
min L (3-7)
batty,,
D,,=1-
VS
— Smin
D min 1
W J
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Substituting the values for the maximum duty ratio for S; and S and the
maximum battery voltage in (5.7) gives the transformer turns ratio N as 2.38.

For the same value of N, the new value of V, is calculated from (5.6) to be 6.303.
This is again approximated to 6 full turns and the magnetizing inductance is L, = 175 uH.

(5.7) gives the maximum and minimum duty ratios of the switches S; and Sy by

substituting the appropriate values in the equations. Therefore D,... = 0.692 and D,,, =0.6.
The maximum voltage across each secondary winding in the backup mode V., is

calculated to be 60 V for the minimum duty ratio and maximum battery voltage
conditions. The magnetizing current /, in the secondary winding under these conditions is
determined by the expression,

V
I, =—sc_ A (5.8)
Ls 'Dm

where D,, = duty ratio for which the voltage appears across a secondary winding.

Thus the magnetizing current is,

To reduce the magnetizing current the magnetizing inductance of the secondary
winding must be increased. Increasing the inductance will result in an increase in the
number of turns of the secondary winding. Thus, while the maintaining the turns ratio
constant, L, and therefore N, is increased. The magnetizing inductance cannot be
increased infinitely as this would result in a very large inductor and lead to leakage
between the primary and the secondary windings. Keeping these limiting factors in mind.
a tradeoff is made between the size of the secondary winding and the value of the
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magnetizing inductance (5.8). The final values chosen are:
L;=360 uH and N, =8.

The corresponding values for primary turns N, = 19 and the primary winding

magnetizing inductance L, =2 mH.

The final circuit parameters and component values selected for the practical

implementation are shown in Table 5-1.

Parameters | Value/ Rating | Parameters | Value/ Rating
Dy, D, MUR 460 L,.L, 2 mH
Cy, G 150 uF L. L, 360 uH
Si. S IRF 840 N, 19
S3. Sy IRFP 250 N, 8
C, 470 uF /. 0.435
D, 0.725 dp. 0.326
D, 0.642

Table 5-1 Components used in experimental setup.
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5.5 COMPENSATED ERROR AMPLIFIER DESIGN

Once the power components are selected, the small signal analysis, discussed in
chapter 4, determines the open loop gain transfer functions for both modes of converter
operation. The theoretical Bode plots for these transfer functions that describe the
dynamics of the converter are plotted for the selected component values, Fig. 4-6 and Fig.
4-7.

To provide the necessary dynamic response characteristics to the converter a
compensated error amplifier is added in the feedback path. The error amplifier is a
suitably compensated operational amplifier that regulates the circuit so that it stays close
to the nominal operating conditions in the face of disturbances and errors. The
compensation network of the operational amplifier determines the dynamics of the

overall converter.

5.1 Compensated error amplifier for the forward mode

9]}

The open loop control-to-output transfer function (4.14) and its corresponding
Bode plot imposes requirements on the frequency response of the compensator. Loop
response of the uncompensated power stage provides the necessary information to design
the compensated error amplifier to achieve the desired response in the overall
compensated converter.

The DC operating point for the theoretical Bode plots is chosen for the following
conditions:

DC bus voltage = 360 V

Battery voltage = 54.65 V
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Output power at the battery end = 54.65 W
The values for the basic parameters in the expressions of the small-signal analysis

derived in chapter 4 are defined from the selected power components as follows.

2
(dc output voltage) —54.65

The output operating point parameter, R =
output power

The esr of the output capacitor, r. = 50 mQ.

The effective current sensing resistor, R;=1.7 Q

The parameter relating the slope of the stabilizing ramp and the inductor rising

slope during the ON time, n =0.1.

The other parameters in the transfer functions are calculated from the existing
information of the power circuit components and substitution of the numerical values
specified above according to the expressions derived in Appendix A.

The Bode plot in Fig. 4-6 shows the theoretical response of the open loop gain
transfer function (4.14) of the power stage including the output filter for the forward
mode operation for the selected numerical values.

The compensated error amplifier is designed to provide high gain at low
frequencies, to minimize the steady-state error, and as high a crossover frequency as
possible to the compensated converter.

The compensator receives its input from the comparator. The comparator
compares the control voltage to a voltage proportional to the current flowing in the power
stage inductor and thereby determines the instant at which the switch ON time is
terminated. The waveforms in Fig. 4-3 show the comparator inputs over one equivalent

switching period 7. One comparator input carries the control voltage V... plus the
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negative stabilizing ramp of slope —m.. The other input carries the inductor current with a
positive slope m; and a negative slope —m». The expressions to calculate the numerical
values of these parameters are given in the appendix with the detailed procedure for
deriving the small-signal transfer functions.

To achieve the desired response in the overall converter the compensated error

amplifier, Fig. 5-1, is designed to have a local feedback and is modeled by,

R,

A (5.9)

comp‘f =

R, -(1+sR,C,)

where Ry and R,, are feedback and input resistors and Cyis the feedback path capacitor.
These elements of the compensating network for the error amplifier are chosen to give
the converter desirable dynamic characteristics. The above equation indicates the
presence of a pole at a frequency equal to 1/(21tR rCr) which cancels the zero of the
output filter in the power stage by proper selection of Rrand Cr.

The predicted theoretical response for the transfer function of the compensated
error amplifier (5.9) is shown in the Bode plot in Fig. 4-6. This frequency response is
plotted for the following values of the compensating network:

Rr=270 k<,
Ri» =10 kQ, and
Cr=330 pF.
which provide the desired dynamic response of the compensated system.

The overall open loop response is obtained by combining the transfer functions

for the compensator (5.9) and the open loop control-to-output for the forward mode of the

converter (4.14). This response has also been plotted in the same figure to show the effect
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Fig. 5-1 Compensation circuit for the error amplifier in the forward mode.

of the compensated error amplifier on the uncompensated system. The compensator is
seen to provide a suitably high gain bandwidth of 59 dB and crossover frequency of

about 2.9 kHz to the converter.

5.5.2  Compensated error amplifier for the backup mode

The selected values of the power components are used to plot the theoretical open
loop response of the converter in the backup mode, which is defined by the control-to-
output transfer function (4.25). This provides the preliminary information to design the
compensated error amplifier that will provide suitable dynamic characteristics to the
overall system.

The frequency response is plotted for the following operating conditions:

Battery voltage =50 V.

Output DC bus voltage =326 V

Output power at the DC bus =190 W
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The numerical values for the parameters used in the transfer function are obtained
from the selected power components. Some basic parameters are defined below and
others are derived from the total available information, by the expressions derived in the
Appendix A.

The output operating point R = 605.

The effective esr, r, , of the output capacitors, C; and C», is 50 mQ.

The effective value of the current sensing resistor, R; =10 Q

The parameter relating the stabilizing ramp and the inductor rising slope. » = 0.1.

The predicted Bode plot for the open loop control-to-output transfer function
(4.25) is shown in Fig. 4-7. It describes the converter dynamics without the compensated
error amplifier in the feedback path.

Using the Bode plot for the response of the open-loop control-to-output transfer
function (4.25). the compensated error amplifier in the feedback loop is designed for the
desired overall open-loop system response. The input to the error amplifier is from a
comparator once again. The relationship between the two inputs of the comparator is
shown in Fig. 4-5. The control voltage is defined by e, the slope of the stabilizing ramp is
-m, ., the positive slope of the voltage representing the inductor current is m, and the
negative slope is —m,. These parameters are defined by the expressions derived in the
appendix.

The compensator response for the backup mode is modeled in the same way as

that for the forward mode (5.9) shown in Fig. 5-2. The transfer function is given by,

R
A = i (5.10)

compef ( )
R,.,,Cf . 1+stchfcf
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Fig. 5-2 Compensation circuit for the error amplifier in the backup mode.

The predicted frequency response of the transfer function of the compensated error
amplifier (5.10) is also plotted in Fig. 4-7 for the following values of the compensating

network parameters:

Rr=390 kQ.
Cr=330 pF.and
R, =78 kQ.

These values are chosen to provide the desired compensation to the power supply.
Combining the transfer function of the compensated error amplifier (5.10) and the open
loop control-to-output transfer function of the power stage (4.25), gives the theoretical
open loop frequency response of the compensated system, Fig. 4-7.

This theoretical open loop response of the overall compensated system is found to
be satisfactory with a gain bandwidth of 44 dB and a crossover frequency of 1 kHz, as

shown in Fig. 4-7.
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5.6 CONCLUSIONS

Component values and circuit parameters are defined for the design of a bi-
directional converter. The converter is designed to operate over the entire range of the
specified operating conditions. The design oriented approach outlined in chapter 3
provides a basis for the selection of the power components, but the final components used
in practical implementation of the converter are obtained after suitable iterations. For the
converter operation under transient conditions, the small-signal transfer functions derived
in chapter 4 are used to design the compensated error amplifiers in the feedback path for
both operating modes. The error amplifiers are tailored to provide the desired dynamic
characteristics to the bi-directional converter. The design example has demonstrated a
simple design process using the design equations and curves to select and rate the

components for the practical implementation.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 SUMMARY

Conventionally, two uni-directional converters have been used to achieved bi-
directional transfer of power; each processing the power for one path of the power flow.
Battery charger/discharger circuits, which are an integral part of DC uninterruptible
power supplies (UPS), are a typical application requiring bi-directional power transfer.
The classical approach has been to use two dc-dc converters; one to charge the battery in
the presence of the DC mains and the other to provide backup power to the DC bus in the
absence of the mains supply. This thesis presents a bi-directional dec-dc converter
topology with application in the battery charger-discharger circuit for DC UPS. that
achieves both the battery charging and backup mode functions by a single converter. The
bi-directional converter integrates the buck-derived half-bridge topology, for charging the
battery, and the current-fed push-pull topology, for providing backup power.

The converter operation is described for both the forward/charging and backup
modes. Steady state and small-signal analyses are performed for both modes. The results
of the analyses are used to generate characteristic curves that provide quantitative

explanation of the converter operation and an insight into its behavior. These curves can
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be used for design purposes. A design example illustrates the detailed procedure to select
and rate the components of the power circuit and the compensator in the feedback loop of
the converter. Some qualitative aspects of the circuit implementation are also highlighted.
Experimental results are used to evaluate the converter performance under steady state

and transient conditions.

6.2 CONCLUSIONS

The proposed bi-directional dc-dc converter has been implemented and provides
the desired reversible flow of power in a battery charger-discharger circuit for a DC UPS.
Its topological advantages include combining two simple converter topologies in a single
power processing stage, enabling its operation in either mode. This integrated unit has
only one high frequency transformer that provides galvanic isolation for the low voltage
battery from the high voltage supply end and the load.

The evaluation of the practical implementation shows good transient performance
of the converter under load variations and during the switchover from the charging to the
backup mode. The converter exhibits high steady state efficiency for both operating
modes.

The proposed bi-directional converter is an industrially viable converter topology
that offers substantial improvement in simplicity, efficiency, size, and component count

over the conventional battery charger-discharger circuits.
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6.3 SUGGESTIONS FOR FUTURE WORK

As an extension to the research work presented in this thesis, the following topics
are suggested:

i) Investigate the effect of soft switching on the performance and efficiency of the
proposed converter topology and its possible implementation with minimal
increase in circuit complexity.

(i) Implement and achieve desired control for the switches in both modes by using
one PWM chip.

(i)  Analyze the effect of starting the converter in the backup mode when the hold up
capacitors on the DC bus are discharged and incorporate some form of current
limiting, while maintaining converter operation.

(iv)  Analyze and compare other topological combinations for possible implementation

as a bi-directional converter.
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APPENDIX A

A.1 SMALL SIGNAL ANALYSIS FOR FORWARD MODE

The equivalent circuits in Fig. A-1 represent the two circuit states for converter

operation in the forward mode. The converter operation is repetitive over half a switching

time period. implying that each circuit state occurs twice in one time period.

V2N

+
R% I/hall

Ve

R I/han

(b)

Fig. A-1 Equivalent circuit representation for the forward mode operation.
(a) One of the primary side switches S or S is ON. (b) Both the primary side switches

are OFF.

123



Fig. A-1(a) represents the time interval when only one of the primary side
switches S) or S is in the ON state. This equivalent circuit state is valid for the time
interval d,, T, where d,, is the duty ratio of the equivalent switch representing the ON state

of either Sj or Ss. Thus,

dJS = 2'dfw

T, (A.1)
Tss =7

2

d;. = duty ratio of each switch in the forward mode.
T, = Switching time period of the converter in the forward mode.

Fig. A-1(b) is the circuit representation of the forward mode of operation when
both the switches §; and S, are in the OFF state. This equivalent circuit represents the

power stage for the time interval (1-d,,)T,,. where d,, and T, are as defined above.

A.l1.1 State variable description for the circuit states

The equations describing the equivalent linear circuit in Fig. A-1(a) during the

interval d,, 7., can be written as follows:

e 2LN L L

De I e (A2)
d C RC

vban, = il e ¥ Ve

These equations can be expressed by the state space equations
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(A.3)
Veary, = ClTx

where

X = state-variable vector consisting of the inductor current and the capacitor voltage.

A = state coefficient matrix
B; = source coefficient vector

C, = output coefficient vector

From the substitution of (A.2) into the state representation in (A.3) we have the

matrices for the state space equations, for the circuit state when the switches are ON.

. retrn L] 1
lL I —— -
L L
X = Ay = B, =| 2tV cl =[r. 1] (A.4)
1 I
Vc - - O
. C RC ]

For the interval (1-d,,)T.., with the circuit in Fig. A-1(b) representing the state when both

the switches are OFF the describing equations can be written as,

diL__iL-(rL-i-rc)_v_c

dt L L

ave i v (A.5)
d C RC

Voarz = U7c + Ve

The state-space equations for this state of forward mode operation are similar to those for

the ON state representation.



)'( = Azx + BzvS

T
vbauz - sz

(A.6)

The nomenclature for the above representation is similar to that for (A.3).

Combining (A.5) and (A.6) gives,

) [ o+ 1]
i, —e— L - 0
L L
1 1
v, - -— 0
. C RC |

A.1.2 Averaging the state variable equations over one time period

1] (A.7)

The two linear differential state-space equations, (A.4) and (A.7). describing the

operating states of the converter in the forward mode are averaged over one equivalent

switching period, 7. This is accomplished by summing the equations for the intervals

d.T,, multiplied by d,, and the equations for (1-d,)T,, multiplied by (1-4..). The resulting

state-space equation is non-linear with respect to the duty ratio and describes the

converter behavior with the switching frequency filtered out. It is represented by,

X=Ax+Bvg

Viarw = Cx
where

A=d A +(1-d)A,
B=d_B, +(-4d,)B,

C=d,C] +(1-d)CT
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By simple matrix manipulation from (A.4), (A.7), and (A.9) we can write (A.8) as,

Tdi, 1 [ r.+r 1
L --=£ L - iL d.\'s
dt L L
_ I 22
av, 1 1
- -—1 |y, 0
Ldr ] | C RC | (A.10)
I

A.1.3 Linearized averaged state-space description of the forward mode

Since, techniques for linear circuit analysis and synthesis are preferred. the
averaged equation (A.10) is perturbed around a DC operating point by introducing small-
signal ac perturbations. represented by “ ~ *', to the steady state dc quantities, represented
by upper case letters. These perturbations are negligible when compared to the dc steadv-

state values themselves. Therefore,

dy =D, +d, x=X+X vg =V + ¥ (A.11)
where,
Do ey X <1 ¥s e (A.12)
D, X Ve

Using (A.11) in the averaged equation of (A.10) gives a state-space representation
containing the steady state, the line variation, the duty cycle and the non-linear term.
Using the approximation (A.12) and neglecting the non-linear (second order) terms gives

a linear system containing both the ac and dc parts. Discarding the steady state (dc) terms
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leaves only the dynamic (ac) terms that represent the linearized small-signal model of the

system by,

% = A% + B +[(A, - A,)X + (B, - B, )V, ]d., |
(A.13)
Vpar =C X +(C] —CI)Xd,,

The ac equations are transformed to the s-domain using Laplace transformation and

represented by,

. r.+r 1 .
@] =7 | [R@] [ Vs |
= +| 2LN ve(s) + 2LN dSS (s)
. 1 1 .
sv.(s) e R AAG) 0 0
L C RC | (A.14)
;L (s)

{]bal! (S) = [rc 1] :
v.(s)

A.1.4 Control constraint

The control constraint describes the effects of the current feedback loop. The
perturbations in the inductor current are related to the variations in the control signal, the
other states, the duty ratio and the input voltage. This control constraint relationship is
derived from the waveforms at the input of the comparator in the feedback path over one
switching period 7., shown in Fig. A-2. One comparator input carries the control voltage
Veomrar PlUS the negative stabilizing ramp of slope —m.. The other input carries the inductor

current with a positive slope m; and a negative slope —ms.
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Fig. A-2 Control constraint waveforms at the input of the comparator for the
forward mode.

The relationship between the programmed inductor current is derived from the

geometry of the waveforms and is expressed by,

iL+lm,d T, =1 -m.d T, (A.15)

r
55t ss control c“sstss
p

-~

As in the analysis of the power stage, perturbations are added and only the linear

first order terms are retained.

Iy = IL + Iy m = Ml + my Veontrol = Vconlrol + Yeontrol (A16)

Because the compensating slope is constant, m. =M..

The perturbed first order ac representation of (A.15) is,

-

- - 1 " -
iL +lMlT d +—T55Dssml = VYeontrol ~ chssdss (A17)
2

5§58
2



The variables in the above expression are defined by,

Vs Ve iL(rc +rL)

ml = - N
2IN L L
Ml — Vban (1 - Dss) and ’;11 - Vs _
LD, 2LN
m. = nM,
where
M, 1-D,
M2 D:s

B A.l18
‘;_C_IL(rc"'rL) ( )
L L

(A.19)
(A.20)

and n is a parameter that must be specified and is expressed as the ratio of the stabilizing

slope to the inductor falling slope M.

Mathematical manipulation and substitution of the information from (A.18).

(A.19). and (A.20) into (A.17) gives the expression for the variation in the duty ratio. d..

as a function of the variations in the states, the input voltage and the control signal as

follows:

- r.+r ), —2L - D2, i
dg(s) = ( L) i (s)— Vs (s)
TSSVbaH (D.;S + 2nDss) 2NVbalI (D_:.S + 2nDSS)
(A.21)
2
+ D*ss . {;c ( S) + ZLDSS ) 1;con{rol (S )
Vsau (Dss + 2nDg;) T Viau (Dgs +2nD)
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A.1.5 Current programmed state equation

Substitution of (A.21) in the linearized state space representation (A.14) gives the
current-programmed state equation. This step changes the status of the inductor current
from an unknown state to a driving term and the duty ratio is no longer an independent
input term. The final current programmed state space representation of the system is of

the form
SK(5) = AR(S) + B'F5(5) + C'¥ oot (5). (A22)
where the matrices A", B" and C’ are derived from the substituting of the expression for

the perturbation in the duty ratio (A.21) in the state equation of the system of (A.14). The

esr of the inductance has been neglected in this representation.

1. T,(1-2D, +2nD_)-2L  (1-2D, +2nD,,)]
T,L(D, +2nD_) L(D., +2nD,)
A = (A.23)
1 -1
L C RC i
[ 2n-1)D%
B = ZNL(D.;‘S + anss) (A-24)
i 0
[ 2
C' = TSS(D.:S + 2nD5s) (A25)
i 0
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A.1.6 Control-to-output transfer function

To calculate the control-to-output transfer function, assume there is no
perturbation in the input voltage and put v¢(s) equal to zero in the current-programmed
state equation of (A.22). Thus the perturbations in the state vector X can be determined by

matrix algebra and defined by,
%(s) = [sL = AT C,,,0 () (A.26)

where
[ = identity matrix

s = Laplace operator

Since C,T =C ; . from (A.13) the small-signal output voltage is represented by,
Vpar (8) = C x(s) (A.27)

Substituting (A.26) in the above expression gives the transfer function as,

Db ®S) ¢ [1- A7) (A.28)
{;conrro[ (S)

Substituting for the matrices and performing simple matrix algebra gives us the final

representation of the control-to-output transfer function as,

Viau (5) =G, - ©-: (A.29)

ﬁcanrrol (s ) 1+ al + l

0, /C, o, /C

The variables in the above transfer function are defined as follows:



w;R
The corner frequency for the zero, . = —£—

re

1

The load corner frequency, ®, = ———
(R+r)C

® D, —-D..n
The current loop crossover frequency, o, = T — = o

2nnD;; nlD

o yis
The switching frequency, ©, = —
TSS

— kR
r.P(D,, - D

The gain factor, G,, =
n-—k)

S5
The conduction parameter &, which is a measure of the low frequency current loop gain.

_ 4L

RT,

s
r, is the current sensing resistor
P is the voltage gain factor for the sensed current

r.(D,, — D\.n) - kR
(D,, — Din— k)R

The constant C| =

A.1.7 Line-to-output transfer function

To derive the line-to-output transfer function the variation in the control signal is zero.
Veontrot (§) = 0. Combining this information with (A.22) gives another expression for the

perturbations in the state vector as,

%(s) =[sT-A'T'B,(s) (A.30)
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From the above equation and (A.27) the line-to-output transfer function is expressed as,

Vian (5) =C [SI - A'] -lg’ (A.31)
v, (s)

Once again by the substitution and manipulation of the matrices in (A.31) we have,

vbatr(s) - Ag‘] . o 5 (A32)
vs(s) 1+ —2 + d

0, /C, oe./C

The variables in the above expression have been defined above for the control-to-output

transfer function.

D, (1- Din)
2N(D,, - Dlon —k)

The gain for the transfer function. 4, ;=

A.2 SMALL SIGNAL ANALYSIS FOR THE BACKUP MODE

The converter operation in the backup mode can be represented by the two
equivalent circuits shown in Fig. A-3. The primary side parameters have been reflected to
the secondary side of the isolation transformer that has a ratio of secondary to primary
turns equal to N°. As in the forward mode, the operation is repetitive over half a
switching time period, T,. The converter operation can be described as that of a boost
converter with the switch ON time equal to dc,ﬂT,,.

Fig. A-3(a) is representative of the time interval dy T, during which both the
secondary side switches S; and S; are closed. The energy is stored in the inductor and the

capacitors discharge to provide the load power.
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dcj.'ss = 2D“'1

§5

T, =%
2

where,

D = duty ratio of each switch in the backup mode.

T, = Switching time period of the converter in the backup mode.

The equivalent circuit in Fig. A-3(b) represents the time interval when only one of the
switches, S3 or S, is in the ON state. This corresponds to the an equivalent boost

regulator with the switch in its OFF state for a time period (1-d, )T

,2
ar, N7 ALIN

N%_ /2

+ +

2 I/ball /IV —_ I/\

(a)
2 4LN7
4r, /N
N /2 i,

+ r. +

2W s /N == + Rs% Vs
- CeT V. )

(b)

Fig. A-3 Equivalent circuit representation for the backup mode operation.
(a) Both the switches S3 and S4 are ON. (b) Only one of the switches S; or S; is ON.
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A.2.1 State variable description for the circuit states

The linear circuit of Fig. A-3(a) is representative for the time interval d,,ﬂT,, and can be

described by the following set of equations,

dll-e = Yoan _ "Ll

dt L L
av, -v,
L= < (A.34)
dr (Rg +r,)C
vce RS
vg, = ———
Rg +r,

This equivalent circuit can be expressed in the state-space representation as follows:

X = alx + blvba"

T
1 X

1"'lmu, =cC

where,

X = state variable vector consisting of the inductor current and the capacitor voltage.
a; = state coefficient matrix

b; = source coefficient matrix

¢, = output coefficient matrix

From (A.34) and (A.35) the matrices are determined as,

i L 0 1
‘ L
R
x = a, = 1 b, =| £ cf =10 —=_|(A36)
vc O - O RS +’e
¢ (Rs +1,)C |



The expressions describing the linear circuit in Fig. A-3(b) which represents

converter operation for the interval (1-dy )T, are given by,

diLe _ Viau iLe il N'Z N'Rsvce
dr L L (Rg +r,)4 2L(Rg +1,)
av RN v
A i S ——. (A37)
dt 2C,(Rs +r,) (Rs+r,)C,
Rgv, N'Rgr,i,
vSl - (4 + (4
(Rg +r,) 2Rg +r,)
Once again the state space representation describing this circuit state is given by,
X =a,X +b,yv,,
T (A.38)
vban] = C2 X
where the matrices a>, b> and c: are as defined above and are expressed as.
: i 1 rr,N'? N'Rg
‘1, ——|n+ -
L (Rg +r,)4 2L(Rg +r,)
X = a, =
RN 1
2C,(Rg +71,) (Rs +r,)C, | (A.39)
N'R
b, = L I = sTe Rs
| 2(Rg +1,) (Rs +r,)
0
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A.2.2 Averaging the state variable equations over one time period

The averaged state-space equations describing the converter behavior over one

switching time period is expressed as,

X=ax+bvy, (A40)
VS=CX .

where,
a=dy a +(1-dy )a,
b=d, b, +(1-d, )b, (A.41)
c=d, c] +(1-dy )3
Neglecting the esr of the inductance and approximating terms that contain Rs and », to
only Rs, as Rs >> r., from (A.36), (A.39) and (A.41) the averaged state-space
representation of the converter (A.40) can be expressed as,

. 12 g rgr 7]
dl L, - "e ]\,f d’-:f [ _ N dcft.\ i 1
L, —
dr 4L 2L
= : + " Voau
dv, Nd, 1
e 8§ _ Vce O
| dr | 2C, RsC, | (A.42)

A.2.3 Linearized averaged state-space description of the backup mode

The variables in the averaged states-space equation of (A.42) are represented by steady

state (dc) quantities that have dynamic (ac) perturbations superimposed on them. The dc
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quantities, describing an operating point of the converter, are denoted by upper case
alphabets and the ac perturbations added to them are denoted by lower case alphabets

with the symbol “ ~ . Therefore,

d::j.'vs = Dq/}: + dcﬁs x=X+x Voar = Vbau + {;ban (A.43)
The perturbations are negligible when compared to the steady state quantities, thus
d‘.'fss X ﬁban
<< 1 — << —— << (A.44)
Dc_‘/j“. X Vbal!

Substitution of (A.43) in (A.42) gives the state-space representation of the
converter. Applying the approximation (A.44) in this representation and retaining only
the ac terms while neglecting the non-linear second order terms gives the linearized

small-signal model of the converter that is expressed as,

):i =ax + b{’bau + [(3.1 —az)X + (b| - bz)Vban]‘?cfss
(A.43)

It

- T, T _ Ty

Transforming (A.45) to express it in terms of Laplace transforms from which the transfer

functions are derived gives,
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si, (s)

s¥, (s)

1"5(5) =

A.2.4 Control constraint

- rejV’Z L,‘_ﬂ's - N,dc,'ﬁs's
4L 2L
Ndy, 1

i 2C, RsC, |
- ;Le(s)

r,N'd, . _

L 2

7, ()

VeN'
2L

L RS Ced;'j.'rs _J

* dcﬁs(s)

(A.46)

The control constraint determines the relationship between the programmed

inductor current and the control signal. This constraint is derived from the waveforms at

the input of the comparator. Fig. A-4, which finally provides the input to the error

amplifier in the feedback loop. One comparator input carries the control voltage. defined

by e, plus the stabilizing ramp. the slope of the stabilizing ramp is -m.. The other input

carries the voltage signal representing the inductor current that has a positive slope 1,

and a negative slope —m;. From the geometry of the waveforms the desired relationship is

expressed as,

. 1
ILc+“‘mad
2

o~

T,

S5

=e— mcdcﬁ:Tss

cfss
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slope: -m,

slope: m,

depsTss

— -—b(—(l 'dc ss) T;s————-——)-‘

Fig. A-4 Control constraint waveforms at the input of the comparator in the backup
mode.

Following a procedure similar to that in the forward mode, the variables in the control

relationship of (A.47) are expressing them as dc quantities with added ac perturbations.
i, =1, +1; m, =M, +nm, e=E+é (A.48)
and only the linear first order terms of the representing the ac model are retained.

1 I

I:L‘. += “MaTssd‘cf“ +— TssDcf“ n'za =é- chs:C?cf“ (A.49)
2 2 '
In the expression above,
V.N'D! 5
m, = Vbar , M, = S Sos .and ", = Veau (A.50)
L 2L L
m. = nM, (A.51)

where,
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D
. M. /3 (A.52)
M, D,

and, » is the ratio of the compensating slope to the inductor falling slope
and must be numerically specified.
The perturbation in the duty ratio is expressed as a function of the perturbations in
the input voltage, the control signal and the states of the system by the substitution of

(A.50), (A.51), and (A.52) in (A.49).

r 4[, - 4L < - 1 -
dy, (8) =|—-é(s) = —1i,(s) = 2Dy V,,, |- (A.53)

T T VN'( D;f“ + 2nDcf_“ )

55 RAY

A.2.5 Current programined state equation

In the current programmed state equation, the inner current loop is absorbed into
the forward path of the power stage and only the outer voltage is evident. This is obvious
from the fact that the inductor current is now a driving terms and the duty ratio is not an
independent input. This is achieved by the substitution of the expression for the duty ratio
perturbations (A.53) in the state space representation of the system (A.46). The state-

space representation of the current-programmed equation is given by,
SK(s) = a'R(5) + bV (5) + C'é(s) (A.54)

where the matrices are defined as,

~r.NDy, 2 - N'D, ]
4L T, (D, -2nD, ) 2L
a' = ry - (A.SS)
NDy, 4L -1
2L  RsC.Dy T N'(Dy, +2nD, ) RsC,
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Dy +D, (2n-1)

LD}, +2nD,; )
2D,

RsC,Dy, N'(Dy, +2nD, )|

2

TSSDéfss + 2’7Dcf,,
-4
RsC. Dy, N'(Dy, +2nDy )

A.2.6__Control-to-output transfer function

The control-to-output transfer function is derived and plotted to give information
on the crossover frequency. the corner frequencies for the poles and zeros and the system

gain. The transfer function can be derived by assuming there are no perturbations in the
input voltage, mathematically meaning ¥,,,(s) = 0. Using this in the current

programmed state space representation of the system (A.54) gives the matrix solution for

the perturbation in the states,
x(s) = [sT —a'] “'c'é(s) (A.58)

From the above equation and the averaged state space representation (A.45) we derive the

transfer function. To avoid lengthy calculations with minimal inaccuracy in the end result

the effect of the term (c,T - cg) in (A.45) has neglected. The transfer function can easily

be represented by,
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Y5O _ ¢ [s1-a] e (A.59)
e(s)

where c is the matrix defined in(A.42), a" is the matrix defined in (A.55) and ¢’ has been

defined in (A.57). Solving (A.59) with the substitution of the matrices gives the final

control-to-output transfer function expressed as,

s

- ——

; .
L—L(S_) =G, - -2 5 (A.60)
é(s) 1+ o + 5

Oy /Ca Ly Ocy /Ca

where,

. 2N'D,, (R¢D., N'—r,)
The corner frequency for the right half plane (rhp) zero, o., = = — .
2L + RS C,'f\,\ A""I'e

2
The load corner frequency. o, =

(Rg +1,)C,

20

5

The current loop crossover frequency, O, = .
D,
ARy

oy T
The switching frequency, o, = —.
TS

S

4k(RDy N'-2r,)

The gain factor, Gy = .
(D} N">n+16k)pr .,

¥.ense 1S the current sense resistor and p is the voltage factor for the sensed current.

L
RS T:vs

The conduction parameter, k =
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8kR¢ + rertD;f2 N2
The constant, C, = = .
Rg(16k + nDy} N'*)

A.2.7 Line-to-output transfer function

The line-to-output transfer function, also called the audio susceptibility, is the
variation in the output voltage due to perturbations in the input voltage. This transfer
function is derived by a procedure similar to that for the control-to-output transfer
function.

The variation in the control signal, ¢, is assumed to be zero, i.e. é= 0. Therefore. the

current programmed state-space representation (A.54) can now be expressed as,
%(s) = [sI—a'T'b'%,,, (s) (A.61)

Using this expression with (A.45) while neglecting the term (clT - cg) as earlier with little

inaccuracy in the end result, the line-to-output transfer function is represented by.

RAOI c[st - a’]l v’ (A.62)
{’bau (S)

Substitution of the defined matrices gives the line-to-output transfer function as,

(A.63)

Voan (s) 1+ +
Oy /Cb Orey Py /Ce

where,
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16kRs +2D;; N'2 2reD2 55 + D, nD; ™
The gain factor, A, = S oV s ofes WDy, ) .

RgD,, N'(16k + nD} N'*)
The comer frequency for the zero,

2kTSSDCfs: - rGCeD:ffz}s le (Dcfss - éf&r n)

S .
4kRS + Déf:s Af’z[zrechfsS + D::fsj RS (nDC,.f-“ - Dcfss )]

4kRg + r,nD} N2
The constant, C, = s

Rs(8k +nDJ N'?)
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