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ABSTRACT

RESONANT UPS TOPOLOGIES FOR THE EMERGING HYBRID FIBER
CoOAXIAL NETWORKS

Humberto Pinheiro
Concordia University. 1998

Uninterruptible power supply (UPS) systems have been extensively applied to
feed critical loads in many areas. Typical examples of critical loads include life-support
equipment. computers and telecommunication systems. Although all UPS systems have a
common purpose to provide continuous power to critical loads, the emerging hybrid
fiber-coaxial networks have created the need for specific types of UPS topologies. For
example, galvanic isolation for the load and the battery, small size, high input power
factor, and trapezoidal output voltage waveforms are among the required features of UPS
topologies for hybrid fiber-coaxial networks. None of the conventional UPS topologies
meet all these requirements. Consequently, this thesis is directed towards the design and
analysis of UPS topologies for this new application. Novel UPS topologies are proposed
and control techniques are developed to allow operation at high switching frequencies
without penalizing the converter efficiency. By the use of resonant converters in the
proposed UPS topologies. a high input power factor is achieved without requiring a
dedicated power factor correction stage. In addition, a self-sustained oscillation control
method is proposed to ensure soft switching under all operating conditions. A detailed
analytical treatment of the resonant converters in the proposed UPS topologies is
presented and design procedures illustrated. Simulation and experimental results are
presented to validate the analyses and to demonstrate the feasibility of the proposed

schemes.
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CHAPTER 1: INTRODUCTION

1.1 GENERAL INTRODUCTION

Uninterruptible power supply systems have been extensively applied to feed
critical loads in many areas. Typical examples of critical loads in low and medium power
application are life-support equipment. computers and telecommunication systems [1.2].
Although all uninterruptible power supplies have a basic feature that is to provide
continuous power to a critical load, the emerging hybrid fiber-coaxial networks
(Appendix 6) have created the need for a specific type of uninterruptible power supplies

[6-11].

Ferroresonant based ac power supplies have been used by the cable television
industry to feed the existing hybrid fiber-coaxial (HFC) networks [12,13]. However. as
the cable industry upgrades their networks to provide reliable voice services, and the
telephone industry moves into the digital data era, more stringent requirements, such as
higher efficiency, smaller size, and electrical performances are being imposed on these
power supplies. As a result, low efficiency and bulky ferroresonant power supplies will
have to be replaced by more efficient and smaller uninterruptible power supplies based

on high switching frequency converters.

Most of the conventional uninterruptible power supply (UPS) topologies [14-32]
are not suitable to feed HFC networks. One example of this incompatibility is the line
interactive type of UPS [14-23]. In a line interactive UPS the output voltage and the

incoming ac line voltage are interfaced using a synchronous reactor. These two voltages
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are synchronized and the displacement angle between them determines the amount of
power sent to the load and to the battery. This type of UPS is not suitable for powering
HFC networks. since in this application the input and output voltages have different
waveforms. The input voltage is usually sinusoidal which comes from either the available
utility grid or from a backup engine-alternator, while the output is usually a trapezoidal
voltage, which has a frequency that may be different from the incoming ac source [6.11].
Another example is the conventional rectifier-inverter type of uninterruptible power
supply [26-32]. This type of UPS provides no galvanic isolation for the battery from the
output or from the input [33], and it usually requires high battery voltage [26-32].
Furthermore, a number of UPS topologies [8,12,14,33,24,25,27] require bulky and heavy

low frequency isolation transformer(s) to provide isolation for the critical load [34.35].

On the other hand, power factor correction circuits (PFC) have been incorporated
in electronic equipment that are intended to be connected to the utility grid to reduce the
utility grid voltage distortions, which are caused by nonlinear electronic loads [3], as well
as to maximize the power that can be extracted from the utility grid [36]. This trend is
promoted by international agencies such as the International Electrotechnical
Commission (IEC) who propose standards that impose limits on the magnitude of current
harmonics injected by equipment connected to the utility grid. To meet these standards. a
PFC is usually required. In the case of ac-dc converters great effort has been put to find
topologies which incorporate the function of PFC and dc-dc conversion in a single circuit
[37-42]. However. so far, practical integrated PFC and ac-dc-ac converters required for

UPS applications. have not been proposed.
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In addition. to reduce the size and weight of the filters and transformers of the
UPS operation at high switching frequency is required [35]. However. in hard-switch
based UPS the switching losses are proportional to the switching frequency. Therefore.
the reduction of size and weight is limited by the switching losses. To overcome this
limitation. the switching losses must be reduced or even eliminated. This can be
accomplished by rendering the voltage across the switches and/or the current through
them equal to zero during the commutations. Two types of commutations can be
characterized according to the variable that is made equal to zero. In a zero voltage
switching (ZVS) commutation, as the name implies, the voltage across the switch is zero
during the commutation. Similarly. in a zero current switching (ZCS) commutation the
current through the switch is zero during the commutation. To achieve ZVS or ZCS.
capacitors. inductors, and additional switches have been used to bring the voltage or the
current to zero [43-55]. As UPS are usually comprised of many converters, a soft-
switching circuit is required for each one of these converters. Therefore, this increases the
complexity and component-count when compared with its hard-switched counterpart.
Alternatively. resonant techniques provide a means to use a single soft-switching circuit,
a resonant circuit, to achieve ZVS [52,53] (or ZCS [54]) to all converters in a multi-
converter arrangement. To date, however, the solutions proposed require. either a large
number of switches [52]. or introduce flux imbalance in the high frequency transformer
[54].

This thesis focuses on the development, analysis, and design of new ac single-
phase UPS topologies that overcome the drawbacks of existing UPS topologies in general

and are suitable for powering the emerging hybrid fiber-coaxial networks. The proposed

(O8]



UPS topologies use high frequency resonant links to provide high input power factor as
well as to produce desired output waveform with a minimum number of conversion
stages between the input and output. A new control technique for the proposed converters
is introduced which ensures the operation of the UPS with soft-switching under all
operating conditions. Together with the high frequency link and the new control
technique. it will now be possible to design small, lightweight and efficient UPS for the
new emerging application. In this thesis. design procedures and experimental results are
given to support the analysis presented, and to demonstrate the feasibility of the proposed

UPS topologies and control schemes.

1.2 CONVENTIONAL UNINTERRUPTIBLE POWER SUPPLIES

A number of different UPS topologies have been reported in the literature.
Among them, the following are the candidate topologies for powering the emerging

hybrid fiber-coaxial networks.

e Ferroresonant based uninterruptible power supply [12].

e Low frequency transformer based uninterruptible power supply [8].

e Conventional high frequency transformer based uninterruptible power supply [31].

1.2.1 Ferroresonant Based Uninterruptible Power Supply
Fig. 1.1 shows the basic circuit diagram of a ferroresonant based UPS. It is well
known that this topology is simple and rugged, since its main elements are an inverter

and a ferroresonant transformer. However., it has the following disadvantages:



(1) It has poor quality of the output voltage waveform [12.13]. which can adversely
affect the power delivery capability of the network, and can cause malfunctioning
of the amplifiers connected to it.

(i1) [t is bulky and heavy.

60 Hz Ferrorcsonant
Transformer

Battery
Charger

Ac
Load

Fig. 1.1 Power circuit diagram of a ferroresonant based UPS.

1.2.2 Conventional low frequency transformer-based Uninterruptible Power
Supply.
This topology has its origin in the single UPS unit with separate battery charger
[1.2] and was proposed by [24] as an alternative method for powering HFC networks.
The reported performance of this power supply is proved superior in comparison to that

of the ferroresonant based UPS [12.25]. However, it has the following disadvantages:
(1) [t requires a bulky low frequency transformer.
(i) There is no isolation between input and the battery.

(iit) It requires high voltage storage batteries for backup power.
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1.2.3 Conventional high frequency transformer-based Uninterruptible

Power Supply

The conventional rectifier-inverter UPS configuration [1] can be used to eliminate
the bulky low frequency transformer of the above-mentioned topologies. This is
accomplished by implementing the input stage using a switching mode rectifier [26]. Fig.
1.3 shows a UPS configuration where the rectifier is comprised of a boost pre-regulator
cascaded with a dc-dc resonant converter. At the output side another boost converter is
used to step-up the battery voltage to a value higher than the peak of the trapezoidal
waveform. Finally. the output PWM inverter is used to generate the trapezoidal ac
waveform from the output dc bus.

Admittedly. this topology allows the design and optimization of each conversion
stage independently. However, this topology has the following disadvantages:

(1) [t has a large number of conversion stages in cascade.

(i1) [t needs a soft-switching circuit for each conversion stage in order to operate with
high switching frequency. low level of noise, and high efficiency.

(iii) It does not provide galvanic isolation for the battery from the output.

A detailed comparison of above described UPS topologies is given in the Appendix 7.
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1.3 DERIVATION OF UNINTERRUPTIBLE POWER SUPPLY TOPOLOGIES

FOR POWERING HYBRID-FIBER COAXIAL NETWORKS

In this section uninterruptible power supply topologies, which are suited for
powering fiber-coaxial networks, are derived. These UPS provide isolation for the input,
battery. and output from each other by means of high frequency transformers. In addition,
to satisfy the stringent harmonic pollution restrictions imposed by regulatory agencies
[3]. the derived power supplies operate with high input power factor and low input
current total harmonic distortion. The generic block diagram representation a UPS is
shown in Fig. 1.4. It consists of converters that interface the incoming ac line, the battery
and the output. Furthermore. in Fig. 1.4 a capacitor is used to represent the element that
absorb the differences between the incoming and outgoing power of the UPS.

A trivial implementation of the uninterruptible power supply of Fig. 1.4 can be
obtained from the rectifier-inverter UPS configuration by introducing an isolation stage
between the battery and the output. As a result, the UPS takes the form as shown in Fig.
1.5. where the storage element. which is indicated in Fig. 1.4, is in the isolated switching

mode rectifier (SMR).
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Fig. 1.5 Cascade implementation of the uninterruptible power supply with two high
frequency isolation transformers.

The UPS of Fig. 1.5 has a large number of converters connected in cascade.
which penalizes the overall efficiency of the UPS. It is worth mentioning that to ensure
soft-switching operation. auxiliary circuits must be added to each conversion stage. and
as a result. this will further increase the complexity and component-count of this
topology.

An alternative UPS topology is shown in Fig. 1.6. This topology has its roots in
the single UPS unit with separate battery charger [1.2]. By taking the UPS unit with
separate battery as the starting point. the UPS of Fig. 1.5 can be obtained by

implementing the input rectifier stage with an isolated SMR. and by introducing a
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conversion stage with isolation between the battery and the dc link. This converter is kept
inactive when the incoming ac line voltage is within the acceptable input voltage range.
in this way. it acts as the blocking device of the single UPS unit with separate battery
charger. Whenever the incoming ac line fails. this converter transfers power from the
battery to the output side providing continuous operation to the critical load. The main
advantage of this UPS, as compared to that of Fig. 1.5. is the reduced number of
conversion stages in cascade between the input and the output. However. it still has many
semiconductors and requires auxiliary circuits for each conversion stage to provide soft-

switching operation. In addition. two isolation transformers are used in this topology.

: SMR ; Ac
Ac 3 ' : * Load
Line: — _{J* ._| — ’.

i

QE 15 5 +
21: x - K | _,E;} —E;}

R —— — T —% i
” N T : ; _rw'n_._
T (HgF A

Hgf

4

Inverter

— it

2

Battery Charger = dc-dc converter

Fig. 1.6 Single UPS unit with separate battery charger implemented with two
high frequency transformers.

A UPS system implemented using the concept of high frequency ac link [52]
would have a single-phase ac voltage link operating at high frequency and a single high
frequency transformer to connect the input, output and battery side converter.
Admittedly. the switching losses are reduced by restricting the converter switching

instants to the zero crossing point of the high frequency link voltage. However. these



topologies have at least one of the following disadvantages: (i) the large number of
semiconductor switches; (ii) the voltage stresses in the switches are at least 1.57 times
greater than the input (or output) voltage; (iii) low frequency components are introduced
in the input and output due to the modulation scheme, named pulse-density modulation

[52].

1.3.1 Proposed UPS topology

The minimum number of transformers required to provide galvanic isolation for
input, battery and output from each other is one. Fig. 1.7 shows a UPS topology with a
single high frequency transformer. This UPS topology has a point of common connection
between the line side converter (LSC), battery side converter (BSC), and output side
converter (OSC), that is the high frequency transformer. This creates the possibility of
using a single soft-switching circuit for the three converters of the UPS. Although
different soft-switching techniques have been developed in the last two decades [43-52],
the majority of them are not suitable for power conversion systems with more than one

type of load and source.
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Fig. 1.7 Block diagram representation of single high frequency transformer
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The impedances in the UPS of Fig.1.7 can take the form of resonant circuits to
provide efficient interface among the various converters and simultaneously allow zero
voltage switching commutation for the semiconductor switches. Fig.1.8 shows such
implementation of the UPS of Fig. 1.7 using series-parallel resonant circuits [56.57]. In
addition to the above benefits. the proposed resonant UPS can operate with high input
power factor at the input ac line without using a dedicated PFC stage [56-60].

The successful implementation of the proposed UPS depends upon the
minimization of the components rating and elimination of the switching losses under all
input ac line voltages and output load conditions. In order to achieve this. the power
circuit parameters must be carefully selected and the converters must be appropriately
controlled.

This thesis is, therefore, focussed on the analysis, design and implementation of

such a UPS. The following section presents the detailed objective of this thesis.

T1 BSC
LsC E—'rm—-u fe- l— |Battery
Ac X X T
Li -5F 5} ’
I%\%‘m "ﬁffm—g fF‘F— EEI_ | osc
ot nhbbh i Ac
X % _ "’% é TCn = _E',iw i Load
. T I [':J
.'1} =

=

Fig. 1.8 Proposed single transformer UPS based on series-parallel resonant
converters.
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1.4 THESIS OBJECTIVE

The scope of this thesis is to present. analyze. design. and verify experimentally
resonant converters for uninterruptible power supplies. The converters considered are of
the voltage-fed resonant type operating with zero voltage switching. The main objectives
of the thesis are:

(1) To propose single-phase high frequency transformer resonant based UPS
topelogies that allow operation at high frequency. hundreds of kHz. without
commutation losses. These UPSs should produce high quality input and output
waveforms.

(i1) To develop a control technique for the proposed converter which ensures
operation with ZVS under all operating conditions, and to investigate its
applicability for other classes of resonant converters.

(iii) To develop and verify experimentally design procedures for the proposed
converters that will allow proper selection of the power circuit components. so
that the stresses in the power circuit are minimized.

(iv)  To recognize potential problems and propose viable solutions to optimize the
performance of the proposed UPS topology mostly in terms of the efficiency and
input power factor.

(v) To verify the feasibility of the proposed converters and control technique with

experimental results obtained from laboratory prototypes.



1.5 THESIS OUTLINE

This thesis is divided into six chapters. A brief description of Chapters 2 to 6 is
given below.

Chapter 2 proposes a new control technique for voltage-fed resonant converters.
Unlike the conventional variable frequency control that imposes the switching frequency
externally. the proposed scheme is based on controlling the phase shift angle between one
of the resonant circuit variables and the voltage at the output of the inverter. It is
demonstrated that this approach ensures operation with zero voltage switching under all
operating conditions. The static characteristics and dynamic models of a series-parallel
resonant converter with the proposed controller are derived. Experimental results on a
1kW prototype are included to confirm the feasibility of the proposed technique.

Chapter 3 presents the analysis and design of a single-phase single-stage unity
power factor ac-dc converter employing a series-parallel resonant converter operating in
self-sustained oscillating mode. The controller proposed in Chapter 2 is used to ensure
zero voltage switching along all points of the input voltage and for each value of load
current. In addition. a simplified control technique that improves the input power factor
without resorting to active control of the input current is suggested. The performance of
an ac-dc converter with the proposed control schemes is verified experimentally on a
laboratory prototype. In addition. this chapter modifies the self-oscillating controller
proposed in Chapter 2 for operation with variable frequency plus phase shift modulation.
This technique is applied to a single-stage ac-dc series parallel resonant converter
operating with unity power factor. The results obtained show that a narrow switching

frequency range. and reduced current stresses. are achieved with the combination of



phase shift modulation and variable frequency control. Analysis and design guidelines are
provided and key predicted results are experimentally verified on a laboratory prototype.

In Chapter 4 an uninterruptible power supply based on series-parallel resonant
converters is proposed. The operation of the line side converter is similar to the ac-dc
converters presented in Chapter 3. However, the battery side converter operates in two
different modes depending on the condition of the incoming ac line. By using a single
high frequency transformer. it is demonstrated that ZVS, under the different operating
conditions of the UPS, can be achieved. This results in low commutation losses and high
efficiency. A design procedure is developed and applied to the proposed UPS operating
with inductive and capacitive output filter. Experimental results obtained from laboratory
prototypes validate the design procedure developed and demonstrate the converter
performance.

In Chapter 5, ZVS bidirectional resonant converters are proposed. With these
converters a novel UPS is proposed. This UPS features ZVS for all converters at all
operating conditions, high input power factor, and galvanic isolation using high
frequency transformers. Experimental results obtained from prototype are presented to
illustrate the converter operation.

In Chapter 6. the thesis is summarized, conclusions based on the results obtained

are drawn. and suggestions for future work are presented.
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CHAPTER 2: ZERO VOLTAGE SWITCHING RESONANT

CONVERTERS

2.1 INTRODUCTION

The converters of the resonant based UPS topology proposed in Chapter 1 can be
operated at high switching frequency if the switching losses are not significant. In voltage
fed load resonant converters. the switching losses can be eliminated by ensuring that the
inverter output current lags behind the inverter output voltage. In this way, the inverter
output current has the right polarity to charge and discharge the snubber capacitors,
ensuring that the turn-on and turn-off of the switches take place under zero voltage.
therefore eliminating the switching losses. A common approach of achieving zero
voltage switching (ZVS) in resonant converters is to operate them above the resonant
frequency [43,56.57], since in this switching frequency range the resonant circuit
operates in the lagging power factor mode which is required to provide ZVS turn-on.
However. the resonant frequency of these converters depends on the power circuit
parameters and can vary significantly with the load. as in the case of series-parallel
resonant converters [57]. Concerning the conventional variable frequency control. in
order to guarantee ZVS under all load conditions. a lower limit must be imposed on the
switching frequency. This limit must be much higher than the nominal resonant
frequency. resulting in derating of the converter. In addition, for the proper operation of
the proposed UPS topology of Fig. 1.8. the phase angle between the voltage produced by

the Line Side Converter (LSC) and the Battery Side Converter (BSC) must be adjusted to
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allow the proper control of the battery charging current. Although there are a number of
control techniques for resonant converters, they all have at least one of the following
limitations: (i) they are based on nonlinear control law which make their practical
implementation complex with analog circuitry [65,66]; (ii) the control law is derived for a
particular resonant circuit configuration [67-70]; (iii) the operation above the resonance
frequency is largely dependent on the power circuit parameters [69].

In order to overcome the above-mentioned limitations, this chapter introduces a
new control scheme for resonant converters. The main goal of this control scheme is to
ensure ZVS condition for all operating points of the converter independent of the power
circuit parameters. This is accomplished by making the converter operate in self-
sustained oscillation mode where the phase angle between the inverter output voltage and
one of the resonant circuit variables is directly controlled.

The remainder of this chapter is organized as follows: In Section 2.2, the
operation of different resonant converters with the proposed controller is demonstrated,
and the static characteristics of a series-parallel resonant converter with the proposed
controller are derived. In Section 2.3. dynamic models of the series resonant converter
with the proposed controller are derived. In Section 2.4, experimental results validate the
analysis carried out in the previous sections and demonstrate the feasibility of the

proposed scheme.
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2.2 CONTROL OF RESONANT CONVERTERS IN SELF-SUSTAINED
OSCILLATION MODE

In this section. the operating principle of the proposed controller is described. The
operation of a number of resonant converters with this controller is examined and the

range of the control variable for proper operation with ZVS is identified.

2.2.1 Proposed Controller Operating Principle

A necessary condition to achieve ZVS in voltage fed load-resonant converters is
to have current /. lagging the voltage v,, at the inverter output terminals. as shown in
Fig. 2.1. The phase angle between the current and the voltage at the inverter output
terminals can be controlled by generating the inverter output voltage from the current i..
Fig. 2.2 (a) shows the case where the voltage v, is generated by shifting the -i; by an
angle y. According to this figure, the current i, lags the voltage v, if 90°<y < 180". It is
worth noting that the switching frequency is no longer externally imposed as in the
conventional variable frequency control approach since the voltage v,, is generated from
the current i;. As a result, the converter is said to operate in self-sustained oscillation
mode. The question that arises at this point is associated with the existence of the self-
sustained oscillation. In order to help answer this question, and to clarify the operation of
the converter. a control block diagram interpretation of the converter with a controller
that implements the operation described above is shown in Fig. 2.2 (b). The transfer
function G, (s) is associated with the resonant circuit. The input of the block associated
with G, (s) is the inverter output voltage and the output is the current i.. The output is
named x. instead of /. since the self-sustained oscillations can be achieved with a

fcedback variable other than /.. as will be demonstrated in the next section. The controller
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is represented by a transportation delay. which shifts in time the feedback variable to
provide the required phase angle between the v, and /.. Finally. a hard-limit block is
used to represent the inverter. In next sub-section. the existence of the self-sustained

oscillation in different resonant converters will be investigated.

2.2.2 Characterization of the Self-Sustained Oscillations

The describing function method [71] can be conveniently used to determine the
existence of self-sustained oscillations as well as to determine stability of the system of
Fig. 2.2 (b). For the application of the describing function method. based on the first
harmonic component, the filtering condition must be satisfied. This condition requires
that the linear part of the system must attenuate the high order harmonics produced by the
nonlinearity in the system. Indeed, this condition is satisfied for resonant converters
operating above the resonant frequency. Resonant converters, when operating above the
resonant frequency. have a low pass filter characteristic resulting in a predominant first
harmonic component in the resonant circuit variables. Therefore, the representation of
the resonant circuit variables by their first harmonic component is plausible since the
higher order harmonics are significantly attenuated.

According to the describing function method the nonlinear element -the controller

plus the inverter- is represented by its describing function. An ideal inverter with the

controller as shown in Fig. 2.2 (b) are represented by the following describing function:

Ve

T A

N(A.y)= (cos(y) — jsin(y)) (2.1)

where A is the amplitude of the first harmonic component of the feed-back

variable x. v, is the amplitude of the inverter input voltage, and v is the control angle.
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Let us assume that there is a self-sustained oscillation of amplitude 4 and
frequency  in the system of Fig. 2.2 (b). Then. by replacing the nonlinearity associated
with the controller and inverter by the describing function (2.1). the block diagram of Fig.
2.2(b) becomes as shown in Fig. 2.2 (c). The variables of the loop of Fig. 2.2 (c), V', and
X .are the complex quantities associated with the first harmonic component of v,, and x
respectively. and they must satisfy the following relations:

V., = N(4,y)(-X) and (2.2)
X =G(jo),, - (2.3)

Therefore, since X is different than zero, the above equations can be written as

G, . (jo)=- (2.4)

N(4,7)

The amplitude 4 and frequency o that satisfy (2.4) are the amplitude of the first
harmonic component of the feedback variable and the switching frequency of the
converter o, respectively. Graphical solution of (2.4) can be obtained by plotting the loci
of the negative inverse of the describing functions (2.1) and sinusoidal transfer function
from the inverter output voltage to the feedback variable in the complex plane, as shown
in Fig. 2.3.

The intersection point of the loci of Fig. 2.3 presents a possible operating point of
the converter. The stability of the self-sustained oscillation can be investigated by using

the extended Nyquist stability criterion [71].
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Fig. 2.3 Determination and stability of the self-sustained oscillation.
The arrow over the locus 1/N(A.y) indicates the direction of increasing values of 4.

Let us assume that the system initially operates at point P,, with a self-sustained
oscillation of amplitude 4. and frequency ®,, and due to a small disturbance. the
amplitude of the feed-back variable is slightly increased, and the system operating point
is moved from P, to P,. Since the new point P is encircled by the curve of G, (jo). and
taking into account that G, (jo) has all poles and zeros in the right half plane. according
to the extended Nyquist criterion, the converter at this operating point is unstable, and the
amplitudes of the converter signals will increase. Therefore. the operating point will
move along the curve -1/N(4) toward the operating point defined by P,. On the other
hand. if the converter is disturbed so that the amplitude of 4 is increased, with the
operating point moved to the point P;, then the amplitude 4 will decrease since P; is not
encircled by the curve G, (j») and thus converter at this operating point behaves as a

stable system according with the extended Nyquist criterion. From the above discussion
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it is concluded that the self-sustained oscillation associated with the intersection point P,
is stable.

In order to demonstrate the applicability of the above self-sustained oscillation
method to ensure ZVS in resonant converters, the proposed controller is applied to the
three basic resonant converter topologies. namely (i) series resonant, (ii) parallel

resonant. and (iii) series-parallel resonant in the following sub-sections.

2.2.2.1] Voltage Fed Series Resonant Converter

A series resonant converter often operates from an input voltage, which is in Fig.
2.4 (a) represented by v, . The resonant converter usually consist of a full bridge inverter
and a resonant circuit, (L, .C). which is placed between the inverter and the load. The full
bridge inverter converts the voltage v, into an alternate high frequency voltage v, which
in turn. feeds the resonant circuit and the load. In Fig. 2.4 the load is represented by the

equivalent ac resistor R,,. When the load is comprised of a diode rectifier followed by a

eq
capacitive output filter the equivalent ac resistor is given by R, = 8/n’ R, , where R, is
actual load resistance [57]. The main waveforms of the series resonant converter
operating above the resonant frequency are shown in Fig. 2.4 (b).

The current through the resonant inductor and the voltage across the series
resonant capacitor have a predominant first harmonic component and can easily be
measured through current and voltage transformers. Therefore, both are considered as

candidates for the feedback variable x.
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The transfer functions from the inverter output voltage to the resonant current i..
and to the capacitor voltage v are represented by G, ., and G, ,,, respectively, and are

given by:

N
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Gi\ ruh(s) = 3 O)OQ‘RL (2-5)
- s s 8
—t——+1
0. o0, 0,
! (2.6)

Grn mh(s)z 2
s s 8
—+——+1
0. o, w10,

The plots of the transfer functions (2.5) and (2.6) in the complex plane are shown
in Fig. 2.5. The arrows over the loci of the negative inverse describing functions of the

nonlinearities indicate the direction of increasing amplitude of the feedback variables.
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Fig. 2.5 Determination of self-sustained oscillation in series resonant converters.

The plot of the sinusoidal transfer functions G ,,(j@)and G . ,,»(/®), and the negative inverse
describing function of the nonlinearity associated with the inverter and 1ts controller. (a) The case where
the feedback variable is the current through the resonant inductor. (b) The case where the feedback variable

is the voltage across the series resonant capacitor.
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Fig. 2.5 (a) corresponds to the case where the current through the resonant

inductor is used to generate v,. that is x = i. The amplitude of the first harmonic
component of the feedback variable, 4. is denoted as i_. In this case if 90° <y <180°. a
stable limit cycle exists, as can be concluded from Fig. 2.5 (a) by applying small
disturbance in 7. at the intersection point P. Furthermore, when 90° <y <180°

operation with ZVS can be achieved since the current i, lags the voltage v, at the
inverters output.
A similar conclusion can be drawn from the plot of Fig. 2.5 (b). This plot

corresponds to the case where the voltage across the series resonant capacitor is used to

generate the voltage v, . In this case, x =v_,, and v_ is used to denote the amplitude of
the first harmonic component of v, thatis A=v_. If 0 <y <90° a stable limit cycle
exists as can be concluded by applying small disturbance in v, at the intersection point

P. For 0 <y <90° the voltage v lags the voltage v,, and so does the current i.. As a

result ZVS can be achieved in this control angle range.

2.2.2.2 Voltage Fed Parallel Resonant Converter

In voltage fed parallel resonant converters the load is connected in parallel with
the resonant capacitor, C,, as shown in Fig. 2.6 (a). When output stage is comprised by a

diode rectifier followed by an inductive filter the ac equivalent resistor is given by
R, =7n"/8R, . where R, is actual load resistance [57]. The main waveforms of the

i

parallel resonant converter operating above the resonant are shown in Fig. 2.7(b).
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Fig. 2.6 Parallel resonant converter.
(a) Power circuit diagram. (b) Main waveforms, Qp=1, 00,112
For parallel resonant converters operating above the resonant frequency, the two
natural candidates for the feedback variable are the current through the resonant inductor
and the voltage across the parallel resonant capacitor. The transfer functions from the
inverter output voltage to the resonant current i, and to the parallel resonant capacitor
respectively, and are given by:

voltage v, are represented by G;; ,,, and G, yqc
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The frequency responses associated with these transfer functions are shown in

Fig. 2.7.
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In the case where the feedback variable is the current through the resonant
inductor a stable limit cycle exists and ZVS is achieved as long as the control angle is
90° <y <180° as is concluded from Fig. 2.7 (b). However. if the voltage across the
parallel capacitor is used as the feedback variable, the range of the control angle y that
results in ZVS will depend on the quality factor O,. This can be concluded by comparing
(2.7 and (2.8). Therefore. the current through the resonant inductor should be selected as

the feedback variable.

2.2.2.3 Vollage Fed Series-Parallel Resonant Converter

A series-parallel resonant converter combines the features of both series and
parallel resonant converters. The resonant circuit, in this case, is comprised of a series
branch (L., C,) and a parallel resonant capacitor C,, as shown in Fig. 2.8 (a). For
operation with an inductive output filter the ac equivalent circuit is R, = 7’ /8 R, , where
R, represents the actual load resistance.

In order to operate with self-sustained oscillation and to achieve ZVS in a well-
defined range of the control angle y. the two natural feedback variables candidate are the
current through the series resonant inductor and the voltage across the series resonant
capacitor. In addition, these variables have a predominant fundamental component and
they can be easily measured. The transfer functions from the inverter output voltage to
the resonant current /, and to the parallel resonant capacitor voltage v, are denoted by

G v and G, ., Tespectively and are given by:
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The frequency response associated which these transfer functions and the
negative inverse of the describing function associated with the controller and the inverter

are shown in Fig. 2.9.
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Fig. 2.9 Determination of self-sustained oscillation in series-parallel resonant
converters.

Plot of the sinusoidal transfer functions G;; (/o) and G, ,,(®), and the negative inverse
describing function of V. (a) The case where the feedback variable is the current the through series resonant
inductor. (b) The case where the feedback variable is the voltage across series resonant capacitor.

In the case where the feedback variable is the current through the resonant

inductor a stable limit cycle exists if the control angle is 90°<y<180°. Furthermore, in this



particular range of the control angle. the current i_ lags the voltage v,,. This provides the
necessary condition to achieve commutation under zero voltage. A similar conclusion
can be drawn for the case where the voltage across the series resonant capacitor is used as

the feedback variable. However, in this case, the control angle must be 0<y<90°.

2.2.3 Static Characteristics

The input-output characteristics of the converter, as well as, the voltage and
current stresses on the components of the converter can be obtained from the static
characteristics of the converter. In this section a procedure for the derivation of the static
characteristics of resonant converters with the proposed controlled is given. As an
example, the relationship between the control angle y and the peak of the voltages and
currents in the resonant converter are derived for a series-parallel resonant converter with
inductive output filter, operating in self-sustained oscillation mode, where the feedback
variable is the current through the series resonant inductor.

As demonstrated in the previous section, if the self-sustained oscillation exist, its
amplitude and frequency must satisfy the following equality:

I

—_—. 2.11)
N@..y)

G(jo)=-

The equality (2.11) can be represented as two nonlinear equations. One of them is

associated with the real part of (2.11) and the other with the imaginary part, that are:

(-] nO)[;fJx - _4[_ OLQ"T;' cos(y) + asin(y):l (2.12)
, i 320 *
[2-a?] m’{;l'-‘l" =— JH*ZQ-‘ [COS('Y) + o(;n:s sm(y)} (2.13)
” —_—



where a=0,/0,. o, = l/ JL.C. . The simultaneous solution of the nonlinear algebraic

equations (2.12) and (2.13) results in possible operating points of the converter. This
solution can be expressed in terms of the current through the resonant inductor and the
switching frequency ratio o as a function of the control angle y for different values of
quality factor ( Q, ) as shown in Fig. 2.10 and Fig. 2.11. It is worth noting that the above
equation also has a solution which corresponds to operation below the resonance
frequency. Therefore, when searching for the solution, the following constraint on the
normalized frequency must be considered. whichis a>1.

From the static characteristics shown in Fig. 2.10 and Fig. 2.11 the voltage gain of
the converter can be obtained. The voltage gain of the converter will be expressed in
terms of the voltage conversion ratio that is defined as the ratio of the average voltage at
the output (v,) of a full bridge diode rectifier connected across the parallel resonant
capacitor and the dc input voltage (v,). After some manipulation it is found that the

voltage conversion ratio is given by:

[V _nw,Li 1

— | +1
0.8

The voltage conversion ratio for various normalized load parameters is shown in

(VIV).  (2.14)

Fig. 2.12.
On the other hand, the inverter input current can be expressed in terms of its

average value over one switching interval, that is:

T, T, 1,
i = Ti [, ar =—T1- [isign(v,,) di =—7],— [i,sign(~i(t —g—))a’t . (2.15)
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Voltage fed series-parallel resonant converter with C,=C; .

Taking into account the fact that the inductor current can be well represented by

its first harmonic component, the equation (2.15) can be expressed as

i = —%{, cos(y) (A). (2.16)

From the equations and curves given in this section, it now is possible to select
the resonant circuit parameters to satisfy the needs of a given application. Since the

selection of the resonant circuit is not unique, the following section will deal with the
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impact of this selection on the stresses of the various components of the resonant

converter.

2.2.4 Design Considerations

The input voltage and power are usually well defined quantities for a given
application. It can therefore be concluded from (2.16) that by operating with the control
angle y close to 180°. results in smaller current through the resonant inductor.
Therefore, the resonant circuit parameters should be selected in such a way that at the
minimum input voltage and maximum load the y approaches 180°.

On the other hand, from Fig. 2.12, it is possible to see that the voltage conversion
ratio increases by increasing the control angle y and by decreasing the quality factor. O,.
This brings the possibility to minimize the stresses in the resonant circuit by the proper
selection of Q. when there is a transformer where the turns ratio can be adequately
selected to meet the load voltage requirement. In order to guide the selection of the
resonant circuit parameters, the product of volt-amps associated with the resonant
inductor as well as the voltage across the series resonant capacitor, at full load and

=180". are shown in Fig. 2.13. It is therefore concluded from Fig. 2.13. that in order to

operate with small stresses in the resonant circuit the quality factor O, should be

1<Q, <3.
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2.2.5 Comparison between the Proposed Method and the Conventional
Frequency Control

In order to clarify the advantages of the proposed controller over the conventional
variable frequency control. let us consider a series-parallel resonant circuit in which its
parameters such as the series resonant inductor and capacitor values can have any value
within the following range

08L,, <L <12L

AT} ¢ sh

(2.17)

08C,, <C, <12C,

ey sno

(2.18)

and C

N Ano

where L are their nominal values of L, and C; respectively and the parallel
resonant capacitor is considered to be equal to the series resonant capacitor. In order to
carry out the comparison. the nominal quality factor is selected to be equal to 2.45. Table
2.1 through 2.3 show how the quality factor, natural frequency, and resonant frequency

would be if the resonant circuit parameters are in the range specified above.

TABLE 2.1 QUALITY FACTOR, O,

Ls/Lno 0.8 0.9 1.0 1.1 1.2
Cs/Cono

0.8 2.45 2.31 2.19 2.09 2.00

0.9 2.60 2.45 2.32 2.22 2.12

1.0 2.74 2.58 2.45 2.34 2.24

1.1 2.87 2.71 2.57 245 2.35

1.2 3.00 2.83 2.68 2.56 2.45

TABLE 2.2 RATIO BETWEEN THE NATURAL FREQUENCY
AND THE NOMINAL NATURAL FREQUENCY

Ly/Leno 0.8 0.9 1.0 1.1 1.2
Cs/Csno

0.8 1.25 1.18 1.12 1.07 1.02

0.9 1.18 1.11 1.05 1.00 0.96

1.0 1.12 1.05 1.00 0.95 0.91

1.1 1.07 1.00 0.95 0.91 0.87

1.2 1.02 0.96 0.91 0.87 0.83




TABLE 2.3 RATIO BETWEEN THE RESONANT FREQUENCY
AND THE NOMINAL NATURAL FREQUENCY

Li/Leo | 0.8 0.9 1.0 1.1 1.2
Cs/Csno

0.8 1.41 1.34 1.28 1.24 1.20

0.9 1.31 1.25 1.20 1.15 1.11

1.0 1.23 1.17 1.12 1.08 1.05

1.1 1.16 1.11 1.06 1.02 0.99

1.2 1.11 1.05 1.01 0.97 0.94

TABLE 2.4 CONTROL ANGLE AT THE RESONANT FREQUENCY

Ly/Lepo | 0.8 0.9 1.0 1.1 1.2
C'S/CSIIO

0.8 177.2 176.9 176.5 | 176.2 | 175.9
0.9 177.6 177.2 176.9 | 176.6 | 176.3
1.0 177.9 177.5 177.2 | 1769 | 176.6
1.1 178.1 177.8 177.5 | 177.2 | 177.0
1.2 178.3 178.0 177.7 | 1775 | 177.2
* The extreme values are printed in boldface.

In order to ensure the operation above the resonant frequency in all operating
conditions, with conventional variable frequency control method, the frequency should be
limited to a value higher than 1.41 o, as indicated in Table 2.3. Similarly, with the
proposed method. the operation above the resonant frequency is ensured. if the control
angle v is smaller than 175.9°. as shown Table 2.3. In order to understand the impact of
the iimits imposed on the switching frequency, in the case of the conventional variable
frequency control method. and on the control angle y. Fig. 2.14 shows the maximum
voltage conversion ratio for different values of the resonant circuit parameters. It is clear.
from Fig. 2.14, that with the proposed controller, a much higher output voltage can be
achieved. The minimum voltage conversion ratio with the proposed controller is 4.7%
lower than the nominal voltage conversion ratio. However, with the conventional variable
frequency control. the minimum voltage conversion ratio would be 62.5% lower than the
nominal voltage conversion ratio, which is unacceptable.
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o, /0,=1.45

(a) ®)
Fig. 2.14 Maximum voltage conversion ratio M, which ensures operation above

the resonant frequency, as a function of the series resonant inductor and capacitor.
(a) Proposed controller. (b) Conventional variable frequency control.

2.2.6 Implementation of the Proposed Controller

The implementation of the control scheme described in the previous sections
requires a control signal, here named v,,, proportional to the phase angle y. This section
proposes the use of a constant amplitude sawtooth signal synchronized with the feedback
variable x to accomplish this task. The block diagram of the circuit suggested for the
implementation of the constant amplitude sawtooth generator and its main waveforms are
shown in F ig; 2.15. The comparison the sawtooth s, with the control voltage v_, results in
the pulses p, and p,. These pulses are used to set and reset a flip-flop whose outputs
define the gate signals of the inverter. If the amplitude of the sawtooth is kept constant
then the control voltage v, defines the phase-shift between v,, and x. In order to keep the
amplitude of s, constant against the variations in the switching frequency a loop is used to

regulate averaged value of s, as shown in Fig. 2.15 (a).
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Fig. 2.15 Constant amplitude sawtooth generator.
(a) Block diagram interpretation. (b) Relevant waveforms.
In order to design the constants of the constant amplitude sawtooth generator the

equations. which describe its behavior, have to be derived. These equations can be found

by solving the differential equation associated with the closed loop of Fig. 2.15. The
solution for 1, <t <¢,,, with the initial conditions x (¢,) = x_, and s,(f,) =0 is

x,() = C, sin(o,, (1 = £,)) + C, cos(o,, ( —1,) (2.19)

K,
5,(1) = —L2[C, (1 —cos(w,, (1 =1, ))) + C, sin(w,, (1 — 1, ))] (2.20)
(6)]

~
where x, is an internal variable of the sawtooth generator, s, represents the

— V/r Kpl

sawtooth signal. o, =./K
20,

M

K, .C,

pn2

pl C, =x,,, and the voltage Vp

represents desired peak value of the sawtooth signal.
In order to design the gains of the sawtooth generator, K,; and K, . a trade-off
between the speed of response. which is required to reject the variations in the switching

frequency. and distortion in the sawtooth waveform, must be considered. The equation
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(2.20) approaches an ideal sawtooth waveform for decreasing values of w,, as shown in
Fig. 2.16. However. by increasing ®,, faster transient responses are achieved. In order to
understand the impact of @, in the transient performance of constant amplitude sawtooth
generator the discrete equation which relates x (1,) with x (¢,,,) is found by solving

(2.19) for t =1,,, . The resulting discrete equation is

V,K, .
x (T,,)=cos(w,T )x (T,)+ ;—-sm(a)_\.,Tk ) (2.21)
20

\-,

According with (2.21) minimum response time are obtained when o, = nt/(27}).
[n addition, an upper bound value for ®,, can be found by restricting the sawtooth signal
to have positive slopes. From the steady-state solution of (2.19). it is found that to ensure
positive slopes of s, the following inequality must be satisfied.

i (rad/s). (2.22)

st

max(7, )
Appendix I derives an exact model a series-parallel resonant converter with the
proposed constant amplitude sawtooth generator. Using this model. it is possible to
demonstrate the stability of the system for different values of @,
In order to give a physical interpretation for the variable x_, this variable will be
averaged value over one switching interval. and the results is:

—_ n ] . I/[l

19
(9
(%)
N

. —— = 0N (
l\pl 7;; K n

n2

where the bar symbol over x; is used to denote averaged value over one switching period.
Taking into account that /, and K, are constant. it is therefore concluded that the

averaged valued of x; is proportional to the switching frequency.
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2.3 DYNAMIC MODELS

In order to design the external controllers that will regulate the output voltage or
shape the input current, a dynamic model which describes the behavior of the resonant
converter and its input and output filters must be derived. Both digitized models [67,72-
74] and continuous models [75,76] of resonant converters have been reported in
literature. Digitized models lead to accurate results at the price of requiring the explicit
solution of the equations that govern the behavior of the converter in each operating
mode. Continuous dynamic models, on the other hand, based on first harmonic
approximation do not require the explicit solution of the equations that govern the
converter in each operating mode. Continuous models are preferred to digitized ones,

when the first harmonic approximation results in the desired accuracy, and when the
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order of the system makes the explicit solution of converter equations complex. In this
section. a continuous model. based on describing function method. will be derived as an

intermediate step used to obtain a small signal model.

2.3.1 Large Signal Model and Modulation Equation

By applying the Kirchhoff’s voltage and current law in the series-parallel resonant
converter and considering the operation of the proposed controller. the following

nonlinear large signal model can be found:

di 1 1 1

—_— = ——y —-——-V.,-i-—V,Sin -i (=1,

dr L, = L, " oL F g (= )

dv(:( __,_I_"’

dr c -

Do oL L Gan (v ) (2.24)
d[ C ¥ C " g op l
di, 1

dt —L—,,_(I"“I’I—v«)

dv" :l_(_._vL.+,")

d’ Cu RI.

dx . v, ! )

w - KeKe _,!'\"d')

II-
with the following constraints:

1=l

= K ,xdt
vcu ,J- p.’.xsd (2.25)
J
i_\ (II ) = O
Taking into account that our goal is to obtain a small signal model which is valid
for small perturbations around an operating point where frequency does not change

significantly. the sawtooth generator will be represented by an algebraic equation which

relates v, and t,



L R S (2.26)
4 ®

The variables of (2.24). which are associated with the resonant circuit, have a
dominant first harmonic component. Therefore, assuming that the amplitude of these first

harmonics vary slowly in time the resonant circuit can be represented by:

i, = i,(0)sinQy(0)) + i, (1) cos(w(r))
v, = v, () cos(y(r)) (2.27)
v,, =¥, () sin((0) + v, (1) cos(y(r))

On the other hand, the variables associated with the input and output filter will be
represented by their average value over one switching period. This representation is valid
since the input and output filters parameters are designed to attenuate the high frequency
components generated by the inverter and diode rectifier. As a result, their waveforms
(voltage across the capacitors and current through the inductors) are dominated by their
dc component.

By substituting the equation (2.27) and its time derivative into the nonlinear
model (2.24) and equating the sine and cosine terms, the modulation equation (2.28) is
obtained. The variables in (2.28) describe the dynamic behavior of the envelopes of the
sine and cosine associated with the first harmonic components of the resonant circuit
variables of (2.24) and the averaged values, over one switching period, of the input and

output filters.
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di, i i, 1| . 4 1
=t r i 4V, =T —
T

i (1 ,COS(Y)+1I_ sin
R an (15COS(Y)+i,.sin(y)) N

dii,. i i, 1 . 4_ . . . 1
T = Z:l; _L— L +vrc+vpc + _vvin(—l.thln(‘Y) +Ixc COS(Y) )__—L-f_,

¢ [ k) v\c L3 r I.“- + ,.\'L'-
({‘YA‘L' l\'L'

d C
av, iV, 1 4. v,

== +_ I“ - 1] 3

dt C‘\ " C,, i vooF Vi

dv iv | 4._ v,
Ee i ==l (2.28)

di, 12 55 _
—=— -—,/v‘_+v‘,—v
dr L (n' et Vie TV)

(]

v 1 [
= (~—+]))
d C, R,

The nonlinearities sign(.) and abs(.) in (2.24) are evaluated by their describing
function, and R, is the load resistance. Simulation results demonstrated a strong
correlation between the solution of (2.24) and the envelopes, which are associated with
the solution of (2.28). as illustrated in Fig. 2.17.

It is worth mentioning that the modulation equation (2.28) has an equilibrium
point which does satisfy (2.11). This can be demonstrated by expressing the steady state
solution of (2.28), which is given by (2.30), in the form of the equations (2.12) and
(2.13). As this derivation deals with the steady state solution of a loss-less series-parallel
resonant converter with equal series and parallel resonant capacitors, the following

equalities are valid:
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Fig. 2.17 Transient caused by step changes in the control angle.

Numerical solution of (2.24) and (2.28). Control angle step changes between 126° and 162°.
L=220pH, C=C,=16nF, L,= 544uH, C,=19nF, R;=120Q, v,=50V. Horizontal scale: 10ps/div.

i = ,-2 72 = 7 +2
I = l“'f‘lu. and vq:= vﬁ-{.vp.
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The equation (2.28) can be used to derive small signal models that includes the
dynamics of resonant circuit as well as the dynamics of the input and output filters. The

next section addresses this issue.

2.3.2 Small Signal Model

To obtain a linear model from the modulation equation (2.28) the operating point
of the converter must be found. For example, for a given control angle v, input voltage,

load. and a set of power circuit parameters, the values of i, i v, Voo Ve at a

’pc
equilibrium operating point can be found by setting to zero the left side of (2.28) and
solve it for the unknown quantities. In order to simplify the search and avoid solutions
that correspond to undesired equilibrium points, the following procedure is

recommended. The first step is to find the operating frequency using the curves of Fig.

2.11, and then to compute the variables of the modulation equation using the following

equations:

4 n’

V= —;Vx cos(y), V,=-0,C,R, ?Vm,
I,=-C,0V, +8,[Rn , and (2.30)
4 .
V=V +—V,sin(v)-o L[,
' i3
. . . . dwy(t)
where the variables at the operating point are denoted by capital letters, and o, = .
4

2.4 EXPERIMENTAL RESULTS

The feasibility of the proposed control scheme has been verified on an 1kW

series-parallel resonant dc-dc converter operating from a 250V dc source, and producing
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an isolated 100V dc output voltage. The output stage of the implemented dc-dc converter
consists of a diode rectifier followed by a second order filter (L . C,) with inductive input
characteristics. The main parameters of the implementation are presented in Table 2.5.
The values of L. C; and turns ratio of the isolation transformer n,:n, where obtained
using Fig. 2.12 and Fig. 2.11.

TABLE 2.5 CIRCUIT IMPLEMENTATION MAIN PARAMENTERS

L, C, L. C, C o, L C,

in in P

120uH | 10.8mF | 208uH | 15.8nF | 15.8nF | 229 | 100pH | 10uF

The ideal waveforms of the proposed controller are shown in Fig. 2.18. The
pulses. pi and p,, are generated from the comparison of the constant amplitude sawtooth
signal with the control voltage v_,. These pulses feed a set-reset flip-flop whose output
are the signals that define the conduction states of the inverters transistors. By changing
the amplitude of the control voltage, the phase angle between the feedback variable x,
that in this case is the current through the resonant inductor, and the voltage across the
inverter output terminal v,, can be adjusted to meet the load or input current

requirements.

1
A Vs Vi /
Control Voltage v, (V)
li'mc(-
. 5 « P, n s)
Flip-Flop Set and 0 l l R
Reset Pulses (V) 5 I_I/Pz time (s)
0 time (s)
. . 15 [
Gate Signals (V) »
v and v -1s ime (s)
fad] ol
. Is
Gate Signals (V) >
PR -15 = time (s)

Fig. 2.18 Ideal waveforms of the proposed controller.
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Fig. 2.19 shows the experimental waveforms of the proposed controller. From
Fig. 2.19 (a) and (b) it is demonstrated that the amplitude of the sawtooth signal, s,, signal
remains constant at different switching frequencies. By comparing Fig. 2.18 and Fig. 2.19
it is found that the experimental waveforms have a delay between p, and v,,. This delay
results from a dead-time, which has been introduced to alow the proper reset of the
snubber capacitors.

To validate the analysis carried out in the previous sections, a comparison among
the describing function method, the modulation equation, large signal model, and
experimental results were carried out and the results are summarized in Table 2.6.

I

i J TN AN

(L]

N
\
N
\
\
\

(a)

I 2 ps/div
&sl \ N
(b)
Fig. 2.19 Proposed controller experimental waveforms.
(a) Switching frequency 119 kHz, (b) Switching frequency 172 kHz.
@,~118080. Vertical Scales: v,: 20 V/div., p) and st: 5V/div ; i:1A/div. Horizontal scafe
2ps/div.
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TABLE 2.6 COMPARISON OF ANALYTICAL, SIMULATED, AND EXPERIMANTAL RESULTS.

0Os=1.5
y=100° y=135° y=170°
M M M3 M M M2 M3 M: M M2 M3 My
a=2s
o, 206 | 2.06 | 2.04 | 1.98 144 | 1ad f 143 ] 141 127 | 127 [ 128 | 124
;‘Q R/_
v 1.04 | 104 | 103 | 1.05 1.63 | 263 | 260 | 2.67 3.8 | 3.8 | 323 | 320
x
M="o <
- 0.28 | 028 | 026 | 027 0.89 | 089 | 0.84 | 0.87 LIS | 1as | 117 | 113
g
;Q. R,
- o.11 | o1 | o0 |02 1.19 [ 119 | Lis | 121 2.00 | 2.00 | 2.09 | 2.01
Y

M1 -Describing function method.
M2- Modulation equation equilibrium point.
M3- Simulation including the SOC (the control voltage v, obtained from (2.26) and the constants

of the SOC w = w /2).
M- Experimental results (L =208uH, C=15.8 nF, Cp=15.8 nF, vg=150 V).

Table 2.6 confirms that the results of the describing function method, M, and the
modulation equation, M2, are identical. This is because both methods are based on the
first harmonic component of the resonant circuit variables. The values obtained by

simulation (M3) are in good agreement with the ones obtained analytically by means of

the methods based on the first harmonic component (Ms,Mz2). This is because for O =1.5

the converter operates with continuous capacitor voltage mode (Appendix 1) where the

waveforms of the resonant circuit have a predominant first harmonic component. The

experimental results follow the same trend as the simulated and analytical results, where

the differences are attributed to the losses associated with the power circuit, which have

not been taken into account by the analytical methods.
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2.4.1 Illustration of Zero Voltage Switching

In order to illustrate thé operation with zero voltage switching, the voltage across
the leg A of the inverter and the gate-source voltage of the bottom switches at different
operating conditions are shown in Fig. 2.20 to Fig. 2.23. It is possible to see that when
the gate-source voltage becomes high, the drain-source voltage is already at zero
indicating that zero voltage switching takes place. It is worth mentioning that the control
angle y has to be kept close to 90° in order to satisfy the power balance between the input
and output in both no-load operation and short-circuit operation, since in these conditions
power is not sent to the load. On the other hand, the control angle y has to be moved

toward 180° as the load increases as shown in Fig. 2.21 and Fig. 2.22.

Chl Ch2
R ~——n r\"'l

/L\ / T\ //\\

-

Ch3 Ch4 —1

Bk

i ([ (1] [

| |
' 2ps/div

Fig. 2.20 Experimental results. Senos-parallel monant converter in self-sustamed
oscillation during no load operation.
Ch1: voltage v,;, 200V/div ;Ch2: current i, 5A/div, Ch3:drain-source voltage v,,, 100V/div;
Ch4: Gate-source voltage Vgs2,10 V/div. Horizontal scales: 2us/div. v =240V, i,=.01A, v,=100V.
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Fig. 2.21 Experimental results. Series-parallel resonant converter in self-sustained
oscillation at half of full load operation. :
ChI: voltage v,p, 200V/div ;Ch2: current i, 5A/div, Ch3:drain-source voltage v,,, 100V/div;
Ch4: Gate-source voltage vy, 10 V/div. Horizontal scales: 2ps/div. v,=240V, {,=5A, v,=100V.

o

‘ 2us/div
1

X

LN /TN
JARNND /

Ch3 Ch4 }—
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1 (T [

Chl
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Fig. 2.22 Experimental results. Series-parallel resonant converter in self-sustained
oscillation at full load operation.
Ch1: voltage v,;, 200V/div ;Ch2: current i, 5A/div, Ch3:drain-source voltage v,,, 100V/div;
Ch4: Gate-source voltage vy, 10 V/div. Horizontal scales: 2ps/div. v,=240V, i,=9.5A, v,=100V.
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Fig. 2.23 Experimental results. Series-parallel resonant converter in self-sustained
oscillation during short-circuit operation.
Ch1: voltage v,;, 200V/div; Ch2: current i 5A/div, Ch3: Drain-source voltage v,,, 100V/div;
Ch4: Gate-source voltage v, : 10 V/div. Horizontal scales: 2us/div. v,=240V, i,=14A, v,=0.
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2.4.2 Transient Performance

In this section. experimental and analytical results are compared aiming to
validate the dynamic models developed in Section 2.3.

Fig. 2.24 and Fig. 2.25 show the transient response due to step changes in the
control variable. First. Fig. 2.24 shows the output voltage. the first harmonic component
of the current /_ and its amplitude obtained from the numerical solution of the modulation
equation (2.28). Then, Fig. 2.25 shows the results obtained from the experimental setup

in similar operating conditions. The relationship between y and v, can be derived from
(2.26). that is. y=2nv, /¥, (rad). Through the comparison of these figures. it is

concluded that there is a good correlation between the transient response from the

modulation equation and the experimental results.

2.4.3 Frequency Response

A small signal model was obtained by linearization of (2.28) around an operating
point. The frequency response obtained with this small signal model is plotted in Fig.
2.26. In this figure. the frequency response obtained with the experimental setup is also
shown. For the experimental results two values of the constant v /o, were considered.
that are (1.5 and 3.75). In spite of the change in the ratio between w, and o, greater two.
the frequency response is not significantly affected. Furthermore, a good agreement
between the experimental and analytical results is observed for frequencies smaller than

half of the switching frequency.
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Fig. 2.24 Simulation results from the modulation equation. Transient response
due to a step change in the control angle y.
Current i: 2.5A/div ; Output voltage v,: 10V/div ; Control Angle y : 18 degrees/div. Horizontal
scale:100us/div.
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Fig. 2.25 Experimental results. Transient response due to a step change in the

control voltage v, .
Ch1: current i: 2.5A/div ; Ch2: output voltage v,: 10V/div ; Ch3: Control voltage v ,: 022

V/div. Horizontal scale: 100ps/div. 0,=118080. V,=2.7V. Av_,=0.1V.
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Fig. 2.26 Frequency response from the control angle y to the output voltage v, .
Solid line represents the small signal model. Marked points represent experimental measurements for two
values of the constant @, . V= 284 V; v,=100V; i=8.5A; Switching frequency f=112 kHz.
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2.5 DIiISCUSSION AND CONCLUSIONS

A new control technique suitable for resonant converters has been presented in
this chapter. It has been demonstrated that with the proposed controller. with a negligible
derating. the converter does operate above the resonant frequency. ensuring in this way.
the condition to operate with zero voltage switching, for a wide variation in the resonant
circuit parameters. The static characteristics of a series-parallel resonant converter in the
self-sustained oscillation mode have been derived and they can be used in the design of
the power circuit components. A dynamic equation, which describes the behavior of the
converter, has been derived. Experimental results confirm the operation with ZVS at

different operating conditions, and validated the analysis carried-out.



CHAPTER 3: HIGH POwWER FACTOR AC-DC

RESONANT CONVERTERS

R _ e

3.1 INTRODUCTION

In order to restrict the voltage distortion of the ac mains, standards such as
IEC1000-3-2 impose limits for the harmonic currents drawn by the equipment connected
to it [3.4]. Consequently, power factor correction has become a mandatory feature in such
equipment. The single-phase resonant based UPS topology proposed in Chapter 1
operates either from the battery or from the incoming ac mains. Therefore, when
operating from the ac mains the input harmonic current requirements must be satisfied.
The operation of the line side converter (LSC) of the proposed UPS topology is similar to
the operation of a resonant ac-dc converter. Therefore this chapter is dedicated to the
analysis and improvement of resonant ac-dc converters.

When single-phase converters are operated with unity input power factor. they
draw a sinusoidal current in phase with the input ac voltage. As a result, the converter
becomes heavily and lightly loaded near the peak and zero of the ac input voltage
waveform. It has been demonstrated that parallel and series-parallel resonant converters
have the required characteristics needed to provide operation with both high input power
factor and constant output voltage [58-60,77-79]. This is due to the fact that these
converters have high voltage gain under light load and a lower gain at full load. The
converter voltage gain also depends on the ratio between the switching and the resonant

frequencies. It was demonstrated [58-60]. that it is possible to make the converter operate
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with unity input power factor by adjusting the switching frequency along the input line
cycle. In addition. when operating above the resonant frequency these converters provide
operation with zero voltage switching (ZVS), thereby reducing the switching losses. In

spite of the presence of these features. the following issues still remain unresolved:

(1) The total harmonic distortion (THD) of the input current is high, typically 30% at
full load, when operating without active control. The proper design of the
resonant circuit parameters can reduce the total harmonic distortion of the input
current, however, it results in the loss of zero voltage switching during full-load

operation [77].

(i) To ensure operation under ZVS, the ratio between the switching and the resonant
frequencies must be kept high, typically greater than 1.2 at full load and minimum

input voltage. This increases the circulating current and the losses in the circuit.

(iii)  The range of the frequency variation, from full load to a fraction of full load. is

large. which increases the magnetic losses.

(iv) By actively controlling the input current its THD can be reduced significantly
[77]. However, the implementation of the input current controller requires a
current sensor and a multiplier, which increases the complexity of the circuitry.
Furthermore. if the converter has to handle overload and short-circuit conditions
an additional current has to be measured either in the resonant circuit or at the

output stage.

In order to overcome the above-mentioned disadvantages. this chapter proposes:

(i) the application of the control technique developed in Chapter 2 to ac-dc resonant
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converters as shown in Fig. 3.1. which will ensure ZVS operation under all operating
conditions. (ii) the extension of the control technique proposed in Chapter 2 for operation
with phase-shift modulation. which will reduce the stresses in the power circuit
components. and (iii) the development of a control technique that allows the operation
with high input power factor without the use of active control of the input current. which
will simplify the control circuitry. and (iv) a design procedure for the selection of the
resonant circuit components as well as the input and output filter components.

This chapter is organized as follows: In Section 3.2, the operation of ac-dc
resonant converters with variable frequency plus phase-shift modulation is described and
a comparison with the variable frequency control method is presented. Section 3.3 and
3.4 deal with the design of the power circuit components while Section 3.5 presents two
methods to achieve high input power factor. Section 3.6 gives experimental results
obtained from a prototype to validate the analysis. The main points of this éhapter are

summarized and conclusions are drawn in Section 3.7.
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Fig. 3.1 Ac-to-dc series-parallel resonant converter power circuit diagram.
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3.2 GENERALIZATION OF THE SELF-SUSTAINED QOSCILLATION FOR
OPERATION WITH VARIABLE FREQUENCY PLUS PHASE-SHIFT

MODULATION

The purpose of this section is to extend the operation of the self-sustained
oscillation controller (as described in Chapter 2) for operation with variable frequency
plus phase-shift modulation (VFPSM). In addition. the stability of the self-sustained

oscillation is examined using the describing function method.

The performance of the converters when operating with variable frequency in
self-sustained oscillation mode can be improved by controlling the phase-shift between
the legs of the full bridge inverter. In order to achieve zero voltage switching in phase
shift modulation, the current must lag the inverter output voltage and must cross zero
inside the non zero voltage pulse of v,,. To ensure these conditions, the conduction states
of both legs A and B, Fig. 3.1, will be defined from the zero crossing of the current
through the resonant circuit. Without loosing generality. it will be assumed that the
voltage produced by leg B lags the voltage produced by the leg A in the inverter of Fig.

3.1. In this way, the voltage associated with the leg A, v

ao

defines the positive edge of
the positive voltage pulse. and the negative edge of the negative voltage pulse. Therefore,
the leg A can be used to ensure that current crosses zero inside the inverter output voltage
pulse. On the other hand. leg B defines the negative edge of the positive voltage pulse. as
well as the positive edge of the negative voltage pulse. Therefore, leg B can be used to
define the pulse width of the quasi square waveform at the output of the inverter. In
Chapter 2 one control angle, y, was used to establish a well-defined phase angle between

the inverter output voltage and current. As a result, the converter operates in self-
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sustained operating mode above the resonant frequency. In this Chapter it is proposed the
use of two control angles. The first. y, . defines the phase angle between the current i
and the voltage v, . The second. y,, . defines the phase angle between i, and the voitage

v,, as shown in Fig. 3.2.
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Fig. 3.2 Main waveforms for operation with phase-shift modulation.

In order to simplify the detection of the self-oscillating mode, the following

assumption are made:

(i) There is an ideal voltage source at the input of the inverter.



(ii) The current through the resonant inductor has a predominant first harmonic

component.

(iii)  The transformer is ideal with one to one turns ratio and an equivalent resistor is

used to represent the output stage.

With these assumptions, the self-sustained oscillation controller. the inverter and
the resonant circuit can be represented by the block diagram shown in Fig. 3.3 (a). When
the non-linearity, which is associated with the inverter and the self-sustained oscillation
controller is replaced by its describing function the block diagram of Fig. 3.3 (a) takes the

form shown in Fig. 3.3 (b).

The variables of the loop of Fig. 3.3 (b) V,, and /, are the complex quantities

associated with the first harmonic component of v, and i, respectively, and 7, is the
magnitude of /. From of Fig. 3.3 (b) it is found that the following relations must be

satisfied:

I/ulx = N(;\"Ylﬂ’YIh )(-I\) (31)
and

[, =G(jo)V,,. (3.2)
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Fig. 3.3 Block diagram representations of a resonant converter operating with
variable frequency plus phase-shift modulation.
(a) Block diagram. (b) Frequency response representation of (a).

Therefore. as /, is different than zero, the above equations can therefore be written as:

1
Gi\' vedl (j(")) == - (3-3)
" N Y 1Y is)
where the describing function N(.) is given by:
- 2v, . .
NU YY) = ;T‘( cos(y,, ) +cos(y,) — j(sin(y,, ) +sin(y,)) ) (3.4)
or
- 4y, - 4
N(i\,'Y,,,.Y,,,) = TL COS(YIM Ylh )l:cos( Ylu +Ylh )—jSin(Yl“ +Ylh )} (3'5)
T, 2 2 2
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The amplitude 7/, and frequency o which satisfy (3.3) are the amplitude of the

first harmonic component of the /. and the switching frequency of the converter w,
respectively. In the case where v,, is equal to y,, the equation (3.5) becomes equal to the
equation (2.1). The graphical solution of (3.3) is obtained by plotting the loci of the
negative inverse of the describing function (3.4) and sinusoidal transfer function from the
inverter output voltage to current i, in the complex plane. as carried out in Chapter 2. The
stability of the self-sustained oscillation can be examined by applying small perturbations
in the amplitude of i_ at the intersection point of the above mentioned loci. If if 180° <
(v,,*7,,) <360° aseries-parallel resonant converter operates in self-sustained oscillation

with lagging power factor mode.

3.2.1 Variable Frequency

By making v, equal to y,, the converter operates with variable frequency (VF),
where a square voltage applied by the inverter in the resonant circuit. The operation
above the resonance frequency can be ensured by limiting the maximum value of y,_ and
Y,, to be smaller than 180° and greater then 90°, which is in agreement with the results

presented in Chapter 2.

3.2.2 Variable Frequency plus Phase-Shift Modulation

By fixing y,_. say equal to 180°. and using v, as the control variable, the converter

operates as a combination of variable frequency and phase shift modulation (VFPSM). In
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practical implementations the angle y_ is made smaller than 180°. ensuring enough

current to charge and discharge the snubber capacitors during the dead time.

3.2.3 Static Characteristics for Operation with VFPSM

The static characteristics of a series parallel converter when operating in self-
sustained oscillation mode will be derived using a procedure similar to that used in
Chapter 2. As a first step. the equality (3.3) will be represented as two nonlinear
equations. One is associated with the real part of (3.3) and the other with the imaginary

part. which are:

[l - o} ]2 Lel, =—4[— I T cosYtViny +asin(MY'—h)] (3.6)
COS( |I Ylh )V BQ 8 2 2
and
> 20, 2
[(1 +B) - a-] O‘)UL\I\ R 3 g.\ [COS(‘YI“ ;Ylh ) + CX'O 8 Sln(y'" 2 Ylh )J (3.7)
B Cos(yl’)_h”_) v, T B Q.

where B is the ratio between the series and the parallel resonant capacitors. It is
worthwhile to note that the (3.6) and (3.7) become identical to the (2.12) and (2.13).
respectively when y,, equals to y,, and B=I. Fig. 3.4 shows the voltage conversion ratio
M obtained from the simultaneous solution of (3.6) and (3.7). In order to avoid solutions
that are associated with operation below the resonant frequency. the following constraint
on the switching frequency ratio o must be considered:

a>1. (3.8)

66



L6
M=% ' l —
Ve =1 /
14 | SR
[ =S
12 | / ' /7 0s=20
: — |/ —— =25
p / // i os=30
s L 4 =1/ — 0s=35
= { / / L—t — - ;=40
5 / == o
2 os | -~ T %eme
: o NP = gs0
(=3
o [
g [ 74
2 ' // /
/ Z)
04
02 I §7
0 S — - A, A
0 20 40 60 80 100 120 140 160 180

Control Angle v,y (degrees) —— — »
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with variable frequency plus phase shift modulation.
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3.2.4 Input-Output Power Balance Constraint and Quality Factor

When a loss-less resonant circuit is in sinusoidal steady-state operation, the
average power sent by the inverter to the resonant circuit, p,,, over one switching interval,
is equal to the averaged power delivered by the resonant circuit to the output stage, p,.
Therefore, the quality factor O, can be expressed in terms of the output voltage and input

power in the following way:

= Dals (3.9)

p in
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In this section a procedure to obtain the control angles. the currents. as well as the
voltages in the resonant converter when the circuit Fig. 3.1 operates with unity power
factor power factor and constant output voltage is presented. This procedure will later be
used as tool for the derivation of the design curves required for the selection of the power

circuit components.

3.3 OPERATION WITH UNITY POWER FACTOR

When single-phase converters. as the one shown in Fig. 3.1. are operated with
unity input power factor. they draw a sinusoidal current from the ac mains that is in phase
with the incoming ac voltage. Therefore, the input power is

Pu = P, sin’ () (3.10)
where o, is the frequency of the ac mains expressed in radians per second.

Noting that the switching frequency is much higher than the ac mains frequency,
usually more than 1000 times, it is reasonable to assume that the resonant circuit is in
steady-state operation at each point along the input line cycle. Therefore, the static
characteristics derived in the previous section can be used to investigate the operation of
the ac-dc converter of Fig. 3.1.

As the power absorbed by the converter changes along the input line cycle. the
quality factor O, also does change. The quality factor O, can be obtained by substituting

(3.10) into (3.9). i.e..

0, =232 P, sin* (049!) = O, e SIN*(O0l) (3.11)

-\ nee

A procedure to find the maximum voltage conversion ratio of the ac-to-dc
resonant converter has to be defined since both the input voltage v, and the quality factor
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O, change along the input line cycle. In order to define this procedure, the first step is to
identify the control angle at the resonant frequency. For operation of the resonant circuit
with lag power factor the control angle 0<y,,<180° (y,,=180°). On the other hand. it is
desirable to switch the converter above the resonance frequency. since in this range the
sign of the gain of the converter does not change. However, angle v,, at the resonant
frequency. depends on O, and B as shown in Fig. 3.5. The angle y,, at the resonant
frequency is obtained from the simultaneous solution of (3.6) and (3.7). The minimum
value of each curve of Fig. 3.5 represents the values at which the control angle y,,, must
be limited to ensure operation above the resonant frequency under all operating
conditions. With the maximum value of the angle y,, defined, the maximum voltage
conversion ratio as a function of the O, can be found by solving (3.6) and (3.7) for given
value of 3. The resulting curves which summarize the maximum voltage conversion ratio
of the ac-to-dc converter are given Fig. 3.6. To simplify the analysis, the map from Q. to
M, will be represented as M(Q..B). By using this map the inequality that must be satistied
for operation with both constant output voltage, and unity power factor the can be

expressed as

A/[(Q\ max sin” (m(O’) B) —m (3~]2)
60

or

MO

=< s _mMmax

sin? (04f).B) [Sin(®@eg!)] = %— (3.13)
x

The maximum value of the right side of (3.13) can be readily identified since the

output voltage. v,. is constant and the minimum peak value of the input voltage is usually
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a well known quantity for a given application. The minimum peak value of the input

voltage is here denoted by v_,. On the other hand, the minimum value of the product at

Ve -

left side of (3.13) is found for each O

Xs_max

and f since the map M(Q,,B) is already known.
Fig. 3.7 shows this product along half period of the incoming ac line. From this figure the
minimum of product at the left side of (3.13) is easily identified. In summary, the

maximum voltage conversion ratio of the ac-to-dc converter can be defined as

My, g =5 min(M(Q, e sin® (401),) sin(@co!) (.14

gm

Fig. 3.8 presents the solution of (3.14) for different values of O, .. and . On the
other hand, Fig. 3.9 shows the minimum switching frequency ratio, which is a key

information to compute the resonant circuit parameters.
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Fig. 3.5 Control angle y,, at the resonant frequency for operation with VFPSM.
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3.4 COMPARISON BETWEEN VF AND VFPSM

In this Section. the two control techniques described in Section 3.2. VF and
VFPSM. are compared. In comparing these approaches it is assumed that the converter
operates with a input voltage ranging from 90 to 250 V and with an output load varying

from full load to 10 % of the full load. In addition, typical values of Q,, . and P are

selected for the comparison. that are O,,,=2.7 and f=1. The maximum voltage

smax—

conversion ratio associated with these values of Q_,,. and B is found from Fig. 3.8 to be

=smuax

equal to 0.85.

The following ratios are defined and are used to carry out the comparison:

et

The ratio between the peak value of the input voltage and the peak value of

-

xm

the lowest input voltage.
[N The ratio between the rms value of the current in the resonant inductor,
L computed over one switching period and the peak value of the input current
when the converter is operating at full load and with the lowest input
voltage.

o) The ratio between the switching frequency and the resonant frequency

associated with the series resonant branch.

3.4.1 Control Angles for Operation with Unity Power Factor and Constant

Output Voltage

IFig. 3.10 shows the control angles required for operation with unity input power
factor and constant output voltage constant. At full load with minimum input voltage the
control angles approach 180°. On the other hand, for increasing values of the input
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voltage or for decreasing loads the control angles reduce. In the case of VF the control
angle moves towards 90° and in the case of VFPSM towards 0. compensating for the high

gain of the converter.

3.4.2 Current through the Resonant Inductor

The current through the resonant inductor plays an important role in the design of
the converter. It is because this current has a direct impact on the inverter conduction
losses. inductor rating as well as in the voltage stress across the series resonant capacitor.

Fig. 3.10 shows the “instantaneous rms” current through the series resonant
inductor along the half period of the input line cycle when the converter is operating with
unity power factor and a constant output voltage. VFPSM results in smaller current
stresses as compared with the VF, especially when operating with voltages higher than

the lowest input voltage or at a fraction of full load.

3.4.3 Switching Frequency

The main advantage of the VFPSM method over the VF method is the reduction
in the switching frequency range. With VFPSM, the operating frequency range can be
reduced to 50% when compared with VF. as shown in Fig. 3.12. The reduction in the
switching frequency leads to a decrease in the magnetic losses on the series resonant

inductor and the isolation transformer.
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3.5 INPUT AND OUTPUT FILTER SELECTION

This section develops a design procedure for the selection of the input and output
filter parameters. These filters are designed so that the ac-dc converter of Fig. 3.1

operates with high input power factor and constant output voltage.

3.5.1 Input Filter

The input filter is used to attenuate the high frequency current harmonics injected
by the inverter into the ac mains. The current at the input of the inverter i; can be
obtained from the current through the resonant inductor by considering the operation of

the inverter. Once the input current waveform is defined, its harmonic components can
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therefore be computed. The second and fourth harmonic components of i, along half of
ac input voltage cycle are given in Fig. 3.13 and Fig. 3.14. Clearly, with VFPSM the

amplitude of the input current harmonics are smaller than with VF control.
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A second order LC low pass filter is usually adopted for the implementation of the
input filter. Therefore. this kind of filter will be considered for the development of a
procedure for the input filter design. The cut-off frequency of a second order low pass
filter required to keep the amplitude of the harmonics of the input current below the

maximum allowed value, can be obtained using classical ac analysis. and it is given by

n o Sl =907 -
o, <min{——=21%  p=24.. (rad/s) (3.15)
—~— 1
1 . . .
where ®, =——==—= and K|, is the attenuation factor of the n-rh harmonic. The

L,C

™ in

[, .
attenuation factor is defined as: K, =*-. For example: To attenuate the harmonic
I{bl
component of i, at twice the switching frequency, i,,to 5% of the input peak current

0.05

value, the attenuation factor should be K, = Yy and o, <0485 coxlm where o is

o 9
! =20

the switching frequency at full load.

When selecting the value of the input filter capacitor C,,, a trade-off between
voltage ripple at the input of the inverter and distortion of the input current, /,,, near the
zero crossing point of the input voltage. must be considered. When operating with low
power at the output or with large values of C,, the current i,, becomes discontinuous in
the vicinity of the input voltage zero crossing. As a result, the total harmonic distortion
of the input current increases and the input power factor decreases. Let us consider the
circuit of Fig. 3.15 (a) to quantify the impact of value of the input filter capacitor (', on
the THD of the input current and on the input power factor (PF). The relevant

waveforms of this circuit are shown in Fig. 3.15 (b). The angles 8, and 6, define the

duration of the interval when the input current is zero. These angles are obtained
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considering the operation of the circuit of Fig. 3.15 (a) and they can be used to define the

input current waveform, THD, and input PF.
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Fig. 3.16 shows the THD of the input current, i,,, as well as the input power factor
as a function of the product C;,0R,. The values of wg and R, are usually well-defined
quantities. The value of R, depends on both the input voltage and the power absorbed by
the converter. By using the graph of Fig. 3.16 the value of C,, can be selected to result in

an acceptable THD of the input current.
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Fig. 3.16 Power factor, displacement power factor, and total harmonic distortion of
the input current, i;,, as a function of the product C;, ®g R,

3.5.2 Output Filter

The output filter is used for two purposes: The first is to attenuate the low
frequency ripple (120Hz) in the output voltage, which comes from the pulsating nature of
the power absorbed from the ac mains. The second is to attenuate the high frequency

ripple current in the output dc stage. This high frequency current has a dominant
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frequency component at twice the switching frequency. which is a result of the
rectification of the quasi-sinusoidal voltage of the high frequency transtormer. The
second order LC filter at the output of the ac-dc of Fig. 3.1can be design as follows: First.
the peak-to-peak voltage ripple on the output capacitor is calculated from the waveform
of the current through it. It is assumed that all ac frequency components of current i flow
through the capacitor and that the dc component of /, flows through the load. therefore.

the maximum variation of the charge of the capacitor can be found as

3z

3
! [ @1, sin* (0gpt)=1,)do,t (C). (3.16)
Qe =

4

AQ =

The capacitor required to satisfy a given voltage ripple specification, based (3.16). is

L, 1
W Vo Ripple.

C> (F) (G.17)

where Ripple,. = A%, On the other hand. the high frequency ripple of the current /, can
‘}

be computed from the waveform of the voltage across the inductor. The inductor

required to attenuate the current ripple at the output of the diode rectifier can be found as:

S 066 v, 1
o, [, Ripple,

R

L

(H) (3.18)

[

where Ripple, =—AI——.

"

3.6 DYNAMIC MODEL FOR OPERATION WITH VARIABLE FREQUENCY

PLUS PHASE SHIFT MODULATION

In applications which require low THD in the input current a controller. which is
used to shape the input current into a sinusoidal waveform, is usually required. The

design of the controller is often based on a model of the system. In order to obtain this
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model the extended describing approach will be used in a similar way as that carried out
in Chapter 2. However. the model derived here is slightly different since it considers the
operation with variable frequency plus phase shift modulation.

When operating with variable frequency plus phase shift modulation the
nonlinearity associated with the self-sustained oscillation controller and the inverter can
be expressed as:

Var = =V SN —1,,,) — Vo, sEO(L(E—1,,) (3.19)

The nonlinearity associated with (3.19) can be evaluated using the describing
function approach by making the following assumptions: (i) The current i_ is sinusoidal
over one switching interval, (ii) the voltage v, is constant in one switching interval and
the amplitude of the saw tooth signal is constant. In this case, the first harmonic

component can be expressed as:

S ()siny (1)) + f.(.) sin(y (1)) (3.20)

where the function f(.) and f(.) are given by:

-7 v

£ = —;3,— {1 [eos(y,,)+cos(y,)]+ i, [sin(y,,) +sin(y,,)] (3.21)
2y

[0 = -n—“‘—,—{ i [sin(y,,) +sin(y,,)]+ i, [cos(y,,) + cos(v,,)] } (3.22)

A

and the variables in equations (3.20) to (3.22) are defined as in Chapter 2.
On the other hand. the current at the input of the inverter, /. is given by:
i, =[sen(, —1,,,) +seni, —1,,,)]:, (3.23)
Taking into account that the input dc capacitor. C;,,, has a small voltage ripple,
only the average value of (3.21) is retained. The average value of the current i, over one

switching period can be determined as:



- |
I:I = —; l.\' [COS(YIU ) + COS(YIh )] (3'24)

where the bar over i, is used to denote average value over one switching period.
The equation (2.28) can be modified to include the dynamics of the input filter
and to represent the operation with VFPSM by substituting the nonlinearities associated

with the inverter by the (3.21). (3.22) and (3.24), i.e.,

di . ili. 1| . 2 5, . . .
- == :“ - —— r\ In' +Vp\' +— ,”" > {In{cos(ylu) +cos(Y|h)]+lr([Sln(YhI) +S[n(7|h)] }
dr Cove L i+t
¥ st
i, i | 2 v, .. . .
= - — r\ ItV +v c +— = { - '.\'x [Sln('Y fu ) + Sln('Y”, )] + Ik\'&‘ [COS(YIU ) + COS(Y”, )] }
dt C v L‘\_ T _[; 2 i 2
ALY 814
dv, i,
dr C,
dv, Qv | 4. v
e Tl TR TS
! 14 T = =
xc P V,“ + vp‘
dv,, _fave . | 4= Vo
v N N¢ 17 B 3
dr C‘ V. ('p T vm_ +vp‘
di ] -
€ _ — —
¢ I ’ - L - in "¢ vcin + vg )
in
(/‘7_ I - I .2 .2
— = _{ Iy +—=AJI +i, [COS(YI.I) +CO5('Y|/>)] }
di C, i
i 12

(3.25)

The frequency response of a small signal model derived from (3.25) and the
experimental measurements made under the same operating conditions are shown in Fig.
3.17. Good agreement was found up to half of the switching frequency. The discrepancy

near the resonant frequency is attributed to the neglected power circuit losses.
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Fig. 3.17 Bode plot. Frequency response of the input current i; to small changes in

the control angle v,,.
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3.7

EXPERIMENTAL RESULTS

This section presents experimental results from a 600W series-parallel resonant

ac-to-dc converter prototype aiming to verify the feasibility of the proposed control

technique and to demonstrate the performance of the converter. The converter operates

from a 220 V ac supply and it produces an isolated 100 V dc output.

3.7.1 Design Procedure for the Resonant Circuit Parameters

In order to select the resonant circuit parameters the curves derived in Section 3.3,

Fig. 3.8 and Fig. 3.9, can be used. The following procedure is suggested for the selection

of the resonant circuit parameters:

(i)

(ii)

Select the values of QO and . From Fig. 3.8 find the maximum voltage

- SHIY

conversion ratio. For example, O, .=2.94 and B=I result in a maximum voltage

- NHHLe

conversion ratio M,=0.82. The minimum switching frequency ratio that

m

corresponds to this value of Q and B can be found from Fig. 3.9, that is

Y smar
o =1.145.

Select the minimum switching frequency and compute the series resonant
inductor and the resonant capacitors. For example, if the minimum switching

frequency is 100 kHz the resonant frequency can be found as follows:

_ min(o, )

) =551-10% rad/s . (3.26)

[

(04

The series resonant inductor is found by solving (3.8) for L_. that is
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(1i1)

L =—Tu 508540 (3.27)
[0

o

where. P;, /2 is made equal to 675 W to compensate for the losses in the circuit.
and v, is the peak value of the lowest input voltage. The value of the series
resonant capacitor and the parallel resonant capacitor reflected to the primary side
of the transformer are

C =—,1—=15.8nF andC =S5 =15.8nF. (3.28)
o,L, B

Select the turns ratio of the isolation transformer to step-down the voltage v, to
the value required at the output of the converter. The dc output voltage for

operation without isolation transformer is given by

v, =M, v, =229V . (3.29)

Therefore, for an output voltage equal to 100V the turns ratio of the transformer

1S

o

i~ —
i

o

N

O

W)

(V5]

(=)

N’

Converter Static Performance

This sub-section aims to validate the concepts developed in the previous sections.

For operation with VFPSM the angle v,, is kept constant at the value close to 180" and

the y,, can be adjusted to meet the load requirements. Typical inverter output voltage and

current for operation with VFPSM are shown in Fig. 3.18. It was verified experimentally

that the current always crosses zero inside of the non zero voltage pulse at output of the
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inverter, resulting in the required current to reset the snubbers capacitor and provide
ZVS. In order to illustrate the operation with zero voltage switching, the voltage across
the leg B of the inverter and the gate-source voltage of the bottom switches at three
operating conditions, which are short-circuit, full-load and no-load, are shown in Fig. 3.
18. It is possible to see that when the gate-source voltage becomes high, the drain-source

voltage is already zero indicating that zero voltage switching takes place.

Wi : N ; NI

Yia

2us/div

-

Fig. 3.18 Experimental results. Operation with VFPSM.
vg=150V,v,=49.8,i,=4.49, y,,=168°, y,,=115.5°, n;/n,=2.29,L ~208uH,C;=15.5nF,C;;=2uF,L;,=138 uH.
Vertical Scales: 50V/div and 2.5A/div. Horizontal Scale: 2us/div.
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Fig. 3.19 Experimental results showing zero voltage switching during no-load, full-
load, and short-circuit.
TR1 voltage across the leg B of the inverter v, , TR2 gate to source voltage of the Leg B bottom
transistor (vgsz), TRS3 current through the series resonant inductor i;,.Operation near to the peak of the input
ac line.(a) no-load operation, (b) full-load operation, (¢) short-circuit operation.

On the other hand, Table 3.1 presents results obtained experimentally and

analytically using the expression derived in Sections 3.3 and 3.6. The results obtained
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from describing function method and from the modulation equation are identical. As in
Charter 2. it is possible to demonstrate that (3.35) has a steady state solution that satisfies
and (3.3). On the other hand. experimental results for both VF and VFPSM are in good
agreement with the analytically results. This is because with B=1 and Q <2, (Appendices
I and 2). the converter operates in continuous capacitor voltage mode where the resonant

circuit variables have a predominant first harmonic component.

TABLE 3.1 COMPARISON BETWEEN ANALYTICAL AND EXPERIMANTAL RESULTS

VF VFPSM
0=1.86.7,,= 150.7°y,,=150.7° | Q.=1.86.7,,=178.3%y,,=134.4°
M Mz M;s M M> M;s
M=o 2 2
0.93 0.93 0.91 0.90 0.90 0.91
_ W
=, 1.31 1.31 1.32 1.28 1.28 1.27
n Q.\' Rl.
L= 2.93 2.93 2.98 2.80 2.80 2.98
0,=0.545 ,7,,=105.9°y,,=105.9° | (0,=0.545.7y,,=178.3°.y,,=66.4°
M M:> Ms M M:> M3
=V
M= 0.87 0.87 092 | 088 0.88 0.92
_ 0“.\‘
"o, 1.67 1.67 1.64 1.53 1.53 1.50
B Q\ RI
W= 2.64 2.64 2.38 2.20 2.20 2.03

M1 -Describing function method.
M2- Modulation equation equilibrium point.
Af3- Experimental results (L, =208uH. C'=15.8 nF. C,,;=15.8 nF. v,=150 V).
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Fig. 3.20 and Fig. 3.21 show the overall efficiency of the converter as a function
of the input voltage and output power for both VF and VFPSM. It is possible to see that
VFPSM and VF result in similar performance at full load and minimum input voltage.
However, as the input voltage increases, or the output load decreases the VFPSM method
results in better efficiency than VF. This is because the VFPSM results in a narrowed

range of switching frequency.

95.0 [ ]

94.5 __: P =600W

94.0

93.5

93.0

92.5 | VFPSM
i

92.0

91.5 <1

Overall Converter Efficiency,
(%)

91.0

90.5

90.0
180 190 200 210 220 230 240 250 260

Rms input voltage, (V).

Fig. 3.20 Experimental results. Efficiency for operation with VF and VFPSM as a

function of the input voltage.
Output power P =600 W. Converter parameters defined as in Section 3.7.1.
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Fig. 3.21 Experimental results. Efficiency for operation with VF and VFPSM as a

function of the output power.
Input voltage 220V rms. Converter parameters defined as in section 3.7.1.

In terms of input power factor, both VF and VFPSM result close unity input
power factor when operating with active control of the input current. Fig. 3.22 shows a
typical block diagram of an input current con&oiler. The gain £ of the compensator was
selected to attenuate the gain near the resonance frequency of the input LC filter. Fig.
3.23 shows the input current and voltage waveforms when using active control of the
input current. The power factor is close to one (0.999) and the THD of the input current is

smaller than 5% for full load to 50% of full load.
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Fig. 3.22 Block diagram of the input current controller.
k is the current sensor gain, £ is the controller gain and loref is the desired input current peak value.
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Fig. 3.23 Experimental results. Input current and voltage waveforms.
Operation with active control of the input current. P,=550W, Input voltage 220V rms. Vertical scales:
100V/div and 2.5A/div. Horizontal scale: Sms/div.

3.7.3 Proposed Clamped Control Action Approach

In this section, a clamped control action approach for resonant converters which

decreases the amplitude of the low order harmonics of the input current, without the use
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of active control of the input current. is presented. As a result. this control technique does
not require multipliers nor the input current sensor. When operating without active
control of the input current. the control angle is kept constant along the entire input line
cycle. Therefore. the input current becomes distorted near the valleys of the input dc link
voltage waveform due to the overboosting action of the resonant circuit in this region.
For operation with unity power factor the control angle at full load and minimum input
voltage should have the profile shown in Fig. 3.10. However, the implementation of this
function is not practical since it requires the solution of (3.6) and (3.7). A good
compromise between simplicity of the control circuitry and performance in terms of the
THD of the input current can be achieved by approximating the profiles of Fig. 3.10. This
can be done using a clamped sinusoidal waveform as indicated in Fig. 3.24 (b). In this
way, the gain of the converter can be reduced in the valley of the input voltage and the
THD of the input current becomes dependent on the constants &, and k, . Once the Q,
and the input voltage range are defined, these constants are selected so that the THD of
the input current is minimized. According to Fig. 3.24 (b) the constant &, must be equal to
90” . However. the constant &, can not be easily found by inspection. Fig. 3.24 (c) shows
how the THD of the input current changes as a function of the constant &, times the peak
value of the lowest input voltage. v,. It is concluded that a good compromise in terms of
the THD of the input current for the three input ac line voltages is found by selecting &,
V. €qual to 1.9 rad.

Fig

Y
=

3.25 shows the input current and voltage at full load for three input voltage
values. [t also shows the harmonic spectrum of the input current. Clearly. the amplitude

of the low order harmonic components are very small with the nominal input voltage.



The upper value of the third harmonic component is 11% when operating with the lowest
input voltage. Fig. 3.26 shows the input power factor as a function of the load for three
input voltage values. At full load the power factor is greater than 0.99 and the THD of the
input current is within the range from 6.7% to 11.8%. The amplitude of input current low

frequency harmonics is well below the limits imposed by the IEC-1000-3-2 [3].

= .
180r ! [ =1 g 180 17 T kvgtk,
i ' ~8 i K
—~ : l Q.rmar=2'7 g? 5.' . ‘\ I
172 ' ’ .
g 5 _/ M, =0.84 &S ; . Veo
=) i ! : ©-2 |24
g 15 : T3 150
s % g< / \
g j : Fae
g o =z
= | £S
£ 120~ — S8 120
8 s S 2
! i S
; | =
| i
90 ‘ i 90

0 30 60 90 120 150 180 0 30 60 9 120 150 180

Ot , (degrees) Wl , (degrees)
(a) (b)
045 TS5y
0.40 \ T vgm M,=0.75
g o035 1 Dema=3-28
= \ \ B=1
S 030
2 A
£ v
p 0.25 \ \ \ o
2 o5 \ < =
= \ \ —
0.10 ¥ };
0.05
0.5 ] 15 2 2.5 3
/q vgm , (rad)
(c)

Fig. 3.24 Clamped control action approach.
(a) Control angle required to operate with unity power factor and constant output voltage along half cycle
of the input source. (b) Control angle generated by the proposed clamped control action approach.
(c)Total harmonic distortion of the input current as a function of the constant k,v,,, for three values of
the input voltage. Operation with VF at full load. 0,,,,=3.28 and A,=0.75.
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Fig. 3.25 Experimental results. Input current and voltage waveforms. Operation

with the proposed clamped control action approach.
TRI: ac input voltage, 100 V/div. TR2: ac input current, 2 A/div, TR3: harmonic spectrum of the input
current, 0.5A/div. Horizontal scales: 10ms/div, and 100Hz/div. (a) and (d) Operation with high input
voltage. (b) and (e) operation with nominal input voltage. (c) and (f) operation with low input voltage.
Output power 500 W. The gains of the modified control action controller are k;=0.0067 rad/V and k, = 1.8

rad.
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Fig. 3.26 Experimental results. Input power factor for operation with the clamped
control action approach.

3.8 DISCUSSION AND CONCLUSIONS

This Chapter deals with ac-to-dc resonant converters operating with high input
power factor in the self-sustained operating mode. Aiming to reduce the switching
frequency range as well as components stresses in the power circuit components the
concept of the variable frequency plus phase shift modulation is introduced. The range of
the control angle for operation in self-sustained oscillation mode, where ZVS can be
achieved, is identified and the main aspects required for operation with high input power
factor and constant output voltage are addressed. For instance, the maximum voltage
conversion ratio of the ac-to-dc converter as a function of the resonant circuit parameters
are derived, and a procedure for the selection of the input capacitor, which allows

operation with high input power factor and low THD of the input current, is presented. A
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clamped control action approach which improves input power factor without the use of
active control of the input current is proposed. Experimental results are given to contirm
the concepts developed and to demonstrate the performance of the proposed ac-to-dc

converter.
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CHAPTER 4: UPS TOPOLOGY BASED ON SERIES-

PARALLEL RESONANT CONVERTER

4.1 INTRODUCTION

Drawbacks of conventional UPS topologies include no galvanic isolation of the
output from the incoming ac line or isolation using bulky low frequency transformer,
high battery voltage, operation with hard-switching, and disturbances in the output
voltage during the failure of the incoming ac line. This chapter explains the operating
principle. and develops design procedures for single high frequency transformer UPS
topologies based on resonant converters that overcomes the above mentioned

disadvantages.

The concept of self-sustained oscillation developed in the previous chapters is
applied to the proposed UPS. As a result, zero voltage switching for the converters
connected at the line side and at the battery side under all operating conditions is ensured
allowing in this way the operation at high switching frequency and the reduction of the
size of the isolation transformer. In addition, the proposed UPS operates with high input
power factor without a dedicated power factor correction stage, in a similar way as the ac-

to-dc converter of Chapter 3.

In this chapter, the impact of the nature of the output dc bus filter, inductive or

capacitive, on the overall performance UPS is investigated in detail. It is demonstrated
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that with capacitive output dc bus filter the UPS has better performance during the
backup mode than with inductive output dc bus filter. This is because. with capacitive
output dc bus filter, the voltage across the high frequency transformer is clamped at the
output voltage. which make it possible to select the high frequency transformer turns ratio

that minimizes the current stresses in the circuit.

The outline of this chapter is as follows: The operating principle of the proposed
UPS is explained in Section 4.2. A design procedure for the selection of the resonant
circuit parameters when operating with inductive and capacitive output dc bus filter are
developed and exemplified in Section 4.3 and Section 4.4 respectively. Experimental
results that validate the concepts developed and demonstrate the performance of the
proposed UPS are presented in Section 4.5. Finally, the main points of this chapter are

summarized and conclusions are made in Section 4.6.

4.2 DESCRIPTION OF THE PROPOSED TOPOLOGY

The proposed UPS topology consists of three full bridge converters, one resonant
circuit. one high frequency transformer, and input and output filters. The full bridge
converters are named Line Side Converter (LSC), Battery Side Converter (BSC). and
Output Side Converter (OSC) and they are located at the left, right. and top side of Fig.

4.1 respectively.
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Fig. 4.1 Power circuit and simplified control block diagram of the proposed UPS.
SOC stands for self-sustained oscillating controller. s;=1 in the line operating mode and s;,=0 during the
backup mode.

The resonant circuit comprises of two series resonant branches (C;;, L and C,,
L, ) and a parallel resonant capacitor (C,). The series resonant branches were introduced
to allow the LSC and the BSC to be interfaced using a single high frequency isolation
transformer. The parallel resonant capacitor reduces the voltage stresses in the output
diode rectifier and provides the required gain to operate with constant output dc bus
voltage and high input power factor. In addition, the parallel resonant capacitor provides
a path for the resonant circuit current i; when operating with no load at the output. The
high frequency transformer provides galvanic isolation between the input, output and
battery, and a means to step-up the battery voltage to the level required to produce the

output load voltage.
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The proposed UPS has two modes of operation namely the line operation mode
and the backup mode. These modes of operation depend on the voltage regulation of the
incoming ac source. When the input voltage v,, is within the normal operating range the
LSC transfers power from the input to the battery and to the output. A small dc input
filter combined with the series-parallel resonant circuit (Cj;. L, and C,) makes it possible
to operate at a high input power factor and constant output dc bus voltage. The LSC
operation is similar to the operation of the ac-to-dc converter described in Chapter 3. On
the other hand. the BSC operates as a semi-controlled series resonant converter during the
line operating mode. One leg of the BSC is kept inactive. In this way, the battery side
converter becomes unidirectional in terms of the power transfer capability. Therefore,
during the line operation mode the power transfer from the battery side to the resonant
circuit is avoided. However, during the backup mode, the battery side converter operates
as a full bridge series-parallel resonant converter sending power from the battery to the
output stage. The output stage is comprised of a diode rectifier and a low pass filter
f‘é)llowed by an inverter. The diode rectifier and the low pass filter convert the quasi-
sinusoidal voltage at the output of the high frequency transformer into a stiff dc voltage
bus. Finally. the output inverter converts the dc bus voltage into the desired ac output
waveform.

The following sub-sections present a detailed description of the operation of the

LSC and BSC during the line operation mode and backup mode.
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4.2.1 Line Operating Mode

The line operation mode occurs whenever the incoming ac line is within its
acceptable input voltage range. During this mode the input current 7, is waveshaped in a
sinusoidal waveform in phase with the input voltage v,, using the LSC. The amplitude of
the current i, for a given input voltage v,,, is defined from the required power to be
transferred from the incoming ac source to the output load and battery. On the other hand.

the BSC is used to control the battery charge current. The operation of the LSC and the

BSC during this mode of operation is described in detail below.

4.2.1.1 Line Side Converter
The voltage applied by the LSC in the resonant circuit v,,,; can be represented by
two components. The first one. is due to the voltage produced by leg A of the LSC and

the second one is due to the voltage produced by leg B. These voltages (v, and v, ) are

0]
generated so that the current 7, always crosses zero inside the no zero voltage pulse of
v, as proposed in Chapter 3. In this way the current i, has the right polarity to chz;rge
and discharge the snubber capacitors of the LSC during the commutations of leg A and B.
[n order to ensure that the current crosses zero inside of the non zero voltage pulse of v,
the displacement angle between the current through the series resonant branch i, and the
voltages v, and v, , are controlled. This operation is illustrated in Fig. 4.2 where the
control angles used to produce v, and v, are also indicated. The angle y,, is kept
constant close to 180° and the angle vy,, is used to vary the width of the quasi-square

voltage pulse. For a given current i . the power absorbed from the input source is

increased by increasing the control angle y,,..
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Fig. 4.2 The voltage v,,,, the current i;;, and the control angles.
Line Operation Mode

4.2.1.2 Battery Side Converter

The voltage impressed by the battery side converter on the resonant circuit can
also be expressed in terms of two components, which in this case are v, and v,,,. The
voltage v, , is produced by leg A of the battery side converter while the voltage v,,, is
produced by leg B. The transistors of leg B are kept off during the line operating mode.
Therefore, the conduction state of the diodes of leg B defines the voltage v,,,. For
example, when the current i, is positive the diode at the bottom of the leg B conducts,
and consequently the voltage v,,, equals zero. Similarly, when current i,, is negative the
diode at the top of leg B conducts and as a result the voltage v,,, equals v,. Therefore,
when the current i, is continuous the voltage v,,, has a square waveform in phase with the

current -i,. On the other hand, the voltage v, is defined by the conduction state of the
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transistors of leg A of the BSC. Leg A is used to control the current required for charging

the battery. This operation is illustrated in Fig. 4.3.

i
AT .
T

§

s1

Fig. 4.3 Battery side converter voltage v_,, and the current -i;,.
Line Operation Mode.

As was mentioned earlier, the operation of the LSC is similar to the ac-to-dc
converter described in Chapter 3. However, the BSC operation is quite different from the
LSC since just one of the inverter’s leg is active during the line operating mode. Aiming
to understand the operation of the BSC during this mode, the BSC will be represented by
an ac equivalent circuit, and using this circuit, the main characteristics of the BSC will be
derived.

In order to simply the analysis of the battery side converter, the voltage across the
parallel resonant capacitor is considered to be known and the resonant branch at the
battery side (L,, C,,) is assumed to be in sinusoidal steady state. Therefore, when the

current i, is continuous the battery side converter can be represented as shown in Fig.

4.4.
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Fig. 4.4 Equivalent circuit of the BSC operating as a semi-controlled resonant

converter.
Line Operation Mode

The voltages and current in capital letters in Fig. 4.4 are complex quantities associated
with the first harmonic component of the variables that they represent. The equivalent

inductance at the battery side is found to be:

L=%21 (4.1)

ey = 2 52

o

where a is the switching frequency ratio, a =0/ ,.

The displacement angle between the voltage ¥, , and the current /,is 180°. This is
due to the operation of the uncontrolled leg of the battery side converter. By solving the
circuit of Fig. 4.4 it is possible to obtain the main quantities of the BSC. Fig. 4.5 shows
the power absorbed by the BSC when V_, is constant. The power was derived by solving
the circuit of Fig. 4.4 for different angles between the voltage ¥, and the voltage V.
IFor a given voltage V,, the power sent to the battery can be made equal to the desired one

by the appropriate selection of the displacement angle between v, and v, .

rd

The phase

aal®

In order to achieve ZVS, in the active leg, the current /, must lead F
angle between these two variables is shown in Fig. 4.6. Zero voltage switching can be

achieved in the battery side converter during the line operation mode in a well-defined
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range of angle between V_, and

V,

202- When the displacement angle between v, and v,,,

drops below 45°, the current i, becomes small and it usually has multiple zero crossings.

Even in this case the current i, has the favorable polarity to reset the snubber capacitors

at the commutation of leg A. On the other hand, leg B commutates under the zero of the

current I,.

Averaged power sent to the battery

over vbz/( [0} :Lzeq )

0.5 V"l’ =09
Vp
04 //' _\\< IV
N 2L =0.7
N Vs
03 |4 ——— AN ,
/ N /\(\ v, .
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02 yd —— \\ \ v,
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‘ \ Fl1=-03
"] \\ \ v
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Fig. 4.5 Power sent to the battery.

Line Operation Mode
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Fig. 4.6 Displacement angle between the voltage v_,, and the current i,.
Line Operation Mode

On the other hand, in order to make the battery current equal to zero, for example
when operating with float charging, the peak value of the voltage across the terminals of
high frequency transformer must be smaller than the battery voltage. Furthermore, the
ratio v /v, should be kept as high as possible to reduce the amplitude of the current i,
during the backup mode. Section 4.3 and Section 4.4 address the issue of selecting the
transformer turns ratio and the resonant circuit parameters so that operation with zero

battery current and reduced current stresses in the circuit are achieved.

4.2.2 Backup Mode

During the backup operating mode, both legs of the battery side converter are

active. In this mode, the operation of the battery side converter is similar to that of the
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line side converter during the line operating mode. except the input voltage v, is constant.
The angle v,, is kept constant to ensure that the current i , crosses zero inside the non zero
output voltage pulse of v;,. On the other hand. the angle v,, is used to adjust the pulse
width of the non-zero voltage pulse at the ac terminals of the BSC. Consequently. the
battery side converter operates with a combination of variable frequency and phase shift
modulation. where the angle y,, is adjusted to provide the required power transfer from

the battery to the output stage.

4.3 OPERATION WITH INDUCTIVE OUTPUT FILTER

This section addresses the design of the proposed UPS when operating with an
inductive output dc bus filter. At the beginning of this section. the key design issues to be
considered to ensure the proper operation of the UPS during the line operating mode and
during the backup mode are pointed out. Then a design procedure for the selection of the
parameters of the resonant circuit as well as the turns ratio of the transformer of the UPS

of Fig. 4.1 is developed and exemplified.

4.3.1 Line Operating Mode

As mentioned earlier, the operation of the LSC of the UPS topology of Fig. 4.1 is
similar to the operation of the ac-to-dc converter described in Chapter 3. However. the
main difference between them is the BSC in the UPS topology. In the previous section,
the BSC was analyzed considering that the voltage across the parallel resonant capacitor

was a known quantity. In this section, this voltage will be investigated in detail since it
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plays an important role in the design of the BSC. Particularly. the peak value of the
voltage across the parallel resonant capacitor (v,,) is required for the selection of the
transformer turns ratio. This is because the battery voliage must be larger than the peak
value of v, (referred to the BSC side) to allow the operation with zero battery charge

current.

The voltage across the parallel resonant capacitor can assume two kinds of
waveforms depending on whether it has a zero voltage interval within the switching
period or not. This characterizes two modes of operation, which are named continuous

capacitor voltage mode, CCVM, and discontinuous capacitor voltage mode. DCVM.

The CCVM occurs whenever the amplitude of the current i is greater than the
output dc bus filter current. i, plus the current i, at the instant that voltage across the
parallel resonant capacitor crosses zero. This becomes clear by applying Kirchhoff's
current law to the node where the parallel resonant capacitor is connected. If the current
iy is greater than i, plus i,. at the instant that the voltage v , crosses zero. part of the
current /; will flow through the parallel resonant capacitor. This ensures a continuous

variation of the voltage v., when it is crossing zero. In this case. the output rectifier

p
operates as conventional uncontrolled diode rectifier driven by a voltage source. that is.
when the voltage v, is positive the diode D, is forward biased (D, is reversed biased) and
it conducts the current that flows through the inductor of the output dc bus filter. When
v is negative. the diode D, is forward biased and the diode D, is reversed biased.

op

Typical waveforms for operation in CCVM are given in Fig. 4.7.
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On the other hand, the DCVM occurs whenever the amplitude of the current i; is
smaller than /, plus i, at the instant that the voltage v, crosses zero. In this case. the
diodes of the output rectifier conduct simultaneously clamping the voltage v, at zero.
This zero voltage interval lasts up to the instant when the current i, overcomes the sum
of i, and i,. At this instant, part of i, starts to circulate through the parallel resonant
capacitor causing the voltage across it to increase (or to decrease). and consequently
blocking one of the diodes of the output rectifier. Typical waveforms of the converter

during this mode of operation are given in Fig. 4.8.

The describing function method can be used to accurately describe the operation
of the output diode rectifier when the converter is in CCVM. However, when operating in
DCVM the complexity of this method increases considerably, because the nonlinearity
associated with the output rectifier depends on the voltages v_,, and on the currents /,. i,.
and i,. Alternatively, the operation in DCVM can be accurately described by the discrete
time generalized state-space modeling approach of static converters proposed in [73]. In
order to simplify the analysis of the converter the current i, will be assumed to be zero.
This assumption is supported by the fact that the purpose of investigating the operation in

DCVM is to ensure that it is possible to make the battery current equal to zero. and in this

operating condition, i,= 0, and the current i, is very small compared with i,.

The first step towards the derivation of the discrete time model of a static
converter is the identification of the cyclic operating modes of the converter. The second

step is the derivation of the equations that describe the evolution of the states of the
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converter from the beginning to the end of the switching cycle for all operating modes of
interest. Then. in the third step. the boundaries between the different operating modes. in
the circuit parameter space (say v, Oy . B;) are identified. Finally. the quantity of
interest, in this case the peak value of the voltage across the parallel resonant capacitor. is
obtained for different values of the circuit parameters. This procedure is carried out in
detail in Appendix 2. Fig. 4.9 summarizes the peak value of the voltage across the
parallel resonant capacitor as a function of y,, for different values of O ;. The peak value
of the voltage across the parallel resonant capacitor for other values of B, are found in the
Appendix 2. [t is seen from these figures that for a given output voltage, the peak value of
the voltage v, increases with O and B,. This is because for small values O, and B, the

converter runs in CCVM and the voltage v_,, has a predominant first harmonic

P
component. As the factors O, and B, increase, the converter runs in DCVM increasing
the peak of v, The peak of v, (Fig. 4.9) is used to ensure that the battery voltage is

greater the peak voltage across the parallel resonant capacitor, therefore, allowing the

battery current to be equal to zero.
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Fig. 4.7 Operation with inductive output filter and continuous capacitor voltage

Typical waveforms when operating
with DCVM
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Fig. 4.8 Operation with inductive output filter and discontinuous capacitor voltage
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Fig. 4.9 Ratio between the peak value of v, and the average value of v, for operation
with VFPSM.

(v1,=180°, B,=1.0)

4.3.2 Backup Mode

During the backup mode the BSC transfers power from the battery to the output
stage operating as a dc-to-dc converter, where its input voltage is the battery voltage, v;,
and its output is the output dc bus voltage, v,.

The BSC can operate with either VF, as described in Chapter 2, or with VFPSM.
However, the latter is preferable since it results in smaller switching frequency range
when variations in the load are considered. Another important point regarding the
operation of the BSC during the backup mode is associated with the O, factor. During

the backup mode Q,, is constant for a given output load and it can be expressed as:
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where p, is constant for a given output load. It is seen from (4.2). that the selection of O,
factor has a direct impact on the parameters of the BSC ( L, and C,,) since v, and p, are
well defined quantities and the natural frequency of the series resonant branch at the BSC
is equal to the one of the series resonant branch at the LSC. In order to guide the selection
of the parameters of the BSC the stresses in the resonant circuit, in terms of the volt-
amperes in the series resonant inductor and the voltage across the series resonant
capacitor, C,, are plotted in Fig. 4.10. It is possible to see that both P, /p, and v /v,
reduce by the increasing the ratio between the series and the parallel resonant capacitors,
f3,. However. the switching frequency range increases with the ratio B,. In order to
exemplify this fact, the variation of the switching frequency from full load to 10% of full
load are given in Table 4.1.

TABLE 4.1 VARIATION OF THE SWITCHING FREQUENCY WITH THE LOAD.

Ratio between the series and the parallel resonant capacitor.f3,
0.5 1.0 1.5 2.0 3.0

a ,—a
I‘-"f"-- |‘~’--"- 100 8.0 % 28.8% 51.9% 73.3% 110.1%

At full load Q,=2.

By using the information presented in this and in the previous section. a design
procedure for the selection of the parameters of the UPS will be developed and

cxemplified in the next sub-sections.
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Fig. 4.10 Stresses in the battery side converter during the backup Mode

Operation with inductive output filter.
(a) Ratio between the voltage across the series resonant capacitor, C,,, and the BSC input voltage, v;.
(b)Ratio between the volt-amperes in the series resonant inductor L, and BSC input power, p,,.

728=Y2b=l 800.
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4.3.3 Design Procedure

This sub-section describes a procedure for selection of the parameters of the
resonant circuit of the UPS topology of Fig. 4.1, when operating with inductive output dc
bus filter.

The three main aspects of the operation of the proposed UPS that should be
considered when selecting the parameters of the resonant circuit and the transformer turns
ratio are:

(i) During the line operating mode, the LSC should have enough gain to allow
operation with unity input power factor and constant output dc bus voltage.

(i1) During the line operating mode, it should be possible to change the battery current
from zero to its maximum average value.

(ii1) During the backup mode, the output voltage should be kept constant and the stress
in the resonant circuit should be minimized.

If the first aspect is satisfied with the lowest voltage within the acceptable
incoming input voltage range, then it will also be satistied for the other voltages of the
acceptable input voltage range. This is because for input voltages higher than the lowest
acceptable voltage. the gain required for operation with unity input power factor and
constant output voltage is smaller.

On the other hand. regarding the second aspect, a necessary condition to make the
battery current equal zero is to have the battery voltage greater than the peak value of the
voltage v, (reflected to the BSC side). since the BSC operates as a series resonant boost

converter during the line operating mode.
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Finally. the third aspect. to minimize the stresses during the backup mode. can be
the proper selection of the parameters of the BSC. In addition. when operating

e battery end voltage the BSC should operate with its maximum voltage gain,

since in this way the current stresses in the circuit are also minimized.

Before describing the steps for the selection of the parameters of the UPS it is

assumed that the transformer turns ratio is 1:1:1, and that the following quantities are

known:
(1)
(ii)

(iii)

Power absorbed from the incoming ac line: p;, =P, sin*(w4!)
Lowest incoming ac voltage: v, =V, sin(w@g!)
Maximum battery charging power: P, .

Once the above quantities are defined, the possible sets of parameters of the UPS

can be found from the following steps:

(@)

(ii)

Choose a value of Q,, and B, and find the maximum output voltage that the
converter operates with unity input power factor and constant output voltage.
Aiming to simplify this step, the total power of the UPS can be lumped in the
main output of the UPS. In this way the design curves given in Chapter 3, Fig. 3.8
and Fig. 3.9, can be used for the selection of the parameters of the LSC (L,. C,
(', and the output voltage v,).

Find the peak value of the voltage across the parallel resonant capacitor when the
battery charge current is zero. It have been found both experimentally and
analytically that, within the range of interest of the parameters of the resonant

circuit (1> Q > 4 and 0.5 >B,>2), the peak value of the voltage across the

sl _max’
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(iii)

(iv)

(v)
(vi)

parallel resonant capacitor occurs at the peak of the incoming ac line (w,=90).
[n this way. the maximum peak value of v, can be found from the curves given in
Fig. 4.9, where y,, at w4r=90° for different values of input voltage can be
obtained from the solution of (3.6) and (3.7) using a Q. factor that is given by

P, /12-P,, .
Q\-I = Q.\‘l _ax —m_l)_7,)_’-"L ° (4'-))

Equation (4.3) is valid for operation at full output power and no battery charge
current.
Select the battery voltage. The battery floating voltage must be higher than the
peak value of v_,, which was found in the previous step.
Plot O, as a function of (3, in a graph that also indicates the pairs (Q,, , B,) that
minimize the stresses in the BSC. Then, find the maximum gain of the BSC (Fig.
3.6).
Repeat steps (i) to (iv) for other values of O, and B,.
Select a set of parameters and simulate the UPS to verify the following operating
conditions:
(a) Operation at full load and full battery power
(b) Operation at minimum output load and full battery power.
The solution of the ac equivalent circuit of the converter. Appendix 3, can be used
to verify these operating conditions since it results in much smaller computation
effort than the simulation of the entire converter with its associated control circuit.

Aiming to illustrate in detail each step of the above-described design procedure.

next section exemplifies the design of an UPS.
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4.3.4 Design Example

Let us consider an UPS with the following characteristics:
- Qutput Power: 500 W.
- Acceptable input voltage range: 120 V rms +/- 15%.
- Maximum battery charging power: 100 W.
- Minimum switching frequency: 100 kHz.
By following the design procedure presented in the last section results.

(1) For O

~simax

=1.5 and B,=0.5 it is found from Fig. 3.8 that the maximum voltage
conversion ratio is M, =1.76. Therefore the output dc voltage is given by:

v, =v M, =2532V (4.4)
Then. by using the given minimum switching frequency and the switching

frequency ratio obtained from Fig. 3.9 the resonant frequency o, can be found as:
o, =———23"=531.1krad/s 4.5)

and the values of L ;. (' and C), as:

2

O M m-v_;m
L, = mp""m“* =150.8 uH (4.6)
(= =23.50F and C, =S4 = 47,0 nF | (4.7)
o, L, B,

(ii) [n order to find the peak value of, v, the angle v, at w4¢=90° for the voltages
within the acceptable input voltage range has to be obtained. This can be carried

out by solving (3.6) and (3.7) for y,, and a. The Q, factor. which is required to
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(iii)

(iv)

solve (3.6) and (3.7), is found to be Q, =125 from (4.3), and the voltage
conversion ratio varies in the range M,, to 0.74M,,, where the factor 0.74 accounts
for the possible variations of the input voltage. The angle v, and the associated

peak value of v, are plotted in Fig. 4.11.

140 1.61 A
. 9,
A / ) - v
. A
120 1.60
Y15 —
~N
\‘~
T
100 1.59
1.3 1.4 1.5 1.6 1.7 1.8
M —_—

Fig. 4.11 Control angle and the peak value of v, at ©4#=90°.

It is possible to see from Fig. 4.11 that the maximum peak value of v, occurs at
the lowest input voltage (maximum value of M) and it is about 1.6 v,.
The battery floating voltage is selected as

v, ; =1.6v,=4052V (4.8)

Once the parallel resonant capacitor and the output voltage are defined the factor
Q,, and the ratio B, are found to be related by:

0, = 5 —1—=0.312L (4.9)

manvf B, B,

The equation (4.9) is plotted in Fig. 4.12 for 0.5< 8, <2.0. A region defined by the
points around (+/-10%) the minimum volt-amperes in the resonant inductor L, is

also indicated in F ig. 4.12. It is possible to see that for these values of O, and B,
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the stresses in the resonant circuit are high since Q,, is far from the minimum of

P,

'd

Quality factor O,

A

~.

Neighborhood of

\Minimum P

\

———
0, = 1.'5,B, =0.5
\ ,_"
'0.5’.4‘1 .1.5. .2l...2.5
Capacitorratiofy ——>

Fig. 4.12 Quality factor Q,, as a function the ratio p,

By repeating steps (i) to (iv), the Q,, factor as a function of B, can be obtained for

other typical values of Q,; and B,, as shown in Fig. 4.13 to Fig. 4.16. Table 4.2

summarizes the main parameters of the UPS for the pairs (O, B,) within the

defined neighborhood of P, minimum.
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(vi)

To select a set of parameters from Table 4.2. additional criteria should be
considered. One of them is the minimum voltage v,. which the BSC can operate
with constant output voltage during the backup mode. This voltage can be written

as:

T 4.10
vh_mm A/[ ( )

b _max
The equation above can also be expressed in terms of the ratios given in Table

4.2. that is:

Vs _min V"/ vgm

vh-_f Mh_m:uc vh__[ /v_um

(4.11)

By using the values given in Table 4.2 it is found that v, ;./v, lies within the
range 0.41 to 0.5. On the other hand, typical values of the ratio between the
floating voltage and the end of battery discharge voltage. which are given by the
manufacture of the battery. are within the range 0.66 to 0.77. Therefore, the BSC
has enough gain to keep the average output dc voltage v, constant even when
operating with the lowest battery voltage. As the ratio v, /v, , does not change
significantly with B,. B,. O, and Q,,. another criterion should be considered for
the selection of the set of parameters from Table 4.2 for the implementation. Both
low and high values of B, should be avoided since they result in increased stresses
in the resonant circuit (Fig. 4.10) and large switching frequency range
respectively. Considering this. the set of parameters of Table 4.3 was selected for

the implementation:



TABLE 4.3 SELECTED RATIOS FOR IMPLEMENTATION WITH
INDUCTIVE OUTPUT DC BUS FILTER.

sl ﬁ t QsZ BZ V‘/ vgm
3.0 1.5 1.0 0.69

IC

v,,_,/\'gm

1.4

1.7

By using the ratios of Table 4.3 and considering the operation with the output dc
bus at 100V and 48V battery. the power circuit parameters can be found as shown

in Table 4.4.

TABLE 4.4 POWER CIRCUIT PARAMETERS OF A 600W UPS WITH
INDUCTIVE OUTPUT DC BUS FILTER.

Ls 1 C.s‘l Cp nynying LSZ C‘.\'Z
45.3pH 75.5nF 50.3nF 100:102:26 4. 7uH 0.75uF

In order to verify the ability of the UPS to operate with full battery power at
different output load conditions using the parameters of Table 4.4. the equivalent
ac circuit described in Appendix 3 will be employed. Fig. 4.17 shows the control
angles and currents when operating with full output load and maximum battery
power. along half period of the incoming ac voltage. It is possible to see that the
control angles y,, and y,, are within the required range for the use of the SOC
proposed in Chapter 2. i.e. (0,180°). On the other hand. Fig. 4.18 shows the
operation with no output load and full battery charge power. The current i is
considerably smaller than when operating at full output load, and the control
angles are again between 0 and 180°. In addition, from the solution of the ac
equivalent circuit for the backup mode of operation (Appendix 3) it was found
that the control angle v, is 97° for operation with 0.77v, ,and 172° with 0.465 v, ,
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If the minimum value of voltage v, is greater than 0.465v, ,. then the current

stresses in the BSC will not be minimized since the control angle y,, will never

bel80".

A low for v, ., was obtained due to the that the selected battery floating voltage
had to be 1.6 to 2.3 times greater than the output voltage (with the transformer turns ratio
1:1:1). In order to make the floating voltage equal to v, the peak value of v, should be
limited at v,. Series parallel resonant converters with capacitive output filter do have this
feature of limiting the voltage across the parallel resonant capacitor [91-93]. The next
section investigates the operation of the proposed UPS topology when operating

capacitive output filter.
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Fig. 4.17 Analytical results from the solution of the equivalent ac circuit.
Full load at the output.

Parameters of the UPS as given in Table 4.5. P, =500 W, P,=100 W, v;= 102 V rms.
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Fig. 4.18 Analytical results from the solution of the equivalent ac circuit.
No load at the output.

Parameters of the UPS as given in Table 4.5. P,=5 W, P;=100 W, v;,= 138 V rms.
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4.4 OPERATION WITH CAPACITIVE OQUTPUT FILTER

This section begins with the description of an ac-to-dc series parallel resonant
converter with capacitive output filter under VFPSM, which is the starting point for the
understanding of the operation LSC. The main design curves for the selection of the
resonant circuit parameters are presented in a similar way to that in Chapter 3 for
inductive output dc bus filter. Then, a design procedure for the selection of the parameters
of the UPS is developed. Finally. a design example of a series parallel resonant UPS with

capacitive output filter is presented, and verified by simulations.

4.4.1 Line Operating Mode

The main waveforms of the series parallel resonant converter operating with
capacitive output filter under VFPSM are shown in Fig. 4.19. The voltage v, has a
quasi-square waveform, where the width of the non-zero voltage pulse is defined by the
control angle y,,,. The main difference between the operation of a series parallel resonant
converter with capacitive and inductive output filter is found in the voltage across the
parallel resonant capacitor. as can be concluded by comparing Fig. 4.7 and Fig. 4.8 with
Fig. 4.19.

When operating with a capacitive output filter. the voltage v, is clampled at the
output voltage v, whenever one of the diodes of the output rectifier conducts. When the
current /, crosses zero and changes polarity the diode of the output rectifier that was

previously conducting blocks and the voltage v, starts to reverse its polarity. When the
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amplitude v, reaches v, a diode of the output rectifier is forward biased. Consequently,

the current i is transferred to the output stage and v, is again clamped at v,
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Fig. 4.19 Operation with capacitive output filter.
Simulation results. y,,=180°, y;;=91.7°, i,=0, Q,;=0.55,0=1.48,B,=1.5.

In terms of the analysis of the converter with capacitive output filter, the
describing function method can not be easily applied. This is because the current drawn
by the output rectifier from the resonant circuit is not in phase with the voltage v,
Therefore, the representation of the of the output stage by an equivalent load resistor is
less acceptable. On the other hand, the generalized state-space modeling approach of
static converters can be used to describe the operation of series parallel resonant
converters with capacitive output filter. This approach is adopted in Appendix 4 for the

analysis of the converter with capacitive output filter. In order to obtain the key design
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curves of a ac-to-dc series parallel resonant converter operating with capacitive output
filter the same approach adopted in Chapter 3 will be used. The control angle at the
resonance frequency is identified for different values of O, and B, from the static
characteristics of the converter. Then, the maximum output voltage for the converter
operating with constant output voltage and unity input power factor is determined. This
maximum voltage conversion ratio, Fig. 4.20, and the switching frequency ratio at the
peak of the incoming ac line, Fig. 4.21, are required to compute the parameters of the

resonant circuit. A detailed description of the steps carried out to obtain these curves is

given in Appendix 4.
2.0 \
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Fig. 4.20 Maximum voltage conversion ratio for operation with constant output
voltage and unity input power factor with capacitive output filter.
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Fig. 4.21 Switching frequency ratio at ©,t=90°. Operation with VFPSM and with
capacitive output filter.
The parameters of the resonant circuit can be computed in a way similar to that in

Chapter 3, i.e. from a given minimum switching frequency, input power and lowest

incoming ac voltage:

®, = min(®,) (4.12)
a

Almz“;2 l

Qsl_max P £
L, = I (4.13)

0)0

1 C

C,= and C, ===, 4.14,4.15
i C')ile "B ( )

The equations presented above were derived for an ac-to-dc converter, however
they also can be used for the design of the proposed UPS by considering that the total

power of the UPS is lumped in the main output.
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4.4.2 Backup Mode

During the backup mode. the BSC operates as a series parallel dc-to-dc converter
with capacitive output filter. VFPSM is again adopted since it results in smaller switching
frequency range when compared with VF. It is possible to see from Fig. 4.22 that. during
the backup mode, the stresses in the resonant circuit reduce by increasing .. B,=0.5 is
not plotted since it results in high stresses. On the other hand, it is worth mentioning that

the switching frequency range increases with §,. as can be concluded from Table 4.5.

TABLE 4.5 VARIATION OF THE SWITCHING FREQUENCY WITH THE LOAD.

Ratio between the series and the parallel resonant
capacitors, B,

0.5 1.0 1.5 2.0

15.7% 35.18% 52.7% 67.6%

S
e
i
=
i
,\-
i
]
1<
—
[en)
(el

At full load Q,=2.

By using the information gathered so far, a design procedure for the proposed

UPS with capacitive output filter is developed in the next section.
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4.4.3 Design Procedure and Example

The design procedure presented in Section 4.3.3 for the UPS with inductive
output filter can be modified for the UPS with capacitive output dc bus filter. For the UPS
with capacitive output dc bus filter, the design step (ii), which computes the peak value of
the voltage across the parallel resonant capacitor. is simplified since the peak value of Ve
is equal to the output voltage v,.

[n order to clarify the design steps, let us consider the UPS specified in Section
4.3.4. now operating with capacitive output dc bus filter. In this case, the design steps are
as follows:

(i) For Oy ,.,=1-5 and B,=0.5 it is found from Fig. 4.20 that the maximum voltage

conversion ratio is M,,=1.94. Therefore, the output dc voltage is given by:

v, =v,M, =28035V. (4.16)

m

By using the given minimum switching frequency and the switching frequency
ratio obtained from Fig. 4.21 the resonant frequency w, can be found as:

= MO, _ 565 4 kradss 4.17)

o

(04

By using (4.13) to (4.15). the values of L_;, C, and C, can be found as:

L,=173.8pH (4.18)
', =18.0nF and C, = 36.0nF. (4.19)

(11) The peak value of v, is equal to v,,.
(iif)y  The battery floating voltage is selected as

v, ,=1.1v, =3083V (4.20)



@iv)

(v)

where the factor 1.1 was included to account for the voltage rings. which result
from the leakage inductance of the transformer. that may increase the peak of Vep

in practical setup.

Once the parallel resonant capacitor and the output voltage are defined the factor

U,» and the ratio f, are found to be related by:

-

0.,= L > ! =O.3I91 .
T e,Cv B, B,

o p o =

(4.21)

The equation (4.21) is plotted in Fig. 4.23 for 0.5< B, <2.0. A region defined by
the points around (+/-10%) the minimum volt-amperes in resonant inductor L,
during the backup mode is also indicated in Fig. 4.12. It is seen that for these
values of Oy, and B, the stresses in the resonant circuit are high since Q,, is far

from the minimum of 2,

By repeating steps (i) to (iv), the Q,, factor as a function [, can be obtained for
other typical values of O, and B,. as shown in Fig. 4.24 to Fig. 4.27. Table 4.6
summarizes the main parameters of the UPS for the pairs (Q,. B,) within the

defined neighborhood of P, minimum.
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To select a set of parameters from the Table 4.6 an additional criterion should
considered. The minimum voltage v,, which the BSC can operate with the desired
output voltage during the backup mode, is a strong candidate since it determines
the current stresses during the backup mode. By using the values given in Table
4.6 it is found that v, ;./v; ,increases with B, Oy, and decreases with B,.In
addition, v, /v , belongs to the interval 0.44 to 0.71. Therefore, the ratio
Vs_mim/Vs_s 1S close to the typical values of the ratio between the floating voltage

and the end discharge voltage, which are given by the manufacture of the battery,

0.66 to 0.77.

140



“YdL114 SNE 0A LNdLNO FALLIDVAYD HLIM SdN 2HL 40 SYALANWVUVL AT€ISSOJ 9'p A'14V ],

= et [ 9er | | st fwene wr [ [ ) — | ssu| o || —|—| —|—=|—|—=|—| ™%

— | w80 | 260 | 2ot | L1 ms oo | ot st | — Lot || —|—| —|—|—=|—|—]| "/t =
— | 9o | €80 | €60 | 901 [6b0:] s80 | veo [ sot | — | weof ot [nn| —|—| —|—=|—[—|—] "4 >
= | sz1 | b0t | e80 | ¥90 %* b60 | 80 [ 290 | — | ewo| 2o {wo| —{—| —|—|—|—|— “0

= | = [ssmf e | e cgeis] oen [ ovn [ oo [ o | st | e Jan | —{—| —|=|—|—=|—] "W
— | — Qc 201 | L1t So voo | ot | st |t [ oeot | | — (= —(—|—|—|—| ">
- | %Q €60 | 90'1 &o 620 | voo | sot { et | veo| w01 [ | —|—| —|=|—|—=|—] "wul|”
— | — %_ e | sgo [ovicd sz | vort | ego | 190 | 60| g8 |60 | —|—| —|—|—|—|— “0

= | = | = le | — |t |ovt|est|er| oert]estet|ser|—|we|—|—|—|—] W

— | = | = wt|we| = | oot |siv| e | oeor| o |wwifoet | = ort | —]—|—[=] " um
= | = | — oot | — |so]|veo|sor et | veo| w0 | trt|ver| —]w|—|—|— =] "asaje
= = Tl | — | wr|ost | set|oso | ovt| szt {vot|egol —]eo| —[—|—]|— “0

P R — —_— —_ —_ — - —_ — — — R e = e e | e vt .¢<

— | = =1=1=1=T=1T=T-=1T-=1=[=1=1=1=|=[=]=T</=]" % A
- - === —-—] || == =|—=|—=|—=|=]1=|=/=|=1—=1 "%
— —_— R — — —_ — —_— — R — —_ —_— R — — — o [ — | me@

¢ 0¢ ST 0T S1 | s€ 0€¢ st 0T Sl ¢ 0 ST 0T §1[6C 08 5T 0T 1| s

0'z="¢ s'1='g 0'1="¢ s'0="¢

141



By taking a typical ratio between the battery floating and end of discharge
voltages as 0.77 and assuming an additional voltage drop of 10% in the power
circuit. the ratio between v, .../  should be 0.69. The set parameters that result
In vy iV s close to 0.69 are highlighted in Table 4.6. Among them, the set

given in Table 4.7 is selected for the implementation.

TABLE 4.7 SELECTED RATIOS FOR THE IMPLEMENTATION.
CAPACITIVE OUTPUT FILTER.

sl B 1 Q.\'?. B 2 Va/ vgm Vg Vi / vgm

&

2.0 1.39 1.5 0.83 0.92

IS

[S)
W

By using the ratios of Table 4.7 in a UPS with the output dc bus at 100V and with
a 48V battery. the power circuit power circuit parameters can be found as given in

Table 4.8.

TABLE 4.8 POWER CIRCUIT PARAMETERS OF A 500W UPS.
CAPACITIVE QUTPUT DC BUS FILTER.

sl Cxl Cp nyiping L.s‘.?. C".\'l

55.0 pH 60.6 nF 30.3nF 100:120:41 123 pH } 027 uF

Simulations were carried out in order to verify the ability of the UPS to operate
with full battery power at different output load conditions, with the parameters of
Table 4.8. Fig. 4.28 shows the main waveforms of the power circuit. It is possible
to see that zero voltage switching can be achieved in both the LSC and the BSC
since the current i lags v,,, and i, leads v,;,. Fig. 4.29 shows the control angles
when operating with full output load and maximum battery power, along a half

period of the incoming ac voltage. It is possible to see that the control angle v,
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becomes close to 180° as was predicted in the design. On the other hand, Fig. 4.30
shows the current drawn by the incoming ac line and sent to the battery during the
line operating mode under full load. From this figure, it is concluded that the UPS
is able to correct the input power factor while operating with the desired output dc

bus voltage.

150

i L oA
I \ vaf ! ) 7 ‘ \L - Vab2

50

-50

]

-100 -j
-150

Fig. 4.28 Simulation results. Main waveform of the proposed UPS with

capacitive output dc bus filter.
Parameters according with Table 4.8. Operation at full load.

143



180

/\ "L
y
B
F
|y \M’/ \
N /\ - / \
i o
@ F/ '
< L
g «ff \
s \
30 f
0: e P A ' i i i A i e L
0 4.166 8.33

Time, (ms)

Fig. 4.29 Simulation results. Control Angles for operation with a capacitive

output dc bus filter.
UPS Parameters according with Table 4.8. P,=500W, P,=100W, v,,=102V rms.
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Fig. 4.30 Simulation results. Input ac current and battery current when operating
with capacitive output filter.
UPS Parameters according with Table 4.8. P,=500W, P;=100W, v, =102V rms.
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Experimental results are presented in Section 4.6 and they are used to draw
comparisons between the UPS with and inductive output capacitive output filter. The next
section describes the output side converter. whose operation is independent on whether

the UPS has a capacitive or inductive output dc bus filter.

4.5 OutprUT SIDE CONVERTER

The output side converter produces the desired output voltage waveform from the
output dc bus. This converter is comprised of a PWM inverter followed by a second order
low pass filter. The output filter attenuates the harmonics generated by the inverter. There
are two major modulation methods for the single phase PWM inverters, which are the
bipolar switching scheme and the unipolar switching scheme (UPWM). The latter has
superior performance in terms of switching losses and filter requirements when compared
with the former [86]. Aiming to keep the switching losses at a reasonable value the
switching frequency of the output inverter was selected to be 20 kHz. For operation at
higher switching frequencies. the commutation losses reduce the output inverter
efficiency significantly. Once the switching frequency is defined. the output filter and the
output voltage controller can be designed. A second order filter with a cut off frequency
of 3.2 kHz was selected, and a controller with state feedback and dynamic output
feedback was used to control the output voltage. The performance of the implemented
OSC as well as the output transient due to change in the load are given in the next

section.
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4.6 EXPERIMENTAL VERIFICATION

The feasibility of the proposed UPS topology operating with both inductive and
capacitive output dc bus filter was verified using an experimental setup. The nominal
incoming ac voltage is 120 V rms. the battery voltage is 48 V, and the output dc bus
voltage is 100V. The parameters of the resonant circuit and the transformer turns ratio

were obtained from the design examples of Section 4.3.4 and Section 4.4.3.

4.6.1 Operation with Inductive Output DC Bus Filter

The parameters used in the implementation are given in Table 4.9.

TABLE 4.9 IMPLEMENTED CIRCUIT PARAMETERS.
INDUCTIVE OUTPUT DC BUS FILTER.
C

st C"

P

L Ly Co Ny Ny Ay

46.1uH 75nF 50nF 4 85pH 888 nF 10:10:3

Two sets of experiments were carried out. The first one considers the operation in

the line operating mode and the second one in the backup mode.

4.6.1.1 Line Operating Mode

The main goal of this set of experiments is to verify the ability of the high
frequency converters to sent power to the output and the batteries as predicted in the
carlier sections. Table 4.10 summarized the results obtained when operating with full load

during the line operating mode.
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TABLE 4.10 UPS AT FULL LOAD.
INDUCTIVE OUTPUT DC BUS FILTER.

v,

in

v,
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Fig. 4.31 Experimental results. Line operating mode with
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inductive output dc bus filter.

Operating conditions given in Table 4.10.
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From Table 4.10, it is concluded that with the selected parameters, the UPS has
enough gain to operate with full output power while charging the battery, as
predicted in the design. It was also observed that the operation with high input
voltage and full battery power is achievable. The current drawn by the converter
from the ac line, and the current sent to the batteries and to the output stage are
shown in Fig. 4.31. The input current i,, follows a sine waveform in phase with

the input voltage while the current i, has a waveform that approaches a sine

il
I

/
/




The equations (A3.4)-(A3.15) were solved again for the parameters shown in
Table 4.9 and operating condition of Table 4.10. The peak of the current i,, obtained from
the analysis was 16.9A while the same current obtained from measurement in the
breadboard implementation was 17.1A. The switching frequency at the peak of the line
voltage obtained analytically was 101kHz while the experimental measurement shows the
same frequency as 110kHz.

Fig. 4.32 shows the current and voltage at the output of the LSC and it is seen that

US]

the ZVS is achieved. On the other hand, Fig. 4.33 shows the voltage and current at the

battery side converter. It is possible to identify two modes of operation. When operating

with low battery charging current or near the valley of the input voltage the current i,

becomes small and its magnitude may not be large enough to ensure the conduction of the

anti-parallel diode before the turn-on of the transistors of leg A of the BSC. In order to
avoid switching losses when i, becomes small the following steps can be taken:

(1) To increase the dead times of the BSC, or decrease the snubber capacitors.

(i1) To use an auxiliary inductive circuit to provide the required additional current to
ensure zero voltage switching. This auxiliary circuit is small since the current i , is
either zero or it flows in the proper direction to reset the snubber capacitors. The
diagram of the implemented circuit is shown in Fig. 4.34 (a).

Fig. 4.34 (b) shows the current and voltage at the BSC when the battery charge

current is zero. It is possible to see that zero voltage switching is achieved.
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Fig. 4.32 Experimental Results. Current and voltage at the output of the LSC.
P,=516 W and P,=121 W. Scales: Vertical scales: 50V/div, and current 10 A/div. Horizontal scales:
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Fig. 4.33 Experimental Results. Current and voltage at the BSC.
Po,=516 W and Pp=121 W. Vertical scales: voltage 50V/div, current 10 A/div.; Horizontal scales: 2ms/div
and 2ps/div.
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Fig. 4.34 Auxiliary circuit to ensure ZVS when i, is zero.
(a) Circuit implementation. (b) Experimental Results with the circuit shown in (2). 500 W sent to the
output side converter no power sent to the batteries. Scales: Voltage 50V/div; Current 5 A/div.

4.6.1.2 Backup Mode

The voltage across the terminal of the battery side converter during the backup
mode operation at full load and with the typical battery end of discharge voltage is shown
in Fig. 4.35. It is possible to see that the current crosses zero inside the non zero voltage
pulse of v,,, and that the amplitude of the current is agreement with the prediction
obtained from the solution of the equivalent circuit of Appendix 3 (peak of the current i,

obtained analytically was 29.4A and 27A experimentally, and vy,,=106° analytically and

115° experimentally).
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Fig. 4.35 Experimental Results. Backup mode of operation.
The current and voltage at the terminals of the BSC for operation with 500 W and 42 V battery voltage.
Vertical scales: Voltage v,5: 20V/div, v,,: SO0V/div, and Current i;,:10 A/div. Horizontal scale: 2ps/div.

150




4.6.2 Operation with Capacitive Qutput DC Bus Filter

This section is similar to the previous one. however the output dc bus filter is
capacitive. The parameters used in the experimenta! setup were selected to match those
obtained from the design carried out in Section 4.4.3. The implemented circuit parameters
are given in Table 4.11. A detailed diagram of the implemented circuit is given in

Appendix 5.

TABLE 4.11 IMPLEMENTED CIRCUIT PARAMETERS.
CAPACITIVE OUTPUT DC BUS FILTER.

Cp L, C, ny:nying

C

sl

55uH 60 nF 41 nF 125uH | 300 nF 13:11:5

The next sub-sections present experimental results for both the line-operating

mode and backup mode.

4.6.2.1 Line Operating Mode

Table 4.12 summarizes the results obtained during the line-operating mode with

full output load and maximum battery charging power.

TABLE 4.12 LINE OPERATING MODE.
CAPACITIVE OUTPUT DC BUS FILTER.

v v v, P. P, P,

n 0 in

120V 98.7V 55.5V 690 W 481W 121

From Table 4.12, it is concluded that with the selected parameters. the converter
has enough gain to delivery the nominal power to the output and to the battery. as

predicted in the design. It also was observed that the operation with full output power
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and zero battery power is also possible. In order to illustrate the main input and output
quantities of the UPS, Fig. 4.36 shows the current drawn by the converter from the ac line
and the current sent to the battery. It is possible to see that the input power factor is close
to unity. The distortion in the input current can be reduced by derating the converter in

the design, typically by 10%, to compensate for the losses in the circuit.
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Fig. 4.36 Experimental results. Line operating mode with

capacitive output dc bus filter.
Operating conditions given in Table 4.12.

Fig. 4.37 shows the current and voltage at the output of the LSC. This figure
demonstrates that the current i;; crosses zero inside the non-zero voltage pulse of v, at
the different points of the incoming ac line, and that ZVS can be achieved. On the other
hand, Fig. 4.38 shows the voltage and current at the battery side converter, and again

ZVS is achieved at the different points of operation.
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Fig. 4.37 Experimental Results. Current and voltage at the output of the LSC for

operation with capacitive output dc bus filter.
- Pp=481W and Pp=121 W. Vertical scales: 50V/div, and current 10 A/div. Horizontal scales: 2ms/div and

2us/div.
Vab2
2ms/div
isZ
[\
1
2ms/div

Fig. 4.38 Experimental Results. Current and voltage at the BSC for

operation with capacitive output dc bus filter.
P,=481 W and Pp=121 W. Vertical scales: voltage 50V/div, current 10 A/div.; Horizontal scales: 2ms/div
and 2us/div.
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4.6.2.2 Backup Mode

The voltage across the terminal of the battery side converter during the backup
mode operation with capacitive output dc bus filter is shown in Fig. 4.39. The current -i,,
crosses zero inside the non-zero voltage pulse of v, and the control angle y,; is close to
180°. In addition, this figure also shows that the voltage across the parallel resonant

capacitor voltage is clamped at the output dc bus voltage, v,, which in this case is 100V.
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Fig. 4.39 Experimental Results. Backup mode of operation
with capacitive output dc bus filter.

Operation with 470 W and 45 V battery voltage. Vertical scales: Voltage v,;,:20V/div. Voltage v,
50V/div. Current i,:10 A/div. Horizontal Scale: 2us/div.

4.6.3 Input-output Performance

The performance of the proposed UPS in terms of input power factor and
efficiency under the different modes of operation is given in this section.

Fig. 4.40 summarizes the performance of the proposed UPS with inductive output
dc bus filter during the line operating mode. The input power factor is close to unity, and
the total harmonic distortion is low, around 7.5 % at full load. The overall efficiency of

the UPS in the line-operating mode at full load is about 87%. Similarly, Fig. 4.41 shows
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the performance of the UPS with capacitive output dc bus filter. The input power factor is
close to unity, however the THD of the input current at full load is about 11% and it is
larger than that with an inductive output filter. The efficiency at full load with capacitive
output dc bus filter is about 87%. The main differences of the performance of the UPS
with capacitive and inductive output filters is found in the efficiency during the backup
mode, as shown in Fig. 4.42. With inductive output dc bus filter the efficiency at full load
is about 81%, however with capacitive output dc bus filter it reaches 87%. The reason for
the difference in the efficiencies comes from the fact the amplitude of the current i,
during the backup mode with capacitive output dc bus filter is smaller than that when

operating with inductive output filter.

100 r r_T—T I r T — 1.0 R
0 F - Power Factor ] }
90 —i Efficiency, P,=100 W - 1 0.9 }
. 4 : f
80 7’ 0.8
70 | Efficiency, P;=0 107
=) . o 4 4 I
] 1 ] g
>~ B2 60 0.6 g
[4) C g
53 [ ] =
5 3 [ p )
SEVY 1" 2
- o [ ] -
TS 40 f Joa 3
O G 5 p s
> O L p o
o a L p
£ T 30 [| THD, P,=100 W 103
D [ ]
20 \\\ THD, P;=0 {02
10 | ¥ 0.1
0',.., I BT BT S i FFIFEr ISy e d e g " ‘0

0 S0 100 150 200 250 300 350 400 450 500 S50
Output Power, (W), -—m8m8 —————>
Fig. 4.40 Experimental results. Operation with inductive output dc bus filter

during the line operating mode.
Input power factor and total harmonic distortion of the input current i;, and the UPS overall
efficiency. v;, = 120 V, v;=55V,v =100V.
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Fig. 4.41 Experimental results. Operation with capacitive output dc bus

filter during the line operating mode.
Input power factor and total harmonic distortion of the input current i;,, and the UPS overall
efficiency. v;, = 120 V, v;=55V,v =100V.
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Fig. 4.42 Experimental results. Efficiency in the backup operating mode.
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4.6.4 Output Side Converter

The output inverter operates at 20 kHz and produces a trapezoidal output
waveform of 90V rms at 60Hz. The output transient due to change in the load is shown in
Fig. 4.43. It is observed that the transient response features a very small undershoot,

which is smaller than 2%.
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Fig. 4.43 Experimental results. Transient due to a step change in the load.
Output power changes from 200 to 400 W . Top: Output current . Bottom: output voltage .
Output fitter parameters: L=500uH, C=SpF. Switching frequency 20 kHz with UPWM. Vertical
Scales: 50V/div, and 4A/div.

4.7 DISCUSSION AND CONCLUSIONS

In this chapter two variations of the proposed UPS topology based on resonant
converters were analyzed and verified experimentally. The main features of the proposed
topologies are: (i) operation with high input power factor without the use of a dedicated
power factor correction stage, (i) flexibility in the selection of the input, battery and
output voltages, (iii) zero voltage switching operation (this allows the use of high

switching frequency leading to the use small isolation transformer).
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A design procedure for the selection of the resonant circuit parameters of the
proposed UPS was developed. This design was applied for the selection of the parameters
of the UPS with inductive and capacitive output dc bus filter. It was demonstrated that
operation with capacitive output dc bus filter result in better performance due to the
reduced current stresses during the backup mode. Experimental results have been used to
validate the design procedure developed and to demonstrate the performance of the

proposed UPS topology.
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CHAPTER 5: UPS TOPOLOGY BASED ON

BIDIRECTIONAL CONVERTERS

5.1 INTRODUCTION

[solated bidirectional dec-to-dc and dc-to-ac converters are often required in UPS
applications. In order to reduce the size and weight of the UPS without penalizing the
efficiency a soft-switching technique must be adopted. The concept of self-sustained
oscillation presented in the pervious chapters was successfully applied to ensure zero
voltage switching for different resonant converters. In this chapter, this concept is
extended to resonant bidirectional converters, particularly dc-to-dc and dc-to-ac
converters. Then, by using these converters, a fully isolated ZVS UPS is derived,
analyzed and verified experimentally.

The outline of this chapter is as follows: Section 5.2 describes a ZVS isolated
bidirectional dc-to-dc converter that operates in self-sustained oscillation mode.
Similarly. Section 5.3 deals with ZVS resonant dc-to-ac converter that operates in self-
sustained oscillation mode. Section 5.4 presents a ZVS UPS topology that uses concepts
developed in the previous sections. Finally. Section 5.5 summarizes the main points of

this chapter.
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5.2 ZERO VOLTAGE SWITCHING BIDIRECTIONAL DC-10-DC

CONVERTER

Among the reported bidirectional dc-to-dc converters a strong candidate for a
given implementation is the dual active bridge topology [87.88]. The dual active bridge
consists of two active converters interfaced by a synchronous inductance, where this
inductance is usually an integral part of the transformer required to provide galvanic
isolation and voltage match between the input and output of the converter. The power
transfer from the input to the output and the output voltage control are accomplished by
changing the phase-shift between the voltages at the output of the two converters of the
dual active bridge. By proper design of the transformer leakage inductance, it is possible
to operate with ZVS within a certain range of output power and input to output voltage
ratio. Despite of the desired features of the dual active bridge, it has the following
drawbacks:

(i) The range of ZVS operation is restricted.
(i) The dc component that results from non-ideal characteristics of the converter
components may result in saturation of the transformer.

The operation with ZVS in a larger output power range can be achieved by
exploring the bi-directional power transfer capabilities of the dual active bridge. In this
case. the converter is cycled sequentially between the forward and reverse power flow to
maintain the desired “average™ output power while operating within the ZVS range. The
drawback of this approach is the low frequency components introduced in the input and
output terminals. Another alternative, which does not introduce low frequency
components neither increases significantly the conduction losses, is to change the
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switching frequency so that ZVS is ensured at light load conditions. Tﬁis alternative will
be explored here, by adopting the self-sustained controller proposed in Chapter 2.

‘The second drawback that is associated with the dc component can be overcome
by introducing a capacitor in series the transformer. Therefore, the capacitor blocks any
dc component that may be generated by the converter. Fig. 5.1 shows the bi-directional

dc-to-dc converter under consideration.
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Fig. 5.1 ZVS bi-directional dc-to-dc converter operating in self-sustained oscillation
mode.

The operation with zero voltage switching will be ensured by controlling the
phase angle between the voltage impressed by the converters, v,,, and v, in the series
resonant circuit and the current through the series resonant circuit, /.. The controller uses
a constant amplitude sawtooth signal synchronized with the high frequency current i; as
proposed in Chapter 2. It will be demonstrated that by the proper selection of the control

angles the converter operates in self-sustained oscillation mode.
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5.2.1 Basic Operating Principles

In this sub-section. the range of the control angles for operation with ZVS will be
identified and equations of the input current and power transfer will be derived. The
following assumptions are made to simplified the analysis carried out in this sub-section:
(1) The input and output sides of the dc-to-dc converter of Fig. 5.1 are represented by

voltage sources.

(ii) The resonant circuit is represented by a high frequency sinusoidal current source.
(iti)  The snubber capacitors are small so that their impact on the circuit operation will
be neglected.

Let us consider one leg of the converter of Fig. 5.1 and present it as shown in Fig.

5.2. In additions, let us assumed that the switch s, is initially conducting.

v, /2

(a) (b)

Fig. 5.2 ZVS half-bridge converter operating from a high frequency current source.
The subscript # is used to identify the converter leg.
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Fig. 5.3 Main waveforms of the half-bridge converter of Fig.5.2
At ot =y, Fig. 5.3, the switch s, is turned off. At this instant the current i is
greater than zero since 0<y<180°. Therefore, i has the right polarity to reset the snubber
capacitors and provide ZVS for the turn on of the switch s,. On the other hand, by
changing the angle y the power transfer from the dc input source (v;) to the high
frequency current source (series resonant circuit) can be adjusted, as can be seen from

equation of the power transfer given below
) S
p, =——v, i,cos(Y) (5.1)
7

where p, is the power transferred from source v, to current source associated with i.. It is
concluded from (5.1) that if 0<y<90° the power is transfer to v, since p, is negative, while
if 90°<y<180° the power is transferred from v, to the hiéh frequency current source. On
the other hand, a variable that is usually of interest, especially when controlling any
quantity at the input or output side, is the average value (over one switching period) of

current i . This current can be obtained by dividing (5.1) by v, , which results:

T, =7, cos(y) 52)
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where the bar over i, denotes the average value over one switching period.

When each leg of a full bridge inverter is switched with 50% duty cycle the
equations (5.1) and (5.2) can be applied to obtain the inverter input current. In this case
the full-bridge inverter is represented as two half-bridge converters. Each half-bridged
converter is associated with one leg of the full-bridge inverter. For example, the current

at the dc side of the full-bridge inverter of Fig. 5.1 can be found by adding the

contribution of each inverter leg that is:

I - 1 - < -

i, =—— i cos(y,,)—— [, cos(y,,) (3.3)
T T

where v,, and y,,, are the control angles associated with the legs A and B of the full-bridge

inverter. In order to illustrate the bi-directional operation of the ZVS full-bridge inverter

let us consider that y,,=180° and 0 <y,,<180°, therefore from (5.3) it is found that:

- 2=
0<i, <—1i, . (5.4)
T

Similarly, if y,,= 0 and 0 <y,,< 180° the inverter input current is:
2 -

-2 <i, <0 (5.5)
T

Therefore. the power can flow bi-directionally since the voltage v, is always positive.

Fig. 5.4 and Fig. 5.5 illustrate the two cases considered above. It is possible to see
that the voltage v,,, assumes a quasi-square pattern similar to the one produced by the
conventional phase-shifted modulation method. and in addition the current i, always

crosses zero inside the non zero voltage pulse of v,,,.
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Fig. 5.5 Main waveforms of the BSC
Operation with v,,=60° and v,,=10°

The issue that arises at this point is regarding the existence of the high frequency

current i, This issue is addressed in the next section where the stability of the self-

sustained oscillation is investigated.

5.2.2 Stability of the Self-Sustained Oscillation

The high frequency ac current that circulates through the resonant circuit will be

generated using the concept of self-sustained oscillation proposed in Chapter 2. In order
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to investigate the existence and stability of the self-sustained oscillation. the converters of
Fig. 5.1 are represented by a single nonlinearity. This representation is possible since
these converters are connected in series and their output waveforms are generated from
the same variable (-i;). Therefore. the bidirectional dc-to-de converter can be interpreted
as a single-input/single-output system driven by a nonlinearity, as shown in Fig. 5.6 (a).
As in the previous chapters. the describing function method will be used to investigate
the stability of the self-sustained oscillation. According to this method. the static
nonlinear characteristic of the system is represented by a gain dependent upon on the
input signal (-i;). By replacing the nonlinearity by its associated describing function, the
characteristié equation of the system becomes:

1+ N, ()G(jw)=0 (5.6)
where G(jo) is the transfer function associated with the resonant circuit, that is given by:

sC
Gis)| | =— . 5.7
( )l,\=./m S'.L,\-Cs + SC_J‘ +1 ( )

The resistor r in (5.7) represents the overall losses in the power circuit. The describing
function N,(.) can be obtained by adding the describing functions associated with each
leg of the converter of Fig.5.1, where these describing functions are similar to (2.1).

Thereby. the V,(.) assumes the following form:

2 .
N, = ﬁ(v,,(cos(y,‘,) = Jjsin(y,,)) +v,(cos(y,,) — jsin(y,,)) + 2v,(cos(y, ) — jsin(y,)))

(5.8)

Let us assume that there exist a self-sustained oscillation of amplitude ; and
frequency o, then this oscillation must satisfy (5.6). The solution of (5.6) represents the

intersection point of the loci plotted in Fig. 5.6 (b). The stability of the self-sustained
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oscillation can be investigated by applying a slight disturbance in the amplitude of 7, at

the intersection point. By increasing /, the system operating point moves outside the locus
of G(jw). Since the new operating point is not encircled by the locus of G(jw). according

to the Nyquist criterion, in this operating point, the system behaves as a stable system.
and the current i, decreases toward the intersection point. A similar argument can be
used when i is decreased. Therefore. the converter will operate a stable self-sustained

oscillation above the frequency o, if the lumped nonlinearity N,(.) has a describing

function with an angle smaller than -90° and greater than -180°.

i
N.(.) » G (jo) >
(a)
Im N Gjw)
® =0 o=,
m =0 =
L, Re
! w=o,
-1/N ()
(b)

Fig. 5.6 Detection of the self-sustained oscillation.
(a)Feedback system interpretation for the converter in self-sustained oscillation. (b) Nyquist plot of the
resonant circuit sinusoidal transfer function and the plot of the negative inverse of the describing function.

5.2.3 Simulation and experimental results

This section demonstrates the feasibility of the proposed bidirectional dc-to-dc
converter by means of simulation and experimental results. It is worth mentioning that in
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order to implement the proposed converter the amplitude of the current /. must be
regulated. The inverter at the left side of Fig.5.1 can be used for this purpose while the
converter at the right can be used. for instance. can regulate the output voltage.

The simulated and implemented circuit operates from a 48V battery and it
produces an isolated 100V output dc bus. Fig. 5.7 and Fig. 5.8 show simulation and
experimental results when power is been transferred from the battery to the output stage.
According to the analysis of the previous sections the control angle y, should be greater
than zero and smaller than 90°. From Fig. 5.7 and Fig. 5.8 it is possible to see that the
control angle v, is closed to zero. On the other hand, Fig. 5.9 and Fig. 5.10 demonstrate
the operation when power is transferred from the output to the battery. The control angle
in this case should be 90°<y,<180° and it is found from simulation and experimentally
that the y, is close to 180°. In addition, the current i, always lags the voltage v,,, and it
lags v,,, while crossing zero inside non zero voltage pulse, therefore, providing a way to
reset the snubber capacitors and achieve ZVS. The simulation and experimental results
presented are in good agreement. The differences found between simulation and
experimental results are the high frequency oscillations with result from the interaction
between the power circuit capacitors of the inductance associated with the wires used to
interconnect the components in the experimental setup which are not included in the
simulation.

The next section extends the concepts developed in this and previous sections for

operation with ac output voltages.
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Fig. 5.7 Simulation results of the bidirectional dc-to-dc converter. P >0
P,=250W, v;,=50, v,=100V. Vertical scales: Voltages: 20V/div., Current: 5A/div. Horizontal Scales:
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Fig. 5.8 Experimental results of the bidirectional dc-to-dc converter. P >0.
P,=250W, v,=50, v,=100V. Vertical scales: Voltages: 20V/div., Current: SA/div. Horizontal
Scales: Sps/div. L=55uH, C;=250nF, n,/n,=12.
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Fig. 5.9 Simulation results of the bidirectional dc-to-dc converter. P,<0
P,=-200W, v;=57 , v,=100V. Vertical scales: Voltages: 20V/div., Current: 5A/div. Horizontal Scales:
Sps/div. L=55uH, C;=250nF, n;/n,=1.2.
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Fig. 5.10 Experimental results of the bidirectional dc-to-dc converter. P,<0.
P,=200W, v;=57 , v,=100V. Vertical scales: Voltages: 20V/div., Current: 5A/div. Horizontal Scales:
Sus/div. L=55uH, C;=250nF, n;/n,=1.2.
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5.3 ZERO VOLTAGE SWITCHING DC-T0O-AC CONVERTER

Isolated dc-to-ac converters are often required in UPS to step-up the battery
voltage the value required to synthesize the output voltage and to provide galvanic
isolation between the battery and the output.

It will be demonstrated in this section that by replacing the switches of the leg at
the right side of the dc-to-dc converter of Fig. 5.1 by bidirectional switches the resultant
converter is capable to synthesize ac output voltages. Fig. 5.11 shows an isolated dc-to-ac

converter where the BSC is implemented with a full bridge converter and OSC with a

half-bridge cycloconverter.
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Fig. 5.11 Power circuit of the proposed series resonant based dc-to-ac converter.

The dc-ac converter of Fig. 5.11 operates as follows: Let us assume that the
output voltage v, is positive. When the switch s, is closed, the voltage across the high
frequency terminals of the output side converter (OSC) v, is positive with an amplitude

equal to v,/2. Similarly, when the switch s, is closed, the voltage v, is equal to -v/2.
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Therefore. if the switches s, and s, are switched in a complementary manner. a square
voltage waveform is produced across the high frequency transformer. The operation with
positive output voltage is illustrated in Fig. 5.12 (a). This figures indicates that two
transistor of the OSC are kept on and the other two transistors are switched in a

complementary manner using the gate signals v,,,, and v,,,. It is also shown in Fig. 5.12

(a) the voltage v,,. the current /,,. and the control angle y,. If the control angle 7, is
greater then zero and smaller than 180° the current i, lags the voltage v,,,. In addition. the

average value of the current sent by the OSC to the output capacitor and load over

switching period can be found as:

ol

i, = 31— cos(Y,) for v >0. (5.9)
T

Similarly, Fig. 5.12 (b) illustrates the operation with negative output voltage. The
main difference from the operation with positive output voltage is found in the gate

signals. When the output voltage is negative the gate signals v

ec1p and Vecap are

complementary and as results the average value of the current i, over switching period

becomes:
2 - <
i, =——1i cos(y,) for v _<0. (5.10)
T
By combining the equations (5.9) and (5.10) using the sign function results
- 2.
i, =sign(v, )—i_ cos(y,). (5.11)
T

(5.11) can be used to obtain the equation that describes the dynamic behavior of
the output voltage. By applying Kirchhoff's current law to the node 1. Fig. 5.12. it found

that the variation of the output voltage given by:



C, dv, . 2~ .
S e = sign(v,) 27, c05(1,) ~ - (5.12)

Taking into account the control angle v, can be assume any value greater zero and
smaller than 180°, and assuming that the amplitude of the current i, is constant, the output

voltage can be controlied if the following inequality is satisfied:

£ > ] - (5. 13)

1
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N|°<
N
—
\

2 . 2
i
Ity ol
X, A\
()
v,<0
A v )

l Yo 12, N

(b)
Fig. 5.12 Simplified representation of the OSC. (a) v>0. (b)v,<0.
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In order to validate the concepts presented above a experimental setup was
implemented. The amplitude of the current i, was kept constant by the appropriated
control of the angles v,, and v,, of the BSC and the control angle y, was used to control
the output voltage. The experimental setup operates from a 48 V battery and produces a
sinusoidal output voltage of 100V peak at 60Hz. Fig. 5.13 shows the output voltage v,
and the voltage v,,. The amplitude of v, is half of the output voltage since it is
measured from the capacitor center tap to the center of the cycloconverter leg. It is also
shown in this figure the signal associated with the sign of v,, which is required to change
the sign of the gain of output voltage controller and to selected the gate signals of the
cycloconverter. On the other hand, Fig. 5.14 shows a zoom of the waveforms of Fig.
5.13. It is also shown in Fig. 5.14 the current i,. It is possible to see that the current i; lags

the voltage v,,, in more the 90° which indicates that power is been transferred from the

battery to the output load.
vO
Vap2 / N—
\ / A
¢ \
sign(v,)
= 2ms/div

Fig. 5.13 Experimental results of the isolated dc-to-ac converter.

P,=210W, v;=50 V, v,=70.7Vrms. Vertical scale: S0V/div. Horizontal scale: 2m/div. L=55pH,
C=250nF, n;/ny=1.2.
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Signt) Sp/div

Fig. 5.14 Experimental results of the isolated dc-to-ac converter.
P,=210W, v;=50 V, v ,=70.7Vrms. Vertical scales: 50V/div.and 25A/div. Horizontal scale:5us/div.
L=55uH, C=250nF, n,/n,=1.2.

In the next section, the concepts developed so far are extended to a fully isolated

ZVS UPS topology.

5.4 ZERO VOLTAGE SWITCHING UPS TOPOLOGY

Fig. 5.15 shows an UPS topology derived from the concepts developed in this
chapter. This UPS is comprised of three converters, a high frequency interface and input
and output filters. The input and output filters are used to attenuate the high frequency
current components at the low frequency side (or dc side) of the converters of the UPS.
For example, the capacitor C,; and C,, and the low pass filter C, and L, are used to
attenuate the high frequency voltage and current components of v, and i, respectively. In
addition, the parameters of the filter at the input of the line side converter (LSC) are

selected so that the high frequency current components generated by LSC are
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significantly attenuated, and the low frequency voltage components resulted from
rectification of the incoming ac line are not attenuated. As a result, it is possible to
operate with high input power factor, and to meet the requirements imposed by
international regulatory agencies regarding the amplitude of the low order current
harmonic injected by equipment connected with the utility supply system. On the other
hand, a high frequency interface which consists of passive components is used to provide
galvanic isolation among _the terminals of the UPS and the required impedance to
interface the LSC, battery side converter (BSC) and the output side converter (OSC).
The inductor L and capacitor C, form a resonant branch that operates above its resonant
frequency, and as a result, provides the required impedance to interface the LSC, BSC
and OSC. All the converters of the UPS operate at high frequency, usually at hundreds of

kHz, and their operating principle are descried below.
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Fig. 5.15 Power circuit of the proposed series resonant based UPS.
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5.4.1 Converters Operation

The LSC is used to interface the incoming input ac supply and the high frequency
current link. A full bridge inverter was selected for the implementation of the LSC which
makes possible the operation with phase shift modulation. In order to operate with ZVS
in phase shift modulation, the inverter output current should cross zero inside the non-
zero inverter output voltage pulse. This requirement can be achieved by adopting the self-
sustained oscillation controller proposed in Chapter 2. The angle y,, is kept constant at a
value close to 180°. This ensures that the current crosses zero inside the output voltage
pulse. On the other hand, the angle y,, is used to control the pulse width of the quasi-
square waveform produced at the ac terminals of the LSC. Therefore, for a given current

i, by increasing angle y,, towards 180° the power transfer from the input ac supply to the

resonant circuit increases.
Line Side Coaverter
3 4 ~
: .|
5 Ml 5
7 n Vi /
- > Caan 4
AN N
ot s L s

Fig. 5.16 Main waveforms of the line side converter during the line operating mode.

On the other hand, the BSC and the OSC operate as described in sections 5.2 and 5.3.
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5.4.2 Stability of the Self-Sustained Oscillation

The high frequency ac current that circulates through the resonant circuit will be
generated using the concept of self-sustained oscillation. In order to investigate the
existence and stability of the self-sustained oscillation, the LSC, BSC and OSC are
represented by a single nonlinearity. This representation is possible since these converters
are connected in series and their output waveforms are generated from the same variable
(-i,). In this way. the UPS can be interpreted as a single-input/single-output system driven
by a nonlinearity which represents the series connection of the LSC, BSC and OSC. as
shown in Fig. 5.6 (a). The intersection point of the loci in Fig. 5.6 (b) can be found
analytically by solving (5.6). Equation (5.6) can be represented by two non-linear
equations, one of them is associated with the real part of (5.6) and the other with the

imaginary part, that are:

Re(N,(.)) = —r (5.14)
and
mv,()]=4=2% g 1 (5.15)
04

where « is the ratio between the switching frequency o, and the resonant frequency o,,.

The real and imaginary part of describing function N,(.) are given by:

2
Re(N ()= n;— {vk [cos(y,,) +cos(y,, )]+ vi[cos(y,, ) + cos(y.,) ]+ 2v,|cos(y;)  (5.16)

-2
Im(N.()) = —I_" {vg [sin(y,,) +sin(y,,)]+ v, [sin(y,, ) + sin(y,,)]+ 2lv,|sin(y;)  (5.17)
7t A

where the turns ratio of the transformers 7| and 7, where made 2:1 and 1:1 respectively.
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By solving (5.6) for a greater than one results in a possible operating point of the
converter. In addition. taking into account that for operation in self-sustained operation
mode the angle of N, (.) must be smaller than -90° and greater than -180° from (5.16) and

(5.17) it is found that:
v [eos(v,,) + cos(y,,) ]+ v, [eos(y,,) + cos(v2,) ]+ 2Jv, |cos(y,) < 0 (5.18)

v, [sin(y," ) +sin(y,, )]+ v, [sin(yzl,) +sin( Y., )]+ 2|\f,,lsin(y3) >0 (5.1
The left side of (5.18) becomes zero when resonant circuit has no losses. and this

equation can also be obtained from the input-output power balance of the converter.

5.4.3 Control Angles and Switching Frequency

In this section the control angles and the switching frequency required to operate
with a given input and output power profile will be derived.

Taking into account that the UPS of Fig. 5.15 does not have any large energy
storage element, and by assuming that the resonant circuit is loss-less and operates in
sinusoidal steady state, the sum of the instantaneous power absorbed by the converters
equals the power delivered by the converters. As a result, the input-output power balance
can be expressed as:

P =P, + D (3.20)
where p;, is the power absorbed by the LSC from the ac line, and p, and p, are the power
sent to the output load and the battery respectively. For the UPS of Fig. 5.15 the power at

the input and output are given by:

pm = vL'lL' N pl) = vl)’h * l’n = \""I" * (3'21)
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The voltages v,. v,. and v, as well as the power p,,, p,. and p, are well known
quantities in given implementation. Therefore. the currents ig- Ip. and i, can be easily
found by using (5.15). On the other hand. by considering the operation of the LSC. BSC
and OSC as explained in sub-section 5.4.1. and by neglecting the effect of the input and

output filters. since switching frequency is very high, the currents Iq. Ip. and i, can also be

expressed as:

i

i, = —¥(cos(y,“ )+cos(y,,)) (5.22)
iy = 22(cOS( Y2, ) + COS(¥15)) (5.23)
T
2i _
i, =—=sgn(v,)cos(v;) (5.24)
T

It is concluded from (5.22)-(5.24) that for proper operation of the converter the

amplitude of the current i, must satisfy the following inequality:

> maxl:ni” ,”li”l.nli"q (5.25)

~

N

2 2 2

The equation (5.25) can be used to establish the amplitude of the resonant circuit
current i.. Once the amplitude of the current i_ is defined, the control angles of the LSC,
BSC. and OSC can be found using (5.22)-(5.24). For example, let us assume that the
parameters of Table 5.1 are known. By making the amplitude of the current i, equal to
(P;,m)/(2v,,). the control angles required to operate with the given voltage and power can
found. Fig. 5.17 shows the control angle during the backup mode with and inductive
output load. It is also shown in this figure how the switching frequency changes along the

output voltage cycle for three values of © L ,.
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Fig. 5.17 Analytical results for the backup mode of operation
Top: Output voltage and current for operation with a inductive output load along one output voltage cycle;
Middle: Control Angles of the BSC and OSC; Bottom: Switching frequency ratio for different values of
the power circuit parameters.

It is concluded from Fig. 5.17 that for a given application by increasing the value

of ®,L,, the range of switching frequency is reduced. However, by increasing o L, the
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rating of the resonant circuit also increases. Therefore. a trade-off between switching

frequency range and the volt-ampere rating of the resonant components must be

considered when selecting © L.

5.4.4 Experimental Results

In order to validate the concepts developed in this Section a prototype of the
proposed UPS has been implemented. The main parameters the implemented UPS are
given in Table 5.1 and a detailed description of the power circuit is given in Appendix 5.

TABLE 5.1 UPS MAIN PARAMETERS
Rated Power | 400 W

Input Voltage | 120 V
Output Voltage | 100 V (peak)
Battery Voltage | 48 V
Resonant Inductor Lg | 125 uH
Resonant Capacitor Cg | 60 nF
*Transformers turn ratio :
Ty 11:2.6

T‘) 1:1.25

* See Appendix 5.
For the proper operation of the UPS, the amplitude of the current /i, must be
selected so that the inequality (5.25) is satisfied. By using power and incoming voltage
ac voltage value of Table 5.1 the amplitude of current i, can be found as follows:

nhy _ ™800 _ 4 A (5.26)

26, 242120

i =
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In the implemented setup the amplitude of the current i, is regulated at 8 A. The
first set of measurements carried out aimed to determine if the UPS operates as predicted
analytically. To demonstrate that, Table 5.2 summarizes the operating conditions
obtained experimentally. It was found that the proposes UPS topology allows the
synthesis of high quality output waveforms while charging the battery and drawing from
the incoming ac line a current with low total harmonic distortion as illustrated in Fig.

5.18.

TABLE 5.2 OPERATING CONDITIONS.
V. v vb P . P o P b

m o n

120V 100 V (peak) | S5V 450 W 319 W 50w

vin
sovidiv__ | /f\ /\ v
\ / \ / e 50V/div
¥ o
P -
o N || ARR
sydw\“ Ll
0 »
ib
2.5A/div~_ /T
0 - Sg W[ W V¥

Sms/div

Fig. 5.18 Experimental Results. Line operating mode.
Operating conditions given in Table 5.2.
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On the other hand, Fig. 5.19 to Fig. 5.21 show typical waveforms of the current and
voltage at the high frequency terminals of the LSC, OSC, and BSC. Fig. 5.19 shows that
voltage v, has a high frequency quasi-square waveform whose amplitude follows the
absolute value of the low frequency sine waveform which results from the rectification of
the incoming ac line. It is also shown in this figure that the current i, lags the voltage v,,,
and it crosses zero inside of the non-zero voltage pulse of v,,, at the different instant

along the incoming ac voltage cycle.

| — —— [ 1 — Zmsldv
T fi i i — S
vabl ——;; iJ pa— f— vabl l.‘ —
Ly P ] : Y, /
[ R I/
N yd N
Naert? e - o ——
2ps/div 3 2us/div

Fig. 5.19 Experimental Results. Current and voltage at the output of the LSC.
P,=319 W and P,=50 W. Vertical scales: S0V/div, and current 5.0 A/div. Horizontal scales: 2ms/div and
2us/div.
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Similarly, Fig. 5.20 shows the voltage across the high frequency terminals of the
OSC, v,;;3, and the current i, This figure shows that the voltage v,; has a square
waveform with amplitude equal to half the output voltage, v, .. In addition, this figure
shows that the current i; lags the voltage v,,; in more than 90° indicating that power is
been transferred from the resonant circuit to the output side.

Typical waveforms of the voltage across the high frequency terminals of the BSC are
shown in Fig. 5.21. The voltage v,,; has a quasi-square waveform, which results from the
operation with VFPSM. During the line operating mode, when the battery is been
charged, the current i, lags voltage v,,; in more than 90° as illustrated in Fig. 5.21 (a).
However, during the backup mode the i, lags voltage v, in less than 90°, Fig. 5.21 (b),

since power is transferred from the battery to the output.

" Va3 _ v l i
f v L ab3 -
&S 1
/ /
/ N /
= A e T
va ——1 2us/div 2us/div
Fig. 5.20 Experimental Results. Current i, and voltage at the output of the OSC.

P,=319 W and P,=50 W. Vertical scales: 20V/div, and current 5.0 A/div. Horizontal scales: 2ms/div and
2us/div.
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Fig. 5.21 Experimental Results. Current i, and voltage at the output of the BSC.
(a) Line Operating mode. (b) Backup mode. Vertical scales: 20V/div, and current 5.0 A/div. Horizontal
scales: 2ms/div and 2ps/div.
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Finally, the static and the dynamic performances of the UPS were obtained from the
implemented setup. The UPS overall efficiency, input power factor, and THD of the
input current are summarized in Fig. 5.22. The input power factor is close to unity and
the THD of the input current is close to 10% from half of full load to full load. The
overall efficiency of the UPS is 82% during the line operating mode and 83.5% during
the backup mode. The efficiency is slightly lower during the line operating mode due to
losses associated with the input diode rectifier. Among the losses, the conduction losses
are predominant, since the current i, circulates through all converters and its amplitude is
kept constant along the entire input (output) cycle. On the other hand, Fig. 5.23 illustrates
the transient response of the UPS due a step change in the load. It is seen that the voltage

V,_ac 1S virtually undisturbed by the load change.

100 | — 1 | -7 ] 1.0 A
[ Power Factor ]
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s A / 4
o . 70 | L 4 0.7
85 [ / ] 5
g?l:, 60 [ /, L :0'6 E
S B s Efficiency, ] S
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- [ ] 5
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Fig. 5.22 Experimental Results. Static performance of the UPS.
vy, =120V, v,=50V, v, , =100V (peak).
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Fig. 5.23 Experimental Results. Transient response due to a step change in

the load from 175 to 350 W.
v, =120V, v,=50V.

5.5 SUMMARY AND CONCLUSIONS

In this chapter a ZVS bidirectional converters operating in self-sustained oscillation
suitable for UPS applications have been introduced. The operating principle of the
converters have been presented and the main characteristics given. Experimental results
are presented to validate the concepts developed. An UPS topology have been proposed
and analyzed. In summary, the main features of the proposed UPS are: (i) operation with
zero voltage switching at all operating conditions, (ii) isolation of the input, output and
battery from each other using high frequency transformers, (iii) the output load is
inherently protected against short circuit since the high frequency link current is
regulated, (iv) the input has close to unity power factor independent of the output load,
and (v) the UPS maintains uninterrupted output voltage upon the failure of the incoming

ac line.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The challenge found in designing isolated UPSs is to keep the size small while
producing high quality input and output waveforms without degrading the overall
efficiency of the UPS. This is emphasized in those applications that require isolation
between the input, the output and the battery. This thesis addresses this problem by
proposing a single high frequency transformer UPS topology. This UPS topology
presents high input power factor, without dedicate power factor correction stage, and it
has few converter stages in cascade between the input and output. When operating at high
switching frequency the switching losses limit overall efficiency of the UPS. Aiming to
mitigate the switching losses a control technique, which ensures operation with ZVS, is
developed. [n addition, the proposed control technique allows the operation with variable
frequency plus phase shift modulation, which reduces the stresses in the UPS. In the
thesis analysis and design procedures are developed and experimental results are
presented to validate the concepts developed and to demonstrate the feasibility and

performance of the proposed converters.

6.2 CONTRIBUTIONS

The main contributions of this thesis are as follows:
(i) A fully isolated UPS topology based on series-parallel resonant converters has
been proposed. The main features of the proposed UPS topology are: (a) the use
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(i1)

(iif)

(iv)

of a single high frequency transformer to provide galvanic isolation between the
input. the output and the battery from each other: (b) the operation with high input
power factor without requiring a dedicated power factor correction stage.

A control technique for resonant converters has been developed. This control
technique, which is named self-sustained oscillation control, allows the operation
with ZVS at different loads and input voltage values. Therefore, the switching
losses can be eliminated making it possible to operate at high switching
frequencies and to use smaller isolation transformer and filters without degrading
the overall efficiency of the converter. It has been shown in the thesis that the
proposed control technique can be applied to series, parallel, series-parallel, and
bidirectional resonant converters.

It has been demonstrated in the thesis that the proposed self-sustained oscillation
control technique can produce the combination of variable frequency and phase
shift modulation. As a result, reduction of the switching frequency range and
current stresses in the power circuit are achieved when compared with
conventional variable frequency control, and ZVS is extended to the entire load
range when compared with phase shift modulation.

A modified control action approach for single stage ac-to-dc series-parallel
resonant converters operating in self-sustained oscillation mode has been
proposed. This approach improves the input power factor without requiring active
control of the input current. As a result, the limits on the low frequency current

harmonics drawn by the equipment connected to the utility grid, which are
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(v)

(1)

(i1)

(iit)

imposed by regulatory agencies. can be satisfied without increasing the
complexity of the converter’s circuitry.

A design procedure for the selection the resonant circuit parameters of the
proposed UPS operating with both inductive and capacitive output dc-bus filters
has been developed. With this design procedure. the parameters of the power
circuit of the proposed series-parallel resonant based UPS are selected to allow
operation with a high input power factor and a constant output dc bus voltage

under different battery charging conditions.

In addition, the following related contributions are made in the thesis:

An isolated bidirectional dc-to-dc converter operating with the proposed
controller has been investigated and it is demonstrated that bidirectional power
transfer can be achieved while ensuring ZVS.

[t is shown in the thesis that isolated dc-to-ac converters can also be implemented
with the proposed self-sustained controller. Both the analytical and the
experimental results demonstrate the feasibility of the proposed converter.

A ZVS series resonant based UPS has been proposed. It consists of three ZVS
high frequency converters. one series resonant circuit, and two high frequency
transformers. This UPS can operate with high input power factor and provide full
isolation between the input, output, and battery while operating with ZVS under

all load and input voltage conditions.
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6.3

CONCLUSIONS

The following conclusions can be reached regarding the proposed controller and

converters:

(1)

(if)

(iii)

6.4

(i)

The proposed self-sustained oscillation controller ensures operation with a
lagging power factor at different load and input (output) voltages since the angle
between the current and the voltage at the converter’s high frequency terminals is
controlled directly. thereby. providing a means to achieve ZVS. This controller
can replace the conventional variable frequency control.

Ac-to-dc series-parallel resonant converters can operate with ZVS and a high
input power factor even without active control of the input current. It is
demonstrated in the thesis that by the appropriate modification of the control
angle the THD of the input current is reduced significantly (11%).

The proposed series-parallel resonant based UPS topology can operate with both
inductive and capacitive output dc bus filters. The operation with capacitive
output dc bus filter results in reduced current stresses and higher efficiency

during the backup mode.

SUGGESTIONS FOR FUTURE WORK

Future work related with the subject dealt in thesis could be in following topics:

The proposed series-parallel resonant based UPS topology requires resonant
inductors and a high frequency transformer. Research could be carried out to
investigate the possibility of integrating these components in a single magnetic

structure.



(ii)

(iif)

(iv)

The ZVS series resonant based UPS. which is proposed in Chapter 5, operates
with constant amplitude current in the resonant circuit. Research can be done to
study the possibility of varying the amplitude of this current in order to reduce the
conduction losses in the power circuit.

The isolated ZVS dc-to-ac converter, which is proposed in Chapter 5, operates
with a half bridge cycloconverter. Research could be carried out to investigate the
advantages of operation with a full bridge cycloconverter where VFPSM can be
adopted.

The overall performance of the implemented laboratory setup could be improved.
For example, ultrafast diodes were used to implement the output rectifier of the
implemented series-parallel resonant based UPS with capacitive output dc bus
filter, however, schottky diodes could be used, which would lead to lower
conduction losses. In addition, the layout of the power circuit could be improved,
for instance by the appropriate design of print circuit boards, which can reduce the

losses in the power circuit.
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APPENDIX 1: IMPACT OF THE SOC ON THE DYNAMIC

BEHAVIOR OF RESONANT CONVERTERS

In Chapter 2 the range of control angle for operation with ZVS in self-sustained
oscillation mode was found using the describing function method based on the first
harmonic approximation, and by considering that the control angle was directly
controlled. Here these assumptions are relaxed and as an example, the impact of the SOC
on the dynamic behavior of the series-parallel resonant converters is investigated in
detail. In order to accurately model the converter with the SOC the sampled-data
modeling approach is adopted [72-74]. The model derived includes the states associated
with the power circuit, as well as the states associated with the proposed SOC, allowing,
in this way, to investigate how the parameters of the SOC affects the overall performance

of the converter.

A.1 MODES OF OPERATION

Since the main goal of this appendix is to investigate the resonant converter with
SOC., ideal voltage and current sources are used to represent the input voltage source and
output load respectively. In this case, the series-parallel resonant converter with a SOC
that uses the current through the resonant inductor as the feedback variable assumes the

form as shown in Fig. Al.1.
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Fig. Al.1 Series-parallel resonant converter with inductive output filter operating in self-
sustained oscillation mode.
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Let us consider that the series-parallel resonant converter operates cyclically with
a succession of » linear time invariant circuit configurations in each cycle. By piecing
together the solution of each circuit configuration the converter can be described by a

non-linear sampled-data model of the form
Xy = S (X, ) (Al.l.a)
o(x;,u:)=0 (Al.1.b)

where f{.) and o(.) are vector functions whose entries are scalar functions with the vector
arguments x, and #,. The vector x, is the state vector whose entries are the states of the
converter sampled at the time instant 7,. For the converter of Fig. Al.1 the state vector
can be selected as x;= [i}(t) vi(t) vt x() s@]". The symbol ° marks the
normalized variables. The base quantities required to obtain the normalized values are:

Ipase=Ve/@oLgs Viase=V,, and the time is normalized with #,,,=1/0, . On the other hand, the
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input vector #, is comprised of two vectors, that is, &, = [p; w,.]. The entries of the vector
w, are the indirectly-controlled-transition-times [73]. The indirectly-controlled-transition-
times define the time instants when the circuit configurations change inside of a
switching cycle. The indirectly-controlled-transition-times, here named 7. are

characterized by at least one of the following events:

(i) Commutation of output diode rectifier, either due to zero crossing of the voltage

v,,, or when the current i; becomes greater than the load current.
(ii)  Transition of the inverter output voltage, when v, becomes greater than s,.
(ili)  Reset of the sawtooth signal s,. when the inductor current crosses zero.

When the converter operates cyclically with » circuit configurations within a

switching cycle the vector w, is defined as w, =[7; 7, .. 7,,]". Finally, the vector p, contains

the independent sources of the circuit. For the converter of Fig. Al.l p,=[v, i, VP]T,
where the two first entries are independent sources of the power circuit while the last

entry. I,. is the reference voltage, that is used to set the amplitude of the sawtooth signal

In order to derive the functions f(.) and o (.) an operating mode with a specific
switching sequence must be considered. The series-parallel resonant converter of Fig.
Al.l can operate with continuous capacitor conduction mode (CCVM) or with
discontinuous capacitor voltage mode (DCVM) depending on the output load. Fig. A1.2
shows typical waveforms that are found during cyclic steady-state operation of the circuit

of Fig. Al.l.
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Fig. A1.2 Main waveforms of the series-parallel resonant converter at different

operating modes.

The function £ () and o(.) usually are different at each mode of operation. For

operation with CCVM the vector function f£(.) is given by
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F(x, 1) = D(r; — T {O(r2 = 1)@ )P Wi, + () py |+ ¥ (s ~ 1) 2 pp }+ P (T3 — ) py

(Al1.2)

where ®(.) is the expositional matrix associated with the state space description of the

resonant circuit and the SOC. and ¥(.) is a function of the integral of exponential matrix.

These functions are given by:

—sin(y/1 +Br)
,/l +f
B+ cos(,/l +Br)

cos(4/1 +Br)
sin(\/l +Bn

—sin(,/l +B1)

J1+B 1+B

Bsin(,/l +B1)y -B+ Bcos(,/l +B0)

&) =
\/i+B 1+p
0 0
0 0

m 0 0
-1+ cos(JlTBl) 0 0
1+
I+ ﬁcos(mt) 0 0
1+
0 cos(vr) _2% sin(ur)
P2
0 bkl sin{v?) cos(ut)

pl

(A1.3)

where v is the ratio between ®,, and ®,. B is the ratio between the series and the parallel

resonant capacitors, that is B=C/C, . On the other hand, the integral function of the

exponential matrix.'\¥'(.), is given by:

sin(,/l +B¢) B —Bcos(,/l +B1) ]
VT HE 0
1/l+B 1+8
l—cos(,/l+[31) B(,/l+ﬁt—sin(,/l+[31)) 0
1+B (1+p)*'2
Yy = B—Bcos(,/l-f-Bl) —B(,/1+B1+Bsin(,/l+[}1)) 0
[+B (1+p)*"2
0 0 sin(ul)kLl
v,
L 0 0 I —cos(vr) |

(Al.4)



The matrices I,. I, and I, are diagonal matrices with 1’s and —1’s on its diagonals. These
matrices are used to provide the correct polarity the voltage applied by the inverter in
resonant circuit as well as the current drawn by the output rectifier from the resonant

circuit during each circuit configuration within a switching cycle. These matrices are

given by:
0 O 1 0 0 -1 0 0
I, =0 -1 0 I,={0 1 0| I,={0 10 (A1.5). (A1.6).(AL.T)
0 0 O 0 01 0 0 1

It is worth mentioning that the sawtooth signal is reset whenever the current i

crosses zero by the reset pulse RP. Here the reset pulse RP will be represent by an

impulse function at ¢ = {,. Therefore, an additional circuit configuration can be used to

represent the transition of the states of the converter from ¢ = /,_to ¢ = f;,. It is possible

demonstrate that the matrix @,. which is defined as

0]

(A1.8)

°

o

1
c o o o -
o o o — o
©o o - o o
©o — o o o

o O O O
-

maps the converter states from ¢ = (,_ to { =1, . Finally, the matrix W is used to exploit

the half-wave symmetry of the resonant circuit variables. If the matrix W is defined by

-1 0 0 00
0 -1 0 00

w=lo 0 -1 00 (A1.9)
0 0 10
0 0 0 0 I




then the resonant circuit variables are represented as unidirectional quantities. therefore

simplifving the converter representation.

On the other hand, the entries of the vector function o(.) are the constraint
equations related with the event that characterizes the end of each circuit configuration.

For operation in CCVM the function o(.) is given by

(@ (01D Wx, + ¥ (2) s ]3
o(Xp 1 ) = [©,(z2 = 0@ (r@ M, + ¥ (2 M e [+ W (2 — 1My i ) - v
[@,(r5 — )@ (z7 @ (@, +W (oM pi [+ Wi (0 — o py b+ W (25 — T s pi )y
(A1.10)

where the notation [ ], is used to extract the i-th entry of the vector within the brackets.
The first entry of o(.) is a function that defines the zero crossing of the voltage across the
parallel resonant capacitor and it characterizes the instant that the output diode rectifier
commutates. The second entry defines the instant that the sawtooth signal and the control
voltage v,, are equal. At this instant, the inverter voltage commutates from v, to —v,. The
third entry is a function that defines the zero crossing of the current /.. This function
characterizes the (i) time instant that the sawtooth signal is reset and (ii) the end of a half-

cycle of operation.

A similar procedure can be used to obtained the functions f{.) and o(.) lor the
DCVMI1. DCVM2 and DCVM3. Taking into account that the converter behaves
distinctly in each operating mode it is advisable to obtain the boundary between the
different mode of operation before deriving the small signal models of the converter. The
boundary between the CCVM and DCVMI can be obtained by equating the indirectly-

controlled-transition-times 7, and 7, for the DCVMI and solve the associated equation



(A1.1) for its steady state operating point. A similar procedure can be applied to find the

boundary between DCVM1 and DCVM2, as well as to find the boundary between

DCVM2 and DCVMS3. The boundaries between the different modes of operation are

shown in Fig. Al1.3. It is also indicated in this figure operating points obtained from the

simulation of the circuit of using the PSIM simulator. From this figure, it is concluded

that there is a good agreement between the simulation and the analytical results.
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Fig. A1.3 Operation modes. Series-parallel resonant converter with inductive output
filter.
Circles indicate simulation results. Solid lines are obtained from analytical results.

Once the boundaries between the different mode are identified, the small signal

models of converter can be derived. The next sub-section addresses this issue.
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A1.2 SMALL SIGNAL MODELS

In order to derive the small signal model an equilibrium point of (Al.1) must be

found. The equilibrium point can be found by solving the following equations:
Sflxpu)—x, =0 (Al.1l.a)
o(xg.u,)=0 (A1.11.b)

Let us consider that the converter of Fig. Al.1 operates cyclically in CCVM mode
and that a small perturbation applied to it does not make the converter to move to another
mode of operation. Then, by linearizing the nonlinear sampled-data model (Al.1) around
a given operating point results in a linear time invariant model that can be used to
investigate the stability of the converter with the proposed controlled. Such a linear time

invariant model assume the form
I/(-‘-l:A:\:k-i-B‘i’—k (Al.lz)

where the matrices 4 and B are given by

- -1

Azcji_zf_[a_ff] ez (Al.13.2)
& Owl ow ox
- ~ -

3=i_i[£] 9o (Al1.13.b)
dp dw|ow op

In order to validate the derived small signal model (A1.12) a small perturbation is
applied to both (A1.1) and (A1.12), and their transient responses are then compared. Fig.
A1.4 shows the result of this procedure when step changes of small amplitude are added

to the control voltage, v,. It was found that the transient responses of all the state

variables of both models are in good agreement as long as the amplitude of the step
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changes are kept small. The nonlinear sample data model (Al.l1) can be used for
simulation of the converter. On the other hand, the small signal model (A1.12) can be

used to investigate the stability of the resonant converter with the proposed controller.

Fig. A1.5 illustrates how the poles of the system change for various amplitudes of
the control voltage and for various values of the controller parameters. Two poles of
(A1.12) are at the origin. These poles at the origin are attributed to the synchronization of
the sawtooth signal with the current i_ and to the reset of the sawtooth signal at each half-

cycle. The remainder poles are well damped and they are inside of the unity circle,
consequently. indicating that the system is stable. This confirms the stability prediction
carried out in Chapter 2. Fig. A1.5 (b) shows the locus of the poles of (A1.12) as the

parameter o . that defines the gain of the SOC, changes. From Fig. Al.5(b) it is
concluded that by increasing w, towards ®, the modes of the system become faster since
the poles are shifted toward the origin. Therefore, o, can be selected equal to the
minimum expected value of ®,. [n this way, the inequality (2.22) is satisfied and good
transient responses are achieved. For example, let us consider that series resonant
inductor and the series resonant capacitor have a tolerance of +/-20 %. Therefore, o,,
should be selected at 83% of the nominal value of o, since in this way (2.22) is satisfied

for all expected values of L_and C..
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Fig. A1.5 Locus of the sampled-data model poles.
(a) Locus as the control voltage varies. (b) Locus as the gain of the self-sustained controller varies.
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APPENDIX 2: GENERALIZED SAMPLED-DATA MODEL
FOR SERIES-PARALLEL RESONANT CONVERTERS WITH

INDUCTIVE OUTPUT FILTER.

This appendix presents the analysis of a series-parallel resonant converter with
inductive output filter using the generalized sampled-data modeling approach of static
converters. The main goal of this analysis is to obtain the peak value of the voltage
across the parallel resonant capacitor, which is a key information for the design the of the

UPS topology proposed in Chapter 4.

A2.1 CHARACTERIZATION OF THE MODES OF OPERATION UNDER VFPSM

Before presenting the different modes of operation, the events that characterize
the transitions from one circuit configuration to the next, within a switching semi-cycle of
the converter of Fig. A2.1, are enumerated. It is assumed that the input voltage source v,.
the output current source i,, and semiconductors are ideal and that the leg A of the
inverter commutes at the zero crossing of the current /. In this case, the transition events
for the converter of Fig. A2.1 are:

(i) The transition of the voltage v,, from the non-zero to the zero voltage level when

the control voltage v, becomes greater than the sawtooth signal s,.

(i)  Commutation of the output diode rectifier when the voltage v, crosses zero with
the current i_ greater than i,. For instant the diodes D; and D, turn-off and the
diodes D, and D, turn-on when the voltage v_, crosses zero from the negative to
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the positive semi-cycle.

(iti) Commutation of the output diode rectifier when the voltage v, becomes zero and i,
is smaller than i,. For example, the diodes D; and D, were previously conducting
and D, and D, turn-on assuming part of the load current and clamping the voltage
V., at zero. This characterizes the beginning of the output load freewheeling
interval.

(iv)  Commutation of the output diode rectifier characterizing the end of freewheeling

interval when the current i, becomes greater than i,

W) Reset of the sawtooth signal s, when the current i, crosses zero.

A A
SOC

T,

Fig. A2.1 Series-parallel resonant converter with inductive output filter operating in
self-sustained oscillation mode

If the current i is greater than i, at the instant that the voltage v, crosses zero the
events (iii) and (iv) do not occur and the converter is said to operate in the continuous

capacitor voltage mode, CCVM. Therefore, only the events, (i) and (ii), occurs within a
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switching semi-cycle. Two continuous capacitor voltage modes can be characterized
depending on the way that the events (i) and (ii) are distributed within the switching

semi-cycle. These modes are shown in Fig. A2.2.

i CccvMl r ccvm2

ab v ab v

i Is

/

1 (5] 7 L]

~Y
A

Fig. A2.2 Continuous capacitor voltage modes.

On the other hand, if i, is smaller than i, when the voltage reaches zero the voltage
v, Will be kept at zero for a finite time interval. This is due to the simultaneous
conduction of all diodes of the output rectifier. Therefore, the event (ii) does not occur
and the remainder events (i), (iii) and (iv) are distributed within the switching semi-cycle.
Six modes of operation can be characterized depending on the order that these three
events are distributed within the switching semi-cycle. These modes are called

discontinuous capacitor voltage mode 1 to 6 and they are depicted in Fig. A2.3.
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Fig. A2.3 Discontinuous Capacitor Conduction Mode.

A2.2 DESCRIPTION OF THE MODES OF OPERATION

Each one of the eight operating modes can be represented by the sampled-data
model (Al.1). In order to simply the derivation of the functions f7.) and o(.) of (Al.1) for
each mode of operation, the solution of the two basic circuit configurations will first be
presented. The basic circuit configurations of the converter of Fig. A2.1 are given in Fig.
A2.4.

220



s
4 “ F == C)l
QIR X
@
IS
—
y C L L C)[
s svcp Tl
(b)

Fig. A2.4 Basic circuit configurations.
(a) Circuit configuration I. (b) Circuit configuration Il

Further simplification can be achieved by defining the following base quantities:
(i) base time = ,[i.c, , (ii) base voltage = v, . (iii) base current =v,[JL./C. . With these

base quantities the following state-space representation for the circuit configuration I can

be found:
ar 0 -1 -1 0 0] . .
L T T T (¢ o i Lo i
(;{’ B o 0 o 0 |w 0 0 0p-
Al N A U (A2.1)
ar 0O 0 0 0 1 ku | ..
pre w, | x, 0 0 —}l,
— k ) o, I
dr 0 0 0o L= o L% 0 0 0
‘_IS_'. L ,, ] - -
L dr’ ]

where the symbol ' is used to denote normalized quantities. Note that the states of the
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SOC. x, and s,. were also included in (A2.1). Similarly. the sate-space equation that

describes the circuit configuration II is:

[ it ]
dr’ 0
dv! 1
dr’

v, | |©
dar’ 0
dx,
dr’ 0 0 O
ds,

c O C C

0 °t (1 0 0]

o o | i}

o o |v 00 0 [y

0 -‘pl V:.I, + 00 kO !’
®, X 00 L V,

ko, ‘ o |-

re 0 LS 00 o0

®, ] - =

The solution of the state space equations (A2.1) and (A2.2) can be expressed as:

[ i ] iv(15) |
vi(e") Vi) "
ViU (= O = o) viplte) [+ (= 1o)) [
x,(1) x () I,
s, () 5,(p) |
RAGR iv) ]
vi(1) vi(lg) I
Vi () = Qo (" = 1) vl (o) [+ Wa (' 1) [
.\"(”) x‘(l(’)) l’/:
| s,(0) J 5,(15) |

where the matrices @,(.).¥,() and ®,(.).¥,(.) are given by

D(1)=

—sin(y/(1 —sin(yf(1 |
cost TP 0) sin( /(1 +) 1) sin(y(1+B) 1) 0 0
J1+B, J1+B
sin(y/(1+[3) 1) B+cos(,/(1 +Byt)y -1 +cos(,/(l +fB) 1) 0 0
JI+B (1+8) (1+P)
3 sin(‘/( t+p) 1) -B+[$cos(,/l +3t) 1 +Bcos(,/(l +3) 1) 0 0
1+p 1+ (1+)
- 1) .
0 0 0 cos(uTt) - ~sin(vT)
P2
0 0 0 Nl sinfut cos(uT)
pl J

(A2.4)

(A2.5)



sin(f(1+B) 1) B - Beos(y/(1+ ) 1) o ]
Ji+8 (1+8)
l—cos(,/(l-&-B) T) (JI+Br—sin(Jl+Br))B o
(1+m (1+B)y’*
Yo = Bt ~cos(,/(l +3) ™ ( I+Br+sin(,/l +BHB 0
(1+B) (1+By"
0 0 ! sin(ut)
L 0 0 I —ocos(ut) 1
[cos(t) -sin(t) O 0 0 i
sin(t) cos(t) O 0 0
0 0 | 0 0
(M=} g 0 0  cos(ut) —_ o sin(ut)
r:
vw, .
0 0 0 — L sin(ut cos(uT)
L »l E
sin(t) 0 0 ]
f—cos(t) O 0
Ly:(.r) = 0 0 k O
0 0 —sin(vr)
0 0 1 —"cos(ur) |

(A2.6)

(A2.7)

(A2.8)

Table A2.1 summarizes the main information required to derive the functions f{.) and ot.)

for each mode of operation.
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For the operation in CCVMI1 the functions f{.) and of.) can be found as:

T, T,
S5 ) =D (2= TR, (02 = T @ r O W, + W, (M i [+ Wi (02 =T e+ Wi (S w2 g
(A2.9)
where the vectors x; . 4, . p; . and the matrices W and ®, are defined as in the Appendix

1. while the matrix /,. I, and I are given by:

I 0 0 0 0 0 000
1,={0 -1 0 I,=[0 -1 0 r;={o 1 o] (A2.10). (A2.11). (A2.12).
0 0 I 0 0 0 0 1

On the other hand. the entries of the vector function o{.) are the constraint
equations related with the event that characterizes the end of each circuit configuration.
For CCVM 1 the vector function ot.) is given by

[(Q)l(z'l YO M, + Wi(h, )llp,‘L - Ve
O(Xpotty) = [®,(r2 - (@, (1), + ¥ ()5, )+ W (12 = 1) oo

(7,72 = )@, (r2 = 1 (D () O, + W, (2 pi )+ Wi(T2 — 1) apy |+ W (T5 12— rz)lzpkl

(A2.13),

Similarly for the CCVM2 the functions f7.) and of.) given by:

T T,
JUx; 0, )=®I(T\-T2 ){‘Dl(f: -T )[(Q’xffn JOWx, +W¥ (r)),p; ]+ Vilr. —o))Mp; }'*‘ ‘FI(T—": Wip,

(A2.14)

—

[(‘Dl(ru JOHX, + W\ (7 M, py ]x
O(X 1) = [@,(75 - t[(@(r )0, + W (1) py ]+ W (72 - e Lpik - v,
‘DI(T\/Z-":)[‘DI(T: - Tl)[(‘bu(fn JOMWx, + kyn(z'l)’nl’k]*‘ Wry = 1 yp )+ W TS /2 - r:)[zf’k]l

J
(A2.15),
where the matrix /, is given by:
1 00
I,={0 1 0 (A2.16).
00 1

Similar equations f7.) and o7.) can be found for the DCVM1 to DCVMS6.
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A2.3 BOUNDARY BETWEEN THE MODES OF OPERATION

Once the equation that describe the evolution of the states variables from the
beginning to the end of each semi-cycle are derived the steady state operating points can
be found from the solution of the following equation:

f(xpu)—x; =0 (A2.17 a)
o (X, 00,)=0 (A2.17 b)

with 0>7>75..>7/2.

In order to compute the peak value of the voltage across the parallel resonant
capacitor, it is necessary to know the boundary between the modes of operation in the
circuit parameter space. For example the boundary between CCVM1 and CCVM2 can be
found by solving (A2.17) with 0>r,=7,>7/2 for different circuit parameters. The
boundary between CCVM2 and DCVMI1 can be found by solving (A2.17), which is
associated with DCVMI, with 0>7>5,=1>T/2. The results of this procedure for

different circuit parameters are shown in Fig. A2.5 to Fig. A2.8.

A2.4 PEAK VALUE OF THE VOLTAGE ACROSS THE PARALLEL RESONANT
CAPACITOR

The peak value of the voltage across the parallel resonant capacitor can be found
from the solution of the following equation:

V= g(X. 1) (A2.18 a)
O=0o(x;.0;) (AZ.]S b)

where the functions g¢.) and o;(.) can be derived using the same procedure used for f{.)
and ot.). The peak value of the voltage across the parallel resonant capacitor for different

values of circuit parameter is plotted in Fig. A2.9 to Fig. A2.12.
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Fig. A2.5 Boundaries between the modes of operation. VFPSM .
Y1a=180°, p=0.5. Solid lines are analytical results. Circles represent simulation results.
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Fig. A2.6 Boundaries between the modes of operation. VFPSM .
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APPENDIX 3: HIGH FREQUENCY EQUIVALENT CIRCUIT
FOR THE UPS TOPOLOGY BASED ON SERIES-
PARALLEL RESONANT CONVERTER WITH INDUCTIVE
OUTPUT FILTER

In this appendix the solution of a high frequency equivalent circuit for the UPS
topology based on series parallel resonant converters with inductive output filter is
presented. The analysis carried out is based on the first harmonic component and phasor
diagrams are used to illustrate the relation among the resonaﬁt circuit variables for both

the line operating mode and backup mode.

A3.1 LINE OPERATING MODE

Fig. A3.1 shows the high frequency equivalent circuit that represents the
operation of the LSC and BSC during the line operating mode for the UPS topology of
Fig. 4.1. The transformer turns ratios are made to be equal to one and an equivalent load
resistor R, is used to represent the output stage. The equivalent load resistor R, is the
resistor that if connected across the primary side of the high frequency transformer would
dissipate the same power that is sent by the resonant circuit to the output stage. The

equivalent load resistor is given by

(5]
"~

o (A2.1)



where P, is the power sent by the resonant circuit to the output stage and the voltage v, is
the voltage across the dc output filter capacitor [57,94]. In addition, the resonant branches
connected to the LSC and BSC (L, C,, and L,,, C,;) have the same resonant frequency.
This resonant frequency is named o,. In this way, both resonant branches have inductive
characteristic for switching frequencies greater than o,. The series resonant branches at

the battery side and at the input side will be represented by the equivalent inductances.

For instance, the and series resonant branches at the LSC will be represented by:

2

=%t (A3.2)

where « is the switching frequency ratio. The switching frequency ratio o is considered
to be greater than one, which means that the converter operates above the resonant
frequency of the series resonant branches. Therefore, the equivalent impedance of both
the series resonant branches are inductive. In the same manner, the equivalent parallel

resonant capacitor is given by

c,, =aC, (A3.3)

eq
In the equivalent circuit of Fig. A3.1 the voltages developed by the LSC and BSC

are represented by their fundamental components ¥, and V.

aol av

, respectively.

I"l ch] Iv’ L‘_:"z
k 52
4
an'] T an
L,, I-: R
Vlml l “ Vbn‘_’
v

Fig. A3.1High frequency equivalent circuit of the LSC and BSC during the line
operating mode.
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By applying the Kirchhoff’s law to the high frequency equivalent circuit of F ig.
A3.1, the equations that define the relationship among the resonant circuit variables can

be found, and are given below

4 -
g cos(h—zﬂ) = gva cos(B) -1, sin(w -n)oo,L,, (A3.9)
0= %va sinB)+ I, cos((y'—"ZL”—)- ~m)aw, L, (A3.5)
T T
¥ +7,,) —i-vo cos(B) Ev" sin(B)
I S,cos(-"’—z”’——n) = "o +1,, cos(c) (A3.6)
eq @, eq
T n
B +70) Ev" sin(B) —2—va cos(B)
L R T eyt Lasin) (A3.7)

eq 0 "eq

(Y ia ;Yw) —n—yza)*'iv?bcos(c) -I,sin(c)aw, L
. s

T _4v,
Evu cos(B) = 7 2 cos( 0T (A3.8)

(Y1a ‘2*'Ym) —T—v,,) +iv?hsin(c) + 1, cos(c) aw L
yis

T 4 .
;’\ro SIH(B) = ;t‘vh Sln( o e (A3.9)

where the angles in the above equations are defined by means of a phasor diagram in
Fig.A3. 2. '

The simultaneous solution of equations (A3.4) to (A3.9) gives the possible
operating points of the converter. In order to avoid those solutions that do not represent
the operation above the resonance frequency of the converter the following constraints

are included:

a>1 (A3.10)

233



Yia=T (A3.11)

O<y, <= (A3.12)

Line Operation Mode

-l:l AMm

Fig.A3. 2 Phasor diagram of the LSC and BSC during the line operating mode.

vg iCOS(Y la -Ylb )Iﬂ cos((Yla +Ylb) _ TC)
p=—0F 2 (A3.13)
2
0<y, <m (A3.14)
Ty
. <-a:ccos(2—°)+ﬁ—-(hgy'—")+n (A3.15)
Vs

The inequality (A3.10) limits the possible solutions to those associated with operation

above the resonant frequency. On the other hand (A3.11-A3.13) are associated to the
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operation of the line side converter while (A.3.15) is introduced to avoid complex
solutions.
An additional constraint is considered to satisfy the input-output power balance.

This constraint is given by
Pin =P, + D (A3.16)
where p,, is the power at the input of the LSC and D, is the power sent to the batteries.
When operating with unity power factor, the input power is expressed as
Py = P, sin(ogt)? (A3.17)
where P,/2 represents the average power absorbed by the converter from the ac mains
over one input line cyble. Moreover, the presence of a diode rectifier at the output side
requires that
p,=0 (A3.18)
In order to simplify the solution the power sent to the battery and to the output
side are also considered to follow a sine square profile.
The solution of the equivalent circuit for different points along half period of the

input line is given in Fig.4.17 and Fig.4.18 .

A3.2 BACKUP MODE

The operation of the converter in the backup mode can also be represented in
terms of ac equivalent circuit. The equivalent circuit for the backup mode is shown in

Fig. A3.3 and the equations associated with it are

Yau =Y ) = Evn cos(B,) +1,, Sin((?’z%h_/,)_ —mao, L (A3.19)

4
;Vh COS( 5 5 o eq2
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= -;iv‘, sin(B,)~ I, cos(w““;yzﬁ ~-maw,L,, (A3.20)
T . s .
(Y? +Y7b) Evu sm(BZ) Evo sm(BZ)
-l cos(—2—*~-m) = - - A3.21
2 Rqu (0) oCeq) ! ( 7 )
T T
 Faw+7) EV" cos(B,) Eva cos(B,)
-7 ,Sin ~xizsa 107 — +
s2sin( 5 ) 3 @.C (A3.22)

eq2

The simultaneous solution of equations (A3.19) to (A3.22) results in a possible
operating point of the converter during the backup mode. In order to avoid those
solutions that do not represent the operating points of the converter in the backup mode,

the following constraints should be included:

a>1 (A3.23)
Yy =T (A3.24)
O<y,,<m (A3.25)

(Ya2u +Y25) _n)
2

V,,UZT
AR

Fig. A3.3 High frequency equivalent circuit of the BSC during the backup mode.
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APPENDIX 4: AC-TO-DC SERIES-PARALLEL
RESONANT CONVERTER WITH CAPACITIVE OUTPUT
FILTER OPERATING WITH UNITY INPUT POWER

FACTOR

In this appendix it is derived the design curves for the selection of the resonant
circuit parameters of ac-to-dc single stage series-parallel resonant converter with
capacitive output filter operating with unity input power factor. The generalized sampled-
data modeling approach is used to derive static characteristics of the converter as well as
the design curves. The procedure adopted to generate the design curves is similar to the

one presented in Section 3.3.

A4.1 MODES OF OPERATION
Let us consider the series parallel-resonant converter with capacitive output filter
of Fig. A4.1. In order to derive the sampled-data model(s) for the series parallel resonant
converter of Fig. A4.1 it is necessary to consider that the converter operates cyclically
taking a succession of configurations within the switching cycle. Before doing so. the
events that characterize the transition between the circuit configurations are enumerated.
For the converter of Fig. A4.1 these events are:
(a) The turning on of two diodes of the output rectifier when the voltage v, becomes
greater then v .
(b) The turning off of two diodes of the output rectifier when the current i crosses

ZEro.
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(©) The transition of the voltage v, from non the zero voltage level to the zero
voltage level when the control signal v, becomes greater than the sawtooth signal
S,

@ The transition of the voltage v,, from zero to non-zero voltage level when the
current i, CrOSses zero.
By assuming that the current i, crosses zero at =0, just two events occurs within

the rest of the semi-cycle, that are the events (a) and (c). As a result, two modes of
operation are characterized depending on the distributions of these events within the
semi-cycle. Typical waveforms of these modes of operation are shown in Fig. A4.2. Once
the modes of operation are identified, exact sampled-data models can be derived and they

can be used to obtain the main characteristics of the converter.

1
e

2 2 U

SOC

b,

Fig. A4.1 Series-parallel resonant converter with capacitive output filter operating
in self-sustained oscillation mode.

«
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Fig. A4.2 Modes of operation
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Let us consider that the series-parallel resonant converter operates cyclically with a
succession of linear time invariant circuit configurations in each cycle. By piecing
together the solution of each circuit configuration, the converter can be described by a
non-linear sampled-data model of the following form:

Xy = (X)) (A4.1a)
o(xpa,)=0 . (A4.1b)
The entries of the vector x, are the variables of the converter sampled at the instant that
the current i, crosses zero, and it is given by x;= [/ (1) v (1) v (t) x(1;) $(t)]". The
symbol - marks the normalized variable as defined in Appendix 2. On the other hand. the
input vector u, is comprised of two vectors. that is, &, = [ p, . w, ]. The entries of the

vector w, are the indirectly-controlled-transition-times. For the modes of operation of
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Fig. A4.2 the vector w, is defined as w; =[7; 5]". Finally. the vector p, contains the
independent sources of the circuit. that is. p, = [v, v, V,]".

The function f.) for the Mode 1 operation can be found as:
T T,
Sl )= (D:(‘)_-_ . (-1, )[(‘Dl(rl YD, + W (1)) s ]"‘ Wa(ra —t)pe b "yz(“z'—- ). p;
(A4.2)

where the matrices ®;, @, , @, and /¥ are defined as in Appendix 2. The other matrices
are given by:

i sin({J(1+PB) 1) 0 ]
,/l+[}
1 -cos(,/(l +B) 1) 0
(t+p) "
HD =1 1 — cost 1 +8) 1) . o (A4.3)
(1+p)
kpl -
0 0 sin{uTt)
Lo,
L 0 0 T-cos(ur) |
(A4.4)
sin(t) - sin(T) 0 i
f—cos(t) -—1+cos(t) 0
o= 0 0 L0 (A4.5)
0 0 2 gin(ot)
Umll
0 0 I - cos(ut) |
I 00 6 00
1,={0 | 0] [I,={0 1 0 (A4.6), (A4.7), (A4.8),
0 01 0 0 1

On the other hand. the entries of the vector function or.,) are the constraint
equations related with the event that characterizes the end of each circuit configuration.

For Mode 1 of operation the vector function o(.) is given by:

(@, (r@ox, + ¥ (2 ps ) - vy
o(X )= [‘D:(f: -1 )[((Dl(rl JOWx, + ¥ (r, M p ]4-‘{42(1'2 -7 )lll’kl; ~Veu
O (7,1 2- 1, @1y - T (D (7D W, + W (0 p ]+ oy ~t ) p, ]+ WA Ts 21, V:I’A—].

(A4.9)

In the same manner, for the Mode 2 of operation the functions f{.) and of.) are given by:
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T, T,
S () = @107 = T)(@1 (2)G M, + 1 (@) [+ o m2 - r)ap W2 (- ) oy

(A4.10)
and
(@, )Wz, + ¥, G pi)s ~Vea
o(xy, 4, )= Ebz(fz =)@, (7)) P Wx, + ¥ (7)1, Pk']",*' ¥y(ry “Tn)lzl’kl; -V
2(T, /12— Tz)[d’z(fz - "l)[(‘pl(fl)q’oth + ‘{’,(T;)I,p‘.]*' W, -1 )’zP&]‘*’ l1’2(7.-"/2’%)’2[’1:1
(A4.11)

A4.2 STATIC CHARACTERISTICS AND BOUNDARY

The boundary between the Mode 1 and 2 of operation in the circuit parameter

space can be found by solving (A4.10) and (A4.11) for its steady-state solution with
0>7,=2,>T,/2 using different circuit parameters. The result of this procedure is plotted in

Fig. A4.3. Once the boundary between the modes of operation are found the static
characteristics of the converter can be obtained. The voltage conversion ratio for the
series-parallel resonant converter operating with capacitive output filter under VFPSM is

given in Fig. A4.4 and Fig. A4.5.
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Fig. A4.3 Boundaries between the modes of operation. VFPSM .
Y.=180°.
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Fig. A4.4 Voltage conversion ratio as a function the control angle.
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Fig. A4.5 Voltage conversion ratio as a function the control angle.
VFPSM with capacitive output filter.
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A4.3 OPERATION WITH UNITY INPUT POWER FACTOR

In order to find the maximum voltage conversion ratio of the ac-to-dc converter
the same procedure presented in Section 3.3 is adopted. The first step is to find the
control angle at the resonance frequency. Then in a second step, the maximum voltage

conversion ratio of the dc-to-dc converter is represented in terms of a map from 0, to M.

This map for typical values of B is shown in Fig. A4.7. Finally, the ac-to-dc maximum
voltage conversion ratio is found from the minimum of the product defined by (3.14),
which is illustrated Fig. A4.8. Fig. A4.9 summarizes the maximum voltage conversion
ratio for operation with unity power factor and constant output voltage. Furthermore,
Fig. A4.10 presents the switching frequency ratio at the peak of the input of the incoming
ac line, which together with Fig. A4.9 constitute the key information for the selection of

the resonant circuit parameters as demonstrated in Section 3.7.
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Fig. A4.6 Control angle y,, at the resonant frequency for operation with VFPSM and
with capacitive output filter.
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Fig. A4.9 Maximum voltage conversion ratio for operation with constant output
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Fig. A4.10 Switching frequency ratio at ©#=90°. Operation with VFPSM and with
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APPENDIX 5: CIRCUIT DIAGRAMS

AS.1 SERIES-PARALLEL BASED UPS WITH INDUCTIVE OUTPUT FILTER
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Fig. AS.1 Power circuit diagram of the implemented 600W UPS with inductive

output dc bus filter.
s/w stands for “in series with” and p/w for “in parallel with”.
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AS5.2 SERIES-PARALLEL BASED UPS WITH CAPACITIVE OUTPUT FILTER
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Fig. A5.2 Power circuit diagram of the implemented 600W UPS with capacitive

output dc bus filter.
s/w stands for “in series with” and p/w for “in parallel with”.
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AS.3 SERIES RESONANT BASED UPS
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Fig. A5.3 Power circuit diagram of the implemented 400W series resonant based
UPS.
AS5.4 SELF-SUSTAINED CONTROLLER
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Fig. A5.4 Circuit diagram of the inplemented self-sustained controller.
Pins 1,2: Control voitage for the converter’s legs A and B respectively. Pins 2,3: Output voltage required

to generate the gate signals of the leg A. Pins 4,5: Output voltage required to generate the gate signals of
the leg B. Pins 6,7: Terminals for the connection of the current transformer.
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APPENDIX 6: HYBRID FIBER-COAXIAL NETWORKS

Fig. A6.1 shows a typical hybrid fiber-coaxial network, which can carry video,
telephony, and broadband signals to the subscribers. This network consists of (i) headend
and fiber cable. (i) coax node and power insert node, (iii) drop boxes and drop cables,

and (v) home termination units.

| Headend I

Coaxial
Cable

Fiber Optic
Cable

Termination
Unity

Fig. A6.1 Hybrid Fiber/coaxial network.

In the headend stations the communication signal are received and converted into
optical signals [6]. Then. fiber optic cables are used to carry the communication signals
between the headend and the coax nodes. At the coax node the communication signals
are converted from optical to electrical form and then they are distributed to the
subscribers over the coaxial cable. In addition to the communication signals, the coaxial
cable can also carry power, which is required to provide the basic telephony services.

Different alternatives for powering hybrid fiber-coaxial networks have been

considered in the literature [6-8]. Among the factors that bound the selection of the
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distribution voltage. frequency and power are: (i) loading capability. (ii) safety and code
compliance. and (iii) corrosion.

Powering hybrid fiber-coaxial networks with 90V trapezoidal voltage at 60 Hz (or
1Hz) has been demonstrated to be an optimal compromise between the above mentioned
factors. This is because the loading capability of the network increases with the amplitude
of the distribution voltage. However, the maximum amplitude of the distribution voltage
is limited at 90V by safety codes (National Electrical Safety Code, Bellcore). On the
other hand. the factors that determine the selection of the distribution frequency are safety
and corrosion. Higher frequency minimizes the weight losses of the coaxial cable.
however the safety voltage reduces with the frequency [7]. As a result, both 60 Hz and
1Hz have been adopted. Finally, trapezoidal waveform has been selected since it results
in higher network loading capébility when compared with the sinusoidal waveform. This
is due to the fact that the network is loaded with nonlinear loads which are associated
with the amplifiers and the power supplies at the home termination units.

Table A6.1 summarizes the main output features of a UPS for powering hybrid
fiber/coaxial networks.

TABLE A6.1 UPS REQUERIEMENTS

Output Voltage 90 V rms

Trapezoidal with rising
and falling-edge slew
rate of 100 +/- 50 mV/us.

Output Voltage Waveform

Frequency 60 Hz
Input Voltage 92V - 138 V rms
Maximum Power 1350 W

(limited by Bellcore)

249



APPENDIX 7: COMPARISON OF VARIOUS UPS

TOPOLOGIES

In this appendix four distinct uninterruptible power supply topologies for
powering fiber-coaxial networks are compared. Three of these UPS are described and
their performances presented in the next sections. The fourth UPS topology is the series-

parallel resonant based UPS, which is described in detail in Chapter 4.

A7.1 FERRORESONANT-BASED UPS (TOPOLOGY A).

A7.1.1 Circuit Description

Fig. 1.1 shows the main elements of the ferroresonant-based UPS. The UPS is
comprised of a ferroresonant transformer, an inverter, and a battery charger. The
ferroresonant transformer has three windings, the line side winding, the battery side
winding and the output side winding and it couples the input ac line and battery side
inverter to the load. In addition, the ferroresonant transformer has a magnetic shunt that
provides a path for the leakage flux between the line side winding (or the inverter side
winding) and the output side winding. The inverter operates at low frequency. an it
produces a quasi-square ac waveform that drives the ferroresonant transformer during the

failure of the incoming ac voltage.
A7.1.2 Operating Principle

When the input voltage is within the acceptable input voltage range, usually +/-

20% of its nominal value, power is transferred from the incoming ac line to the output,
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(the switch S, is closed and the switch S, is open). At the same time. an external battery
charger provides the required voltage (or current) to charger the battery. During this
mode. the leakage inductance of the transformer combined with the output capacitor form
a resonant circuit at the incoming ac line frequency. The limiting action of the saturation
characteristics of the ferroresonant transformer provides a way to regulate the output
voltage over the acceptable input voltage range. Upon the failure of the incoming ac line.
the states of the switches S, and S, are reversed and then the inverter is activated. During
this mode, the leakage inductance of the transformer combined with the output capacitor

is used to filter the harmonics generated by the inverter.

A7.1.3 Converter Performance

In order to evaluate the performance of the ferroresonant-based UPS a n model of
the ferroresonant transformer is used [12]. The n-model of the ferroresonant transformer
is shown in Fig. A7.1. The inductor L, of the = model, is associated with the flux through
the magnetic shunt of the ferroresonant transformer while the non-linear inductance L, is
associated with the saturable secondary magnetic path that is used to regulate the output
voltage. The nonlinear inductor L, was simulated using the Jiles-Atherton model where
the parameters are the ones given in [12]. The parameter used in the Pspice simulation
are: L,=345mH; R,=0.1Q; L =5.7mH; R,=0.05; R =0.05; C,=1200pnF. The parameters of
the nonlinear inductor L, are: magnetization saturation MS = 1.5 10%, thermal energy A =

150, Area =29, Path = 23.
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n-equivalent model of the
Ferroresonant Transformer

Ry L fout

V,',,@ L L =C Rl‘é Vour

b

Fig. A7.1 Pspice circuit model used for simulation of the ferroresonant UPS.

AL

Based in this model the transient response of the ferroresonant-based UPS due to
a step change in the load was obtained, and it is shown in Fig. A7.2. It is possible to see
that the output voltage drops during the load transient and restores to the nominal value

with in one cycle.

bur = 5 Aldiv
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Fig. A7.2 Simulation results. Load step transient from 185 to 370 W.

Fig. A7.3 shows the transient in the output voltage during a swell in the input ac
line. It is possible to see that the output voltage during the transient reaches almost two

times its nominal value. After the transient, that lasts about five cycles, the rms value of
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the output voltage returns to its nominal value as a result of the regulating action of the

ferroresonant transformer.

Vin: 50 V/div
Vout:50.0 V/div 15 ms/div

29 REAA .
: ¢ Y \VE
Fig. A7.3 Simulation results. Transient caused l;ylzll mplrt voltage swell.

Top: Ac mput voltage transient, v;, changes from -20 % to +20% of its nominal value; Bottom: Output
voltage u'an51ent due to the variation in the input voltage.

The steady-state characteristics of the ferroresonant-based UPS are shown in Fig.
A7.4. The efficiency approaches 88% as the load increases. However, the efficiency at a
fraction of full load is considerable lower. The input power factor is acceptable, however
the total harmonic distortion of the input current is high, especially when operating with a

fraction of the full load.
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Fig. A7.4 Input power factor, efficiency, and total harmonic distortion of the input
current as a function of the output power for the UPS topology A.

A7.2 LINEAR 60 HZ TRANSFORMER BASED UPS (TOPOLOGY B).

A7.2.1 Circuit Description

Fig.1.2 shows the power circuit diagram of the linear 60 Hz transformer based
UPS. The main elements of this UPS are: (i) a single phase full wave diode bridge
rectifier, located at the incoming line side, (ii) a PWM inverter with a second order low
pass output filter, (iii) a 60 Hz transformer, (iv) a battery disconnect (S,), and (v) a battery

charger.
A7.2.2 Operating principle

This topology operates in two different modes depending on the regulation of the
ac input voltage, v, The first one occurs when the input voltage is within the acceptable
range. In this mode, the incoming ac line supplies the load power through the PWM

inverter while the switch S, is kept opened to avoid the discharge of the battery. In
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addition. in order charger the battery. an external battery charger is used. On the other
hand. the second mode starts upon the failure of the incoming ac line. At this instant the
switch S, is closed connecting the battery to the input dc bus. Therefore. during this
mode, the battery supplies power to the load though the inverter, ensuring, in this way,

continuous operation to the output load.

In order to operate with high input power factor. without additional power factor
correction stage or other circuitry, it was propose in [24] to use a small capacitor in the
input dc bus. In this way, when the input ac line is normal, the input dc bus voltage is
pulsating. as it assumes the shape of an absolute value of a sine wave resultant of the
rectification of the incoming ac line. In order to avoid the adverse effect of the dc bus
voltage pulsation on the output voltage, the output voltage is synchronized with the
incoming ac line. In this way, it is possible to achieve a high quality output voltage
waveform by the active control the output voltage. [t has been demonstrated in [24] that
when operating with resistive output load the resulting input power factor is high, and the
requirements, which are imposed by regulatory agencies, limiting the low frequency
harmonics injected in the utility grid can be easily satisfied. It is worth mentioning that to
ensure the proper operation of the output inverter the output voltage has to be smaller
than the dc bus voltage. However, this does not represent a limitation since the turns ratio

of the output transformer can be adjusted to result in the required output voltage level.

A7.2.3 Converter performance

The transient performance of the UPS under the input supply and load transient
conditions are given in Fig. A7.5 and Fig. A7.6. For the results shown in these figures,

the voltage across the inverter terminals is actively controlled. An integral type controller
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with a trapezoidal reference voltage in phase with the ac input line voltage has been
adopted. With this controller the fluctuations and disturbances coming from the ac line
are attenuate. From Fig. A7.5 it is possible to observe that the output voltage presents an
oscillation that features an undershoot of 25 % and a settling time of about 500 ps. On the
other hand. Fig. A7.6 shows that even with a supply step change of 50 % the output

voltage presents a small oscillation.
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Fig. A7.5 Load step transient in the UPS topology B.
(Transient from 200 to 400 W - experimental waveforms).
TRI: Output current. TR2: Output voltage.

TRI: 100

V= < .
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Fig. A7.6 Ac supply voltage transient in the UPS topology B
{85 to 135 V step increase at 400 W output - experimental waveforms). TRI: Supply voltage. TR2: Load
voltage.
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On the other hand, Fig. A7.7 shows the static performance of UPS topology.

From this figure, it is possible to conclude that:

@) the input power factor is acceptable, around 0.93, and the of the input current is

THD high around 40%.

(i1) the efficiency is very high 93%, and it is almost constant for a wide range of

output load.
100
§:=’ 80 / n j
gg o — L AN\ Efficiency, % |
%% & KK \
£2 o\ \
£5 . N
58w Power Factor .100 oy
L= ower ractor .
2 o :l | [THD, %
10
0 100 200 300 400 500
Output Power, W.
Fig. A7.7 Static performance as a function of the load. UPS topology B.
v =110 V.

A7.3 CONVENTIONAL HIGH FREQUENCY TRANSFORMER UPS (TOPOLOGY C)

A7.3.1 Circuit description

Fig. 1.3 shows the power circuit diagram of a conventional rectifier-inverter UPS
based on high frequency transformer. The rectifier consists of a boost pre-regulator
cascaded with an isolated dc-to-dc converter. At the output side another boost converter

is used to step-up the battery voltage to a value higher than the peak of the output voltage.
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Finally. a PWM inverter generates the output trapezoidal ac waveform from the output dc

bus voltage.
A7.3.2 Operating principle

The converter connected to the incoming ac line is a boost pre-regulator. which is
comprised of the inductor at the ac line side. the switch S,. the diode D,. and the boost
capacitor. Fig. 1.3. The boost pre-regulator has been widely used for power factor
correction because of its simplicity. In addition, when it operates in continuous
conduction mode of the input inductor current the THD of the input current is very low
and the input power factor is close to one. On the other hand, the average value of the
output of the boost pre-regulator (the input dc bus voltage) is regulated at a value that is
larger than the peak of the incoming ac line voltage. This voltage is used to feed an
isolated dc-to-dc converter that interfaces the input dc bus and the battery. Whenever the
incoming ac voltage is within the acceptable voltage range the dc-to-dc converter keeps
the battery current at the required value against variations in the input dec bus voltage and
output load current. The dc-to-dc resonant converter. which is described in [47]. was
selected for this UPS topology. The dec-to-dc resonant converter consists of an inverter, a
series parallel tuned resonant circuit, and an output diode rectifier. The inverter (S, S;
S, S;) operates at high frequency and it is controlled using phase-shift modulation,
therefore. its output voltage is a high frequency quasi-square voltage. The application of
this high frequency quasi-square voltage across the combination of the series and parallel
branches of the resonant circuit allows the operation of the inverter’s switches with ZVS
in a wide range of phase shift angle. and results in a stiff almost sinusoidal voltage across

the high frequency transformer. A detailed description of the operating intervals of the
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dc-to-dc resonant converter and the design guidelines for the selection of the resonant
circuit parameters are found in [47]. However. here. just its main characteristics will be
pointed out. i.e.: (i) the circulating currents are confined within the parallel branch of the
resonant circuit resulting in high converter efficiency from full-load to reduced-load. (ii)
the switching losses are near zero. since the turn-on and turn-off of the switches occurs
under zero voltage over a wide range of phase-shift angle, and (iii) the voltage stresses

across the output diode rectifier are reduced due to the parallel resonant capacitor.

In the rectifier-inverter type of UPS, the battery is placed between the input rectifier
and the output inverter stage. Usually, the battery voltage is smaller than the value
required for the synthesis of the output voltage using a conventional PWM inverter. In
order to step-up the battery voltage to the required value a boost converter can be used.
Therefore, this boost interfaces the battery and the output inverter. In Fig.1.3, this boost
converter consists of the inductor Z;, the switch S, the diode D,, and an output boost
capacitor. The operation in continuous conduction mode of the current through the
inductor L, was selected since it results in smaller current stresses. The duty cycle of the
output boost is almost constant since neither the battery voltage nor the output dc bus
voltage vary significantly. Finally, the PWM inverter (S,, S, S, S,,) generates the desired
trapezoidal output waveform from the output dc bus voltage, and a second order low pass

filter attenuates the high frequency components produced by the PWM inverter.
A7.3.3 Converter performance

The output transient performance of the UPS topology depends primarily on the
output inverter design. For the design purpose. first the switching frequency is defined to

keep the switching losses at acceptable value. Aiming to limit the switching losses at a

259



reasonable value the switching frequency of the output inverter was selected to be 20
kHz. The efficiency of the output inverter as well as the efficiency of the output boost

converter as a function of the load are given in Fig. A7. 8.
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Fig. A7. 8 Output boost and output inverter efficiencies as a function of the load.
Switching frequency 20 kHz.

The selected transistor for the implementation of these converters was the IRFP250 and the boost
diode the MUR 1504. v,=110V, v;,,~=56 V.

The output inverter of this topology is identical to the one described in Section
4.5, therefore, the output transient response follows the one presented in Section 4.6.4.
On the other hand, the static performance of the conventional high frequency transformer
based UPS was found by combining the ‘static characteristics that define the performance
of the boost pre-regulator and the dc-to-dc resonant converter given in [47] with the
efficiency of the output boost and inverter obtained. from a experimental setup. The
overall static performance of the conventional high frequency transformer based UPS is
shéwn in Fig. A7.9. From this figure, it is possible to conclude that: (i) the input power
factor is high, around 0.99, for operation at full load. (ii) the full-load overall efficiency

of the UPS is about 81%.
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Fig. A7.9 Efficiency, power factor and total harmonic distortion as a function of the

load for the UPS topology C.
Voat— 56V.

A7.4 DISCUSSION

The results obtained in the previous sections are summarized in Table Al.l. In
addition, the performance of the series-parallel UPS, which is described in Chapter 4, is
included under the name of Topology D. It is possible to conclude from this table that
the UPS topologies based on low frequency transformer present higher efficiency at full
load than the one based on high frequency transformer. However, the transient response,
the input power factor and total harmonic distortion of the input current of the high
frequency based UPS topologies are superior than their counterpart based on low
frequency transformer. This is because in the high frequency transformer based UPS
topologies the input power factor is actively corrected and the intermediate energy
storage elements provide an excellent buffer from the ac voltage transients to the output
load. In addition, the size and weight of the high frequency UPS are much smaller and

lighter than the low frequency transformer based UPS.
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Fiber-coaxial networks can also be fed from power supplies that produce
trapezoidal waveform of 90 V at 1Hz. In this case the UPS topologies based on low
frequency transformer can no longer be used. since the isolation transformer becomes
prohibitively bulky and heavy. Among the high frequency topologies, the series-parallel
resonant based UPS offers a higher efficiency, during the line-operating mode, and the

opportunity to simultaneously grounding the battery and the output.

TABLE A7.1 COMPARISON OF THE UPS TOPOLOGIES.

Topology Topology Topology Topology
A B C D
Efﬁg‘;my 88% 93% 81% 87%
Power
Factor (*) 0.95 0.93 0.99 0.99
T(EI;D 13% 40% % 7%
Quality of the Poor Very good Excellent Excellent
output voltage
Transient Very Very
Response Poor Good good good
Weight 25 ke 1 5K
(approximate) 25 kg S kg 6kg &
Volume 1400in° | 900 in> 500 in? 400 in 3
(approximate)
Isolation Full Partial Partial Full

(*) Operation at full load. The topology D is the series-parallel resonant based
UPS of Chapter 4.

Topology A- Ferroresonant based UPS

Topology B- Linear 60 Hz transformer based UPS

Topology C- Conventional High Frequency Transformer UPS

Topology D- Series-parallel resonant based UPS
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