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ABSTRACT
The Current-Source Push-Pull Parallel Resonant Inverter (CSPPPRI) is a dc-to-ac power
converter that produces a nearly pure sine wave ac voltage, making it well suited for avionics
applications. In such applications, the reliability of the converter is paramount. Thus, a method
of detecting incipient failures would be of significant value.
In this thesis, a method for detecting incipient failures in the CSPPPRI is developed. This method
uses least-squares parameter estimation (LSE) to detect changes in circuit parameter values by
analyzing time series data for converter input and output variables collected by a data acquisition
system. The time series data is used in conjunction with circuit models for each of the major subcircuits of the CSPPPRI to estimate the internal circuit parameter values, which may change due
to aging or stress. As part of the parameter estimation process, a virtualized ac waveform is
created by determining the internal switch states.
A commercial CSPPPRI was subjected to three test conditions: nominal output capacitance and
load, reduced output capacitance (to simulate degradation of circuit components) and nominal
load, and nominal output capacitance and increased load (to test for load dependence of the
algorithm). For each test condition, key circuit parameters were estimated. The estimated
parameters indicated changes in the underlying component values, but unfortunately the indicated
changes were dependent on the loading of the inverter.
Alternative susceptance (originally thought to be reactance) calculations made using the
switching frequency were added to identify whether changes of estimated circuit parameters were
due to seeded faults (reduced output capacitance) or loading effects (increased load). Changes
due to loads affect the calculated susceptances equally, while changes due to circuit parameter
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variation would not. Thus the divergence of the susceptance values can be used to determine
whether a change in estimated circuit parameter was to the result of a fault or loading.
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Chapter 1
Introduction

Parameter estimation is frequently used for fault detection and tracking in complex systems, such
as battery health monitoring [1], winding machine fault detection [2], and permanent magnet fault
detection [3]. Each parameter of interest may correspond directly to a physical parameter such as
the resistance of a winding or indirectly to a derived parameter such as the pole of a filter. The
value of a parameter is tracked over time and compared to a nominal value obtained through
measurement or analysis of the healthy system. Deviation between the estimated and nominal
values indicates that a fault has occurred or is imminent.
Parameter estimation is not always feasible, if the system cannot be excited adequately. For
example, it is not feasible to estimate the poles of a second order filter excited by a sine wave
with fixed frequency. More specifically, in this example there are three unknowns, one gain and
two poles in the complex frequency domain, but there are only two calculable parameters for a
fixed excitation frequency, gain and phase. The simplest and most common solution is to vary
the excitation frequency, so as to excite as many natural frequencies as possible. Unfortunately,
that is not always possible in a system having a prescribed frequency.
A parallel-resonant inverter that produces a nearly pure sine-wave voltage is one such system
with a prescribed frequency. The parallel resonant output stage is an under-damped band-pass
filter with complex conjugate poles that lie close to the imaginary axis. Ideally, this would allow
the output to be full parameterized, because the poles would be complex conjugates. Practically,
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however, non-idealities such as off-resonance operation, parasitic losses, and stray reactances
result in additional poles that complicate or preclude complete estimation.
The current-source push-pull parallel resonant inverter (CSPPPRI) is a particular type of resonant
inverter, in which an output resonant tank (ORT) is driven by a dc current source through a pushpull inverter.

The resonant tank is comprised of an output capacitor and the magnetizing

inductance of the inverter transformer. The dc current is a function of the dc input voltage and
the nearly pure sine-wave voltage of the ORT. This limits to three the number of parameters that
can be estimated.

The parameters of interest here are the capacitance, inductance, and

transformer turns ratio. The load is treated as an independent current sink to account for external
circuit loading. If the output frequency of the CSPPPRI is controlled by an independent circuit,
as is the case for static inverters, it is possible to estimate an additional parameter, the inverter
switching frequency. Here, the switching frequency is used to estimate derived reactances that
are sensitive to changes in the capacitance and inductance. The divergence of these reactances is
used as an indicator of a fault.

1.1

Outline of Thesis

Chapter 2 provides a review of basic least-squares estimation (LSE) and its extension to multimode systems. Chapter 3 explains basic circuit operation of the current-source push-pull parallelresonant inverter (CSPPPRI); Q factor, reactance, and methods of power (voltage) regulation for
the CSPPPRI are also explained. State-space models for each circuit topology (inverter switch
condition) are then derived. Finally a method of mode identification is explained based on
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expected circuit operation. Chapter 4 presents testing and results. Finally, Chapter 5 offers
conclusions and directions for future research.
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Chapter 2
Least-Squares Estimation for Multi-Mode Systems
Using Transition Blanking

Least-squares estimation (LSE) is a common method of estimating the solution to an
overdetermined set of equations associated with a system model. It is typically used for system
identification and model parameter estimation. In either case, one performs model parameter
estimation, but in system identification one does not know the structure of the model a priori, so
several models are used and the one with the best results is taken to be the system model. This is
a relatively simple process when the system operates in a single mode, but it becomes
complicated when the system switches between modes.
With multi-mode systems (MMS), there are several approaches to parameterize the MMS
subsystems; the most obvious approach is to separate the MMS based on the mode the MMS is
operating in at any given time. The difficulty in applying this approach depends on the signals
that are available from the system. Ideally, there would be a signal that explicitly indicated the
mode of the MMS. Unfortunately, this is rarely the case, and the mode of the MMS must be
determined from some other signal, in which transitions between modes may be obscured.
Retrieving mode transition information from such signals is possible but can require elaborate
measures.
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Two requirements for applying LSE are that the measured signals must have zero mean variance
and that the system must be persistently excited. The assumption of zero mean variance is
usually reasonable, as the sources of distortion in measured signals (e.g., quantization in analogto-digital converters) are not biased. Persistent excitation can be achieved through varying a
command input. For an MMS, persistence of excitation is not guaranteed by switching between
modes, because the switched signal may not be linearly independent, and may cause problems
with the first requirement that the error must have a zero mean variance. During transitions
between modes, a non-zero mean variance of the error can occur. A method to avoid this
problem is to blank the data around the transitions that would introduce a non-zero mean variance
error.

2.1

Simple Batch Least-Squares Estimation

Batch Least-squares Estimation (BLSE) is one type of LSE, where a batch or set of samples is
collected and used to estimate the parameters of a model; data collected before or after that batch
is not take into account.
To use BLSE, one must write a linear regression model for the system in the following form [4]:
( )

where

( )

( )

2.1

corresponds to either time or sample number depending on whether equation 2.1 comes

from a differential or difference equation,
( )

( )

( ) are regressors, and

( ) is the observed variable or system output,

are the true parameters of the system. The regressors

can be other observed input or output signals, their derivatives, integrals, or delays; or arbitrary
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signals such as constants, ramps, or sine waves. When equation (2.1) is used for BLSE, the set of
observed variables ( )

( ) form a column vector
( )
[

Likewise, the set of values

( )

( )

]

( ) for each

2.2

{

} form a column vector, and

these N columns can be combined to create the matrix

[

( )

( )

( )

( )

]

2.3

The regressors may be arbitrary signals but must be linearly independent, so that the matrix
is nonsingular. The true parameters of the model

are formed into the vector

[

]

2.4

The BLSE algorithm calculates the estimated parameters denoted as ̂ and having the same size
as true parameters

.

From equation (2.1), the actual output of the system based on the true parameters can be
expressed as
(2.5)
Similarly, the estimated output of the system based on the estimated parameters can be expressed
as
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̂

̂

(2.6)

The error between the actual and estimated outputs can now be expressed as
̂

̂

(2.7)

This error can be used to define a quadratic cost function
(2.8)

The necessary condition to minimize this cost function is that the Jacobian is zero
(2.9)

̂

and the Hessian is positive definite
(2.10)

̂̂

To calculate the Jacobian and Hessian we start by substituting equation 2.7 into equation 2.8 and
simplifying

(

̂

(

(

The Jacobian of

in respect to ̂ is

̂) (

̂)

̂

̂

̂

̂

̂)

̂)

(2.11)
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and since

̂

(

̂

̂)

(2.12)

is symmetric
̂

̂

(2.13)

The Hessian is
(

̂̂

and since

)

(2.14)

is symmetric
(2.15)

̂̂

which is positive definite. Setting the Jacobian to zero
̂

̂

(2.16)

yields
̂

(2.17)

Solving for ̂ yields
̂

(

)

This equation can then be used to estimate the model parameters.

(2.18)
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Aside from the aforementioned requirements of zero mean variance error and persistence of
excitation, the columns of

2.1.1

must be linearly independent.

Simple Example of BLSE Applied to a Non-linear System

A simple illustration of utilizing BLSE for a non-linear system is estimating the parameters of a
sinusoidal signal with a dc offset and known frequency
()

where the unknown parameters are ,
parameters because

(

)

2.19

and . Written in this form the system is not linear in

appears as an argument to a trigonometric function and

appears as a

multiplicative factor. To apply BLSE the system must first be re-written using a modified version
of Euler’s identity
()

(

)

(

)

2.20

which is linear in parameters , , and .
If N samples are collected of ( ) and ( ) and the frequency

is known, then the regression

model of equation 2.20 can be used to estimate the parameters , , and . The regressors
and

can be generated N samples long as

,

,
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( [

( )

])
( )
( )
( [
])
( )
[

2.21

]

and formed into the matrix
[

]

Meanwhile, the estimated parameter vector is created to complement the
̂

[̂

̂

2.22
matrix

̂]

2.23

The intermediate parameters ̂ , ̂, and ̂ , are estimated using equation 2.16; Then ̂ , and ̂ can be
calculated from ̂ , and ̂ using
̂
̂

√̂

̂
⁄
(̂ ̂ )

(2.24)

while ̂ is brought through from the estimated values in equation 2.23.
As an aside, if this is done on a sub-cycle basis the estimated phase can be plotted over time and
the slope can be estimated again and used to update the frequency estimate.
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2.2

Multi-Mode Systems

MMS add another layer of complexity to determining system parameters because the model
parameters now change between discrete values at possibly random times. To simplify the
analysis of MMSs they can be modeled as piecewise affine systems that are either linear or nonlinear. MMS that do not have a mode signal may not have the capability to identify their mode
before parameter estimation resulting in the need to do smaller batch size parameter estimation
followed by a post-processing scheme to identify the particular mode in which the MMS is
operating. MMS that have mode signals benefit in being able to pre-process the MMS to identify
the mode the MMS is operating in followed by a parameter estimator for that mode.

2.2.1

Multi-Mode Systems without Mode Signals

If an MMS does not have a mode signal, it may be difficult or impossible to analyze the MMS
output directly to determine the mode it is in. This may be because the modes are of the same
order and/or their parameters are similar resulting in similar operation between modes. These
systems must be either parameterized first then the parameters are classified by some means, or
the previous parameter estimations for each mode are used to estimate the next possible outputs.

2.2.1.1 Classifying

Classifying is a post-processing method of separating estimated parameters based on the most
likely mode the MMS is operating in. To accomplish this the length

of the regression vectors
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are kept as short as possible while being at least as long as the number of vectors
as

>

in . As long

the BLSE is overdetermined; although, there are two possible issues with this. The first

is the system must remain persistently excited for those

samples; the second is that a mode

transition might occur during those samples resulting in a stray estimated parameter.
Roll et al. introduces a method of identification of piecewise affine systems [5] by creating
hinged hyper-planes in parameter space. The system data that is collected is passed through a
modified batch least-squares estimator which performs the BLSE on small subsets of the data,
and then the estimated parameters are plotted in the parameter space. Hyper-planes are hinged
together and allowed to adjust to minimize the error between the plane and the estimated
parameters assumed to be in that hyper-plane. The number of hyper-planes is either known
because the number of modes is known, or the number of hyper-planes is estimated with the
possibilities of over describing the system or under describing the system. It is pointed out that
the hinge location will converge to the global minimum when the estimated initial conditions are
close to the global minimum.

Conversely to prevent falling into a local minimum, more

computations can be made which will increase the probability of finding the global minimum.
A similar system [6] is presented by Ferrari-Trecate et al., except instead of using hyper-planes
the estimated points are clustered. This method removes the initial condition convergence issue
of hinged hyper-planes by clustering close estimated parameters, and then those parameter sets
are separated into s clusters. The original data is then reclassified into those s clusters and mode
parameters are estimated based on the clustered data parameters.
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2.2.1.2 Next Step Estimation

For a system that has a known set of modes with known parameters for each of those modes, the
mode of the system can be determined without a switch condition indicator. The parameters for
each mode do not need to be known precisely, but should be reasonably close.

This is

accomplished by estimating the output based on all possible modes the system could be in for the
next iteration. The decision of which mode the system is operating in is then determined by
identifying the estimated output that is closest to the actual output. The estimated parameters can
then be used to update that mode’s parameters.
The expected estimated outputs would need to be sufficiently spaced so that the mode the system
is in can be accurately identified.

2.2.2

Multi-Mode Systems with Mode Signals

MMS with mode signals are easier to work with because the mode the system is operating in can
be determined before the parameter estimation is performed.

This allows more efficient

parameter estimation because larger data subsets can be assembled to estimate parameters and
different modes can be fed through different order parameter estimators.
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2.2.2.1 Initial Condition Estimation

Some systems such as non-linear systems depend more heavily on their initial conditions; for
those systems it becomes necessary to estimate not only their parameters, but also their initial
conditions.

If we know the times at which the system switches modes, a modified extended

least-squares (MELS) algorithm can be used [7]. This method estimates the parameters of each
mode individually by estimating the initial condition through use of a set of step parameters. The
collected data is segmented based on the mode of operation, and the parameters are estimated.
This method turns out to be computationally intensive, because the re-estimation that is
performed to make the estimated parameters converge, and because each segment must be
estimated separately.
If the a system is in a steady state condition, it is not necessary to estimate the initial condition for
each mode the system enters, because the initial conditions will be the same each time the system
enters that mode.

2.2.2.2 Transition Blanking

Another method to deal with MMSs with a mode signal(s) is to separate the signals by modes,
then blank enough of the beginning and or end of each segment so that data points associated
with other modes do not interfere with the intended mode. The purpose of this is to use only data
points that reside in just one of the modes, as opposed to performing LSE on a data set that
contains data points that belong to two different modes. Effectively blanking applies a weight of
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zero to those samples directly before and after a mode transition, removing un-modeled parasitic
responses.

2.3

Continuous-Time-to-Discrete-Time Conversion for System Models

Not all systems will have all of the outputs that would ideally be desired. There are three
solutions to this. The first is to find a way to get the signal out of the system, but this is often not
physically possible. The second is creating a pseudo-derivative or integral, which may work for
low-order systems but will tend to amplify noise with increasing system order. The third is to
convert the system description to use delay operators instead of derivatives and integrals, which
does not introduce calculation errors into the system.
A useful approach to creating a system model that will be easy to convert from continuous time to
discrete time is to develop the MMSs subsystem models in state space. A state space model for
each subsystem would need to be created in the form of
̇

(2.25)

To convert this to a discrete time representation in the form of

where

and

(

)
( )

are calculated from

and

( )
( )

using [8]

(2.26)
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(∫

Calculating

or

)

(2.27)

can be done by one of at least 19 ways [9], although practically

and

can be found in MATLAB using the command c2d.m.

2.4

Conclusions

Least-squares estimation works very well for non multi-mode systems, but will typically result in
erroneous parameter estimations for multi-mode systems.

To apply LSE to MMS various

methods can be used, but the simplest method is always preferred for increased accuracy and
decreased computations. In the event that system models use derivatives or integrals that are not
available from the physical system, it is possible to convert the continuous system model to a
discrete model; by doing this it is possible to use delayed values at the cost of needing a number
of samples over a finite time.
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Chapter 3
Modeling of a Current-Source Push-Pull ParallelResonant Inverter as a Multi-Mode System

The Current-Source Push-Pull Parallel-Resonant Inverter (CSPPPRI) is a relatively simple, lownoise dc-ac converter. It is easily separated into three sections: a commutated current-source
inductor (CSI), a high-Q parallel RLC output resonant tank (ORT), and a set of switches that
reverses the current flow between the CSI and ORT through a center-tapped transformer.
Because the CSI and ORT are switched, it is convenient to treat the CSPPPRI as a multi-mode
system (MMS).
Unlike most switching converters or inverters that switch at a frequency that is significantly
higher than the desired output frequency, the switches of a CSPPPRI operate at the same
frequency as the desired ac output. Over a single output cycle, the CSPPPRI will follow one of
two mode sequences depending on how much the inverter is loaded: continuous flux mode
sequence (CFMS) and discontinuous flux mode sequence (DFMS). In CFMS, the flux in the CSI
is always greater than zero, while in DFMS the flux is allowed to equal zero. These two
sequences are analogous to continuous conduction mode (CCM) and discontinuous conduction
modes (DCM) in dc-dc switch mode converters [10].
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3.1

Basic Circuit Operation

Resonant converters are switch-mode converters in which resonant circuits are used to shape the
switching waveforms. In conventional, non-resonant switch-mode converters, hard switching
results in large values of

and

at switch transitions. Excessive

and

stress the switches

and can produce significant electromagnetic interference (EMI). Resonant converters mitigate
problems associated with of

and

by utilizing some form of resonant circuit comprised of a

capacitor and inductor.
There are three broad classes of resonant converters [11]: Load-resonant converters, resonanttransition converters, and resonant-link converters. Of these the load-resonant converters are the
only ones to utilize an inductor capacitor (LC) resonant tank circuit. The resonant tank circuit can
be connected in series or in parallel with the load. The other two classes utilize LC circuits to
accomplish zero voltage and/or zero current switching at either the switch or the dc bus.
There exist two subclasses of load-resonant converters: series-resonant converters, and parallelresonant converters. Series-resonant converters use a voltage square wave to supply the resonant
tank, while parallel-resonant converters use a current square wave. Both types of the converters
can have the output resonant tank configured in series or parallel, while the series-resonant
converter can also be configured with a hybrid resonant circuit [11]. These two classes are
referred to as voltage-source parallel-resonant converters and current-source series-resonant
converters; it is common to also find them referred to as voltage-source series-resonant inverters
and current-source parallel-resonant inverters (CSPRI) respectively when the output of the
converter is specifically used as an ac source.

19
3.1.1

Current-Source Parallel-Resonant Inverters

A current-source parallel resonant inverter (CSPRI) works by applying an alternating current to a
tuned parallel resonant circuit [10]; the basic circuit is shown in Figure 3.1. The alternating
current ics applied to the output resonant tank (ORT) is synthesized by a switch-mode inverter – in
this case a push-pull inverter.

Output voltage control, and in this case power control, is

accomplished by varying the switching frequency relative to the resonant frequency or by
limiting the amplitude of the current source ics [10].

Figure 3.1 Basic circuit for a current-source parallel resonant inverter.

3.1.2

Current-Source Push-Pull Parallel-Resonant Inverter

A current-source push-pull resonant inverter (CSPPPRI) utilizes a center-tapped transformer and
two ground-reference switches to synthesize the ac current from a dc current as shown in Figure
3.2. The center-tapped transformer permits the output voltage to float relative to the dc bus, and
the respective conduction path associated with each half of its primary winding includes only one
switch voltage drop instead of two as would be the case for a full-bridge inverter.
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Figure 3.2 Basic circuit for a current-source push-pull parallel resonant inverter (CSPPPRI).

The constant current source is implemented using a dc voltage source and a current-source
inductor (CSI) [12] as shown in Figure 3.3. The output of the CSPPPRI is often desired to be at a
constant voltage and frequency; this requires the amplitude of the current through the CSI to be
controlled. To accomplish this, the duty cycle for each of the switches must be less than 50%.
This reduction in switch duty cycles introduces dead time during which neither switch is
conducting but the current through the CSI must remain non-zero to accommodate a requirement
for continuous flux.

This is accomplished by adding a second winding and so-called

commutation diode as seen in Figure 3.3.

Figure 3.3 CSPPPRI with the ability to PWM the switches for output voltage control.
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The ORT is a high-Q circuit, so it is reasonable to model it is an ideal ac voltage source with a
small loss.
With this model of the ORT, the CSI current, icsi can be approximated as

∫ (

()

when a switch is turned on. Where
switching frequency,

(

√

))

( )

is the RMS value of the output voltage,

(3.1)

is the

is the phase angle at which the switch turns on, and t is any point in

time while that switch is on. Assuming that the bus voltage is constant, Equation 3.1 can be
simplified to

()

√

∫

(

)

( )

(3.2)

When both of the switches are off, the commutation diode turns on and remains on until either the
flux in the CSI reaches zero or one of the switches turns back on. While the commutation diode
is on, the CSI is held to a nearly constant voltage resulting in a linear decrease in secondary
current. The rate at which the secondary (diode) current decreases can be estimated by the
equation

()

( )
(

)

( )

(3.3)

assuming the CSI flux (or current) does not go to zero. Using Equation 3.3, the current is
approximately
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()

( )

(

)

( )
(

( )

)

(3.4)

during the times when the switches are off and the diode is on (conducting). Note that this
current flows back into the dc bus.
It is not uncommon to utilize a CSI turns ratio that is not unity. Having more turns on the
secondary (commutation diode side) than the primary (ics current) results in lower current on the
secondary while the commutation diode is on. The downside of this is that the commutation
diode is operated closer to the knee region of its I-V curve.

3.1.3

Q Factor

Quality factor (Q) is a way of characterizing the affect a load has on a resonant circuit. It is a
dimensionless value that is inversely proportional to damping ratio and is defined as

3.5

where

and

are the reactive and real power over one cycle at resonance. A high-Q circuit is

equivalent to a very under-damped circuit, while a low-Q circuit will be over-damped.
It is common to determine a Q value analytically based on given circuit parameter values, but a
minimum value can also be specified when designing a LCR resonant circuit.
The resonant frequency for a series RLC circuit can be expressed as

√

3.6
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and can be applied to high-Q parallel RLC resonant circuits also.

3.1.3.1

Analytical Perspective

At resonance, the inductive and capacitive reactance are equal but opposite such that

3.7
and
|

|

|

|

3.8

The Q for a simple parallel RLC can be expressed as

⁄
| |
⁄

| |

3.9

where
||

3.10

and
| |

√|

|

3.11

The capacitive and inductive reactances can be expressed as

3.12
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3.13

Substituting Equations 3.12 and 3.13 into Equation 3.11 results in

| |

√|

|

√

3.14

at resonance. So that Q of a parallel RLC circuit at resonance can be calculated by substituting
Equation 3.14 into 3.9. This yields

√
√

3.15

This equation is only valid for a high-Q parallel LCR at resonance.

3.1.3.2

Design Perspective

If it is desired to have a particular resonant frequency with a specified minimum Q at a maximum
load, the designer must solve a set of non-linear equations simultaneously:

√
3.16
√

If the load is expected to be unity power factor, the difference between the switching and resonant
frequency is set to zero so that
3.17
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The Q of a parallel RLC circuit at resonace can also be calcuted by substituting Equations 3.12 or
3.13 into Equation 3.9 using Equation 3.17 so that

3.18

or

3.19

Solving Equation 3.18 and 3.19 for the capacitance and inductance respectively results in the
equations required to determine the minimum capacitance and maximum inductance for a
minimum Q and maximum load.

3.20

or

3.21

Once a capcitance or inductance is chosen using Equation 3.20 or 3.21, the matching inductance
or capacitance can be determined by solving Equation 3.6 .

3.22

3.23
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Equations 3.20 and 3.22, or 3.21 and 3.23, provide a way to calculate the capacitance or
inductance so that it would be possible to establish a RLC tank circuit of a certain frequency and
Q at a given load.

3.1.4

Reactance

The ORT circuit model in Section 3.2.1 contains only reactive components, because including
resistive elements produced inconsistent results. Estimating the Q was not possible because there
were no losses in the ORT model. The reactance was estimated for the estimated resonant and
switching frequencies.

It will be shown in Section 3.2.1, that the following parameters can be estimated:
, and

,

. Using these four estimated parameters, it is possible to estimate the

reactance of the ORT.

3.1.4.1

Ideal Reactance from Inductance and Switching Frequency

The first reactance,

, is an ideal reactance estimated from the ORT inductance assuming the

ORT is tuned so that the resonant frequency is at the switching frequency. This estimated
reactance uses Equation 3.13 where the frequency is the estimated switching frequency and the
inductance is the estimated inductance such that
̂

̂ ̂

3.24
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where the inductance is defined using Equation 3.22 so that
̂

̂

̂ ̂

3.25

Notice that at this point the equation can be written in terms of beta values
̂ ̂ ̂

̂

3.26

Based on Equation 3.24 it would be expected that if there were a change in capacitance, the
reactance value would not change significantly; although, a change in inductance would change it
because of a shift in resonant frequency.

Based on Equation 3.25, however, it would be

reasonable to assume this reactance value might change if the capacitance changed.

3.1.4.2

Ideal Reactance from Capacitance and Switching Frequency

The second reactance,

, is an ideal reactance estimated from the ORT capacitance assuming

the ORT is tuned so that the resonant frequency is at the switching frequency. This estimated
reactance uses Equation 3.12 where the frequency and inductance are the estimated switching
frequency and inductance respectfully such that
̂

̂ ̂

3.27

Notice that at this point the equation can be written in tems of beta values
|̂

|

̂
̂

3.28
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Based on Equation 3.27 it is expected that there will be a change in its reactance if there is a
capacitance change, but not if there is an inductance change.

3.1.4.3

Ideal Reactance from Capacitance and Inductance

The third reactance

is an ideal reactance estimated from the ORT capacitance and

inductance assuming the ORT is being switched at resonance. This estimated reactance uses
Equation 3.14 where the capacitance and inductance are the estimated ORT capacitance and
inductance such that

√̂

̂

3.29

̂

By using Equation 3.22, this reactance can be written as

̂

√̂

̂ ̂

̂

√

̂

3.30

so that

̂

̂ √̂

3.31

Based on Equation 3.30 it is expected that anytime the resonance and switching frequencies do
not match that this reactance will diverge.
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3.1.4.4

Fault Detection Using Reactance

With a properly tuned ORT, the three reactances will be estimated to be the same value, but as
one of the parameters drifts (e. g. capacitance, inductance, or switching frequency), the three
reactances will diverge. The estimated reactance value that changes the least will indicate the
circuit parameter that has not changed. Table 3.1 shows interpreted circuit parameter changes
based on changes in estimated reactances.

̂

|̂

|

̂

0

0

0

0

0

0

0

0

0

↓

0

↓

↓

0

↑

0

↓

↑

↑

0

↑

↑

0

↓

0

↓

↓

0

↓

↓

0

↑

↓

0

↓

↑

0

↑

↑

0

↓

↑

0

↓

↓

↓

↑

0

0

0

0

↓

↓

0

↑

↓

0

0

0

0

↑

↓

0

Table 3.1 Look-up table of estimated reactance (X) values to likely circuit value changes. Increases are marked
with ↑, decreases with ↓, no changes with 0, and unknown with X.

Here,

represents the effective Q of a resonant circuit that is operating close to but not in

resonance. Using an effective Q as opposed to an actual Q is necessary, because Q is defined
only for resonant operation.
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3.1.5

Power Control of a Current-Source Parallel-Resonant Inverter

As stated in Sections 3.1.1and 3.1.2, voltage control, and subsequently power control, can be
achieved by either varying the switching frequency or by varying the current source current ics.
Even if it is desired to adjust only the current magnitude to regulate the output voltage,
considering switching frequency modulation provides additional insight into the behavior of the
inverter when connected to a load that does not have a unity power factor.

3.1.5.1

Switching Frequency Modulation

Switching frequency modulation can be reduced to an automatic power-factor correction problem
based on the circuit in Figure 3.1. This circuit is parallel-resonant RLC tank with a constantcurrent square-wave input whose impedance can be expressed as
(

)

3.32

The complex impedance of the circuit as a function of frequency is plotted in Figure 3.4. With
increasing Q (increasing resistance) the impedance roll-off becomes steeper. The mnemonic
SARL PARC (Series Above Resonance Inductive; Parallel Above Resonance Capacitive) can be
used to remember the effect seen in the phase shift towards
frequencies.

at high frequencies and

at low
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Figure 3.4 Complex impedance for an ideal RLC parallel-resonant tank circuit.

The power that the LCR tank is drawing, both real and reactive, is even more important than the
impedance, because the power must be provided by the current source. Figure 3.5 shows the real
and reactive powers that are being drawn by the LCR tank circuit.
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Figure 3.5 Real and reactive power being drawn by a parallel-resonant LCR tank for constant-input current.

Figure 3.5 shows that when above the resonant frequency the ORT and load will be drawing real
power but supplying reactive power (i.e., appear as a capacitor). When operating below the
resonant frequency, the ORT and load will be consuming reactive power (i.e., appear as an
inductor). If the load is not at a unity power factor, the current source must supply any additional
reactive power since the ORT and load will act like one parallel-resonant LCR tank circuit.
The square-wave current waveform will adjust phase to provide both the real and reactive power
as seen in Figure 3.6. Note that when the power factor of the load and resonant tank are close to
unity, the current is nearly in phase with the output voltage.
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Figure 3.6 ORT voltage and square-wave constant current source under different power factors.

It can be seen in Figure 3.6 that as the phase shift increases between the output voltage and
current source, the available real power will naturally decrease.

3.1.5.2

Pulse-Width Modulation for Output Voltage Control of a CSPPPRI

A CSPPPRI can be used for more than an inductive heating system [13]. Another use is as a
static inverter where the output voltage and frequency of the inverter are held constant as loads
are varied. Because it is desirable to maintain fixed output frequency, regulating the output
through switching frequency modulation is not an option. As discussed in Section 3.1.1 the
output voltage of a CSPPPRI can also be controlled by changing the current-source current.
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Since most power busses appear as voltage sources and not current sources, it was necessary to
add the CSI and commutation diode in Figure 3.3. By adding the CSI and commutation diode it
is now possible to modulate the duty cycle of the switches to adjust the current in the CSI.
The CSPPPRI has two sequences of operation: constant flux mode sequence (CFMS) and
discontinuous flux mode sequence (DFMS). In CFMS, the CSI current will not be zero at any
time, while in DFMS this current may remain at zero for a fraction of the switching cycle. The
current in the CSI is PWM in DFMS and amplitude modulated in CFMS. In DFMS the flux in
the CSI returns to zero, and for changes in load the on-time for the switches vary more than the
amplitude. The flux in the CSI will not go to zero in CFMS and for changes in load the on-time
will not change as much as the amplitude of the CSI current.

3.2

Conversion to a Multi-Mode System

The CSPPPRI can be modeled as a MMS by separating the inverter into two circuits with inputs
from the other.

It is assumed that the inverter input and output voltages and currents are

measurable, and that the switch conditions are unknown. It is also assumed that the sample rate is
significantly greater than the output frequency of the inverter.
One way to parameterize the CSPPPRI is to separate the circuit into two circuits, ORT and CSI,
that interact when the switches are on. These two circuits can then be analyzed separately to
create two piecewise-linear state space equation sets. Once the state space equations are created,
they are converted from continuous to discrete, and transfer functions are created. The transfer
functions are used to create the regression vectors for the batch least-squares estimation (BLSE),
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and then the estimated values are converted back to the continuous time domain and compared to
the nominal values.
Finally a method of determining switch conduction state based on the input current and the output
voltage is described.

3.2.1

Output Resonant Tank Subsystem

The ORT is the more important subsystem and is shown in Figure 3.7. This circuit is similar to
the one in Figure 3.1, except that the load is not included in the circuit. The ac load current and a
modified current source current are considered the inputs and the output is the output ac voltage.
The current

must be bidirectional, but the usable signal

is unidirectional; this conversion

will be covered in Section 3.2.3.

Figure 3.7 Output resonant tank subsystem model.

Basic circuit analysis is used to develop a set of equations to describe the circuit in Figure 3.7.

(3.33)

(

)

(3.34)
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(3.35)

These equations are then used to create the state-space model

[
̇

]

[
[

]

(3.36)

]

where

[

]

(3.37)

[

]

(3.38)

and
(3.39)

The transfer function can be found to be

(
(

)

)

(

(

)

)

The nominal values for the components in Figure 3.7 are

(3.40)

,

, and

. Using MATLAB the discrete time transfer function at a sampling rate of 50 kHz can be
found to be
(

)
(

(

)
)

(3.41)
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The difference equation is found from Equation 3.41 and converted directly into matrix-vector
form to be

[ ]

[

]

[

[
[

[
]
]

]
[
[

]] [
]

]

(3.42)

This equation is now ready for use in the BLSE algorithm.

3.2.2

Current-Source Inductor Subsystem

The second circuit, the CSI, is not as obvious as seen in Figure 3.8 because of the direct
integration of the switch in the system.

Figure 3.8 Current-source inductor subsystem model.

The turns ratio of the output transformer found in Figure 3.3 is chosen such that
allowing the current to flow through the CSI towards the ORT. Basic circuit analysis yields the
equation

(3.43)
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while either switch is on and

(

(3.44)

)

while the switches are off. During the transition between a switch being on and the diode being
on the bus current transitions based on the following equations:

(3.45)

The state space equations can then be written as

[
̇
̇

{

]

[

[( )

]
( )

]

̇

(3.46)
}

where
(3.47)

[

]

(3.48)

and
(3.49)
The transfer function can be found to be
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[

]

[
(

(

]
)

(

)

(3.50)

)

{

}

The nominal values for the components are

,

,

, and

. Using MATLAB the discrete time transfer function at a sampling rate of 50 kHz can be
found to be

(

)
(

{

(3.51)

)

}

The difference equation is found from Equation 3.51 and converted directly into matrix vector
form to be

[ ]
[ ]

[
[
[

[

[

]

]
]] [
]
[

{

Because
[

[
[

]
]
] [
]

(3.52)
]

is not measured, the identical parameters for the regressors,
] cannot be combined; the

associated by forcing

[

]

[

}
[

] and

] parameter is allowed to absorb a constant

for all k.

Equations 3.42 and 3.52 can be used to estimate the parameters of the discrete time system as it is
sampled.
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3.2.3

Signal Separation Using dc Input Current and ac Output Voltage

Although the switch states are unknown, it is relatively easy to determine them by examining the
voltage and current waveforms such as those shown in Figure 3.9. The dc input current is
positive when either of the switches is on, negative when they are both off, and zero when the
diode and switches are off. Thus, a positive dc input current does not indicate which switch is on
and which one is off. In Section 3.2.3 it was noted that the output voltage and current-source
current are nearly in phase when the load is near unity power factor. Likewise, the output voltage
and current source current will be nearly in phase for most loading conditions, as the phase of the
ORT impedance is near zero for typical switching frequencies near the resonant frequency.
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Figure 3.9 DC input current and AC output voltage.
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The push-pull transformer has the effect of converting the dc CSI current into an ac flux. A
corresponding virtual ac current waveform can be constructed by zeroing the CSI current for
diode-on intervals (whenever the CSI current is negative), and then negating alternating switchon intervals. By convention, the switch-on interval that is closest to being in phase with the ac
voltage is assumed to be the positive CSI current.
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Figure 3.10 Virtual ac CSI current associated with push-pull transformer.

3.2.4

Transition Blanking

The segment transitions from one mode to another have discontinuities associated with them as
discussed in Section 2.2.2.2. The transitions between switch-on and diode-on intervals described
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in the previous section are also used as the centers for blanking a radius around each modal
transition.

3.3

Conclusions

Through use of circuit analysis a set of equations was derived to describe the operation of a
CSPPPRI.

These equations were then converted into a discrete time model and finally a

difference equation for a multi-modal system. It was then shown that the switch conditions can
be determined using the same circuit analysis so that the difference equations could be used. A
bipolar waveform is created from a unipolar waveform to convert the CSI current to the current
the ORT sees through the use of the push-pull circuit. Finally a blanking radius is used to
eliminate points that occur during the transition.
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Chapter 4
Testing of a Current-Source Push-Pull Parallel
Resonant Inverter

A commercial inverter utilizing the CSPPPRI topology was used for testing. The output of the
inverter had multiple capacitors to facilitate tuning of its output resonant tank (ORT); the total
capacitance was changed by switching the various capacitors in and out during testing to
determine the ability to identify a capacitance change of the ORT. The inverter was initially
loaded to 90% of full load with an inductive load. Two epochs of data were collected, one before
and one after the capacitors were removed; a third epoch of data was collected after the load was
increased to 115%. The three epochs were then processed using the multi-mode BLSE described
in Chapter 2 for the system equations in Chapter 3. The discrete-time estimated parameters and
their continuous-time counterparts were then compared to nominal values derived from measured
circuit parameter values.

4.1

KGS Inverter

A KGS Electronics SE-25 inverter was chosen for testing; this inverter is designed for use in
aircraft to provide a stable and reliable ac power source. This KGS inverter utilizes three
separate-but-synchronized CSPPPRI inverters to convert a nominal 28-V dc into 3-phase 120-V
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ac at 400 Hz. The apparent power rating per phase is 83.3 VA for power factors between 0.8
lagging and 0.95 leading. This inverter can be connected in either delta or wye, because the
output of each CSPPRI is isolated from the other two. The KGS inverter utilizes an internal dc
bus that is isolated from the aircraft or host dc bus by an LC network to reduce noise being
pushed back onto the aircraft DC bus.

4.2

Test Conditions

The inverter was connected to a 33-V 33-A power supply, and loaded with a set of resistors and
an inductor. The output capacitance was then split into two banks: the bulk 5-µF capacitor and
the switched 0.97-µF capacitor. Voltage and current measurements were taken at the 120 V ac
output and the internal dc bus as shown in Figure 4.1.

Figure 4.1 Test set-up for change of ORT capacitance.

Time series data for the currents and voltages of the dc bus and the ac output were collected at a
sample rate of 50 kHz. Three epochs of one second of data were collected, one with reduced
(87%) ORT capacitance at 90% load, one at normal (100%) ORT capacitance at 90% load, and
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once with normal ORT capacitance at 115% load. The 90% and 115% loads were 75.3 VA with
a 0.644 lagging power factor, and 96.4 VA with a 0.801 lagging power factor respectively.

4.3

Processing and Code Implementation

A total of M estimates were made using the BLSE algorithm from each epoch by separating each
epoch into N-cycle estimation-datasets. The BLSE algorithm required a preprocessing stage to
create a virtualized ac waveform from the CSI current waveform. The discrete-time coefficients
(theta values) were estimated and then used to calculate circuit parameter values; both sets of
values were compared to nominal values. Further analysis was performed to estimate reactance
values that can be used to indicate a change in energy storage capability of the ORT.
Each one-second epoch of data was separated into M N-cycle estimation-datasets. This was
accomplished by performing the signal separation technique describe in Section 3.2.3, assigning a
mode symbol 0 through 4 to each sample using Table 4.1 to create a mode signal the same length
as the epoch.

Mode

Symbol

Transitions (all)

0

Switch on, +Vac

1

Diode on following Symbol 1

2

Switch on, -Vac

3

Diode on following Symbol 3

4

Table 4.1 Inverter mode symbols.
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Next, the indexes between the first and Nth mode transition from 4 to 0 to 1 were grouped as the
first estimation-dataset, the N+1 through 2N+1 assigned as the second estimation-dataset, and so
forth until M estimation-datasets were formed from each epoch.
The blanking centers were identified by mode symbol 0, and samples within a radius R were
blanked to prevent cross-mode interference.
Using the mode signal, a virtual ac current-source inductor current could be generated using the
technique described in Section 3.2.3. This process also zeros the virtual ac CSI current signal
when the diode was on (or when the switches were off).
For each of the M estimation-datasets, BLSE was performed. The theta values were formed into
the transfer function generated from Equation 3.42:
(

)

(

)

(

)

(4.1)

which could be converted from a discrete-time to continuous-time transfer function,
(

)

(

(

)

)

(4.2)

where

(4.3)

(4.4)

and
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(4.5)

using equation 3.40. Circuit values can then be calculated using

(4.6)

√

(4.7)

(4.8)

(4.9)

It should be noted any error in

( ) will propagate through to the other circuit values that are

being calculated.

4.4

Results and Discussion

Theta values were estimated for the M (twenty) estimation-datasets of each of the three epochs
(test conditions). Estimated circuit and reactance values were then calculated from the estimated
theta values. The estimated theta, and circuit values were then compared with the expected
values, and the estimated reactance values were compared with each other.
The results presented did not accurately identify the true circuit values, but could be used to
indicate that a fault was present in the ORT. Even with sizable errors the results did trend in the
expected direction.
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BLSE by itself was sufficient to estimate the three circuit parameters; by introducing a fourth
estimated parameter, switching frequency, a set of reactance values could be estimated.

By

observing the divergence of the reactance values it is possible to identify whether the ORT had a
fault or there was just a load change.

4.4.1

Estimated Theta Values

It was expected that the ORT capacitance change between first and second epochs would alter the
estimated theta values, and that there would be no change in estimated theta value between the
second and third epoch. A change in estimated theta values was observed between the first and
second epochs. Between the second and third epoch, the third estimated theta value exhibited an
unexpected drop as shown in Figure 4.2.
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Figure 4.2 Comparison of estimated and expected theta values. Red lines are expected values, blue circles are
estimated values. The light blue region is for 87% ORT capacitance, 90% load; light green is for 100% ORT
capacitance, 90% load; and light red is for 100% ORT capacitance and 115% load. Each estimation is made
independently of the other estimations.

The estimated theta values varied very little within each epoch, indicating that each estimationdataset was long enough to not be affected by noise. Although the amount of error shown in
Figure 4.3 indicates that ̂ is approximately 0.1% error, ̂ is about 13% for the first two epoch
and 18% for the third, while ̂ goes from a 5% to 45% error between the first and third epochs.
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Figure 4.3 Error comparison of estimated and expected theta values. Red lines are expected values, blue circles
are estimated values. The light blue region is for 87% ORT capacitance, 90% load; light green is for 100%
ORT capacitance, 90% load; and light red is for 100% ORT capacitance and 115% load. Each estimation is
made independently of the other estimations.

4.4.2

Calculated Circuit Values

By converting the discrete-time theta values to continuous-time beta values it is possible to
determine what may be happening to the ORT. Equations 4.6, 4.7, 4.8, and 4.9 will be used to
calculate the estimated circuit values ̂ , ̂ , ̂ , and

̂
̂

respectively.
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Figure 4.4 Comparison of estimated and measured values for circuit element parameters. Blue circles are
estimated values, while red lines are measured values, The light blue region is for 87% ORT capacitance, 90%
load; light green is for 100% ORT capacitance, 90% load; and light red is for 100% ORT capacitance and 115%
load. Each estimation is made independently of the other estimation.

The estimated circuit values are shown in Figure 4.4. It is immediately noticeable that the errors
observed in the estimated theta values propagate to the estimated circuit values; although, the
trends appear to be better matched with the exception of the turns ratio

̂
̂

for the third epoch.

During the first and second epochs, the estimated circuit values appear to have a constant offset
compared to the expected circuit values, but during the third epoch this is less so. The third
epoch has an odd result in that the estimated turns ratio increases significantly, while the other
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estimated circuit parameters have minor changes in offset. This jump in estimated turns ratio
could partially be explained by increased losses in the output transformer, although the observed
increase is greater than what would be expected. The turns ratio is based on a ratio of currents;
this change of turns ratio actually indicates how efficient the coupling is between the currentsource inductor (CSI) and the ORT, and not necessarily a physical change in the number of turns
caused by inter-winding shorts.
The calculated errors are shown in Figure 4.5.

The errors ranged from 14-23% for ORT

capacitance, 6 - 12% for ORT inductance, 3-4% for resonant frequency, and 1to 53% for turns
ratio. The majority of the error is most likely due to the fact that no resistive elements were
modeled.
The error, and estimated circuit values between the first and second epochs remained reasonably
constant, with the exception of the expected increase of ORT capacitance from epoch one to two.
The error between the second and third epochs for the estimated turns ratio experienced a 50%
increase while the error for the other errors changed 1 to 9%.
The decrease in inductance could have been explained by the output transformer (ORT
inductance) operating closer to the saturation point of its magnetization (B-H) curve, but the
increase in ORT capacitance causes issues with this analysis.

The increase in estimated turns

ratio could be explained by an increase in core losses from more flux passing through the
transformer core, although the relative increase appears to be higher than one would expect.
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Figure 4.5 Error comparison of estimated and expected theta values. Red lines are expected values, blue circles
are estimated values. The light blue region is for 87% ORT capacitance, 90% load; light green is for 100%
ORT capacitance, 90% load; and light red is for 100% ORT capacitance and 115% load. Each estimation is
made independently of the other estimations.

The increase in turns ratio suggests a possible explanation; the estimated turns ratio can be
thought of as the ratio of current being sourced to the ORT to the amount of current used by the
ORT components in the circuit model. The remaining current is lost to the parallel tank shunt
resistance which is not modeled.
For nearly every estimation, except the turns ratio during Epoch 3, the estimated parameter values
were either consistently high or consistently low for each estimated circuit value. The consistent
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offset and the fact that the estimated resonant frequency only changed when the ORT capacitance
changed indicates that this method has some shortcomings and that there may yet be another set
of estimated parameters.

4.4.3

Frequency and Reactance

Although the trends of the estimated circuit values in the previous section could indicate that a
fault was present, there was a significant amount of error. Moreover, loading could also have
noticeable effects on the estimated circuit values. Being able to identify the difference between a
fault and a load change is important, because it cannot be assumed that the inverter would be
operating with a constant load. The switching frequency was estimated, and with the estimated
resonant frequency and ORT capacitance estimated reactance values were calculated.

The

reactance values can then be compared with each other to determine their divergence from each
other.
The resonant frequency was estimated as a circuit parameter using Equation 4.7, and the
switching frequency was calculated by counting the number of samples per ac cycle. The
estimated reactance (X) was calculated using three different expressions that depend on different
circuit parameters, and making different assumptions:
̂

̂ ̂

|̂

and

|

̂

̂ ̂ ̂
̂
̂

4.10

4.11
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̂

√̂
̂

̂ √̂

4.12

These equations are found in Chapter 3 as Equations 3.24 and 3.26, 3.27 and 3.28, and 3.29 and
3.31 . Equation 4.10 assumes ORT capacitance is chosen such that the resonant and switching
frequencies are equal using the estimated ORT inductance. Equation 4.11 assumes that the
inductance is chosen such that the resonant and the switching frequency are equal using the
estimated ORT capacitance. Equation 4.12 assumes that the switching frequency is chosen such
that the estimated resonant frequency equals the resonant frequency for the estimated values for
the ORT capacitance and inductance.
Faults are identified as divergence of the estimated reactance, while changes in load are not
expected to change the estimated reactance values. Three faults can be identified: Change in
ORT capacitance, inductance and switching frequency.
The results of the frequency and reactance estimations are shown in Figure 4.6. As expected the
resonant frequency increases in Epoch 1 when the ORT capacitance is decreased and the resonant
frequency does not change between Epochs 2 and 3. The switching frequency remained fairly
constant except in Epoch 3, which is most likely the result of heating of the timing components.
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Figure 4.6 Comparison of estimated frequency and reactance values. The light blue region is for 87% ORT
capacitance, 90% load; light green is for 100% ORT capacitance, 90% load; and light red is for 100% ORT
capacitance and 115% load. Each estimation is made independently of the other estimation.

The second epoch is considered the normal operating condition of the inverter. Here there is a
small amount of divergence, which is attributed to the ORT being tuned with a slight leading
power factor so that the load of the inverter can have a lagging power factor.
The first epoch shows the diverging estimated reactances of the ORT when the ORT has a
decreased capacitance. The diverging estimated reactances are expected and indicated a fault
existed; furthermore, since the reactance that is a function of estimated ORT inductance and
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switching frequency (

) remained the most constant, it indicated that the ORT capacitance

most likely changed.

It could be argued that a fault could be identified by observing the

estimated resonant frequency; although, this would not indicate if it was a change in ORT
capacitance or inductance. It would be expected that a decrease of ORT inductance would act
similarly in that the reactance that is a function of estimated ORT capacitance and switching
frequency (

) would remain the most constant.

The third epoch shows the results of when the load was increased. There is an obvious decrease
in reactance values, although they appear to converge. The lack of divergence indicates that there
is not a fault in the inverter as expected although the overall increase in estimated reactance
values is interesting.
Three possible causes of this increase of reactance are explored: increased in winding resistance,
inductance shift because of B-H curve, and susceptance.

4.4.3.1 Epoch 3 Explanation 1: Series to Parallel Conversion

It was assumed that the circuit was a pure LC network such that

4.13

and

4.14
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where

and

are the model inductance and capacitance, and

and

reactances. If instead it is assumed that there is a resistance in series with
expressions for

and

are the true circuit
and

, then the

are [14]

4.15

and

4.16

The series resistances

and

are converted to parallel (tank) resistances

and

as

4.17

and

4.18

The derivatives for Equation 4.15 are

4.19

and

4.20

where
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4.21

for this inverter. This implies that a decrease in the estimated reactances

and

would result

from a decrease in circuit reactance or series resistance; since all three estimated reactances
changed, it would have required both circuit reactances,

and

, to change at the same rate,

which they did not.

4.4.3.2 Epoch 3 Explanation 2: B-H Curve

For small signal analysis, inductance is usually assumed to have a constant value, but in fact
inductance is dependent on the magnetic properties of the material the coils are wound on. In
general, the magnetic properties are associated with a B-H saturation curve having higher
permeability at lower flux levels and lower permeability at high fluxes.
Increasing the load results in a higher flux density through the output transformer. If this flux
density is approaches the saturation point of the transformer, then the permeability will decrease.
By definition then the inductance and reactance would also decrease. The decrease of inductance
would then result in an increase in resonant frequency which is not observed. This also does not
explain why the capacitive reactance also increased.

4.4.3.3 Epoch 3 Explanation 3: Susceptance

A more esoteric explanation is that the quantity being tracked in Figure 4.6 is not the reactance,
but rather reciprocal susceptance. The model used for parameter estimation assumed that the
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ORT was comprised of only an inductor and capacitor. In that case, the reactance (X) is simply
the reciprocal of the susceptance (B). If shunt conductance is included in the model, then it is
necessary to start from admittance (Y) defined as

4.22

and impedance (Z) defined as
4.23

so that

4.24

This implies that in general conductance (G) can be expressed as

4.25

and susceptance (B) as

4.26
If the estimated reactances ̂
susceptances | ̂

|, |

, |̂

|, and | ̂

|, and ̂

in Figure 4.6 were actually the reciprocal

| then these values are

|̂|

4.27
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where

and

are the resistance and reactance of the parallel RLC circuit. This implies that a

decrease in | ̂ | could be the result of a decrease in parallel resistance or reactance. This change
of reciprocal susceptance would apply to all three estimated reciprocal susceptances evenly, while
changes in parallel reactances would only be expected to affect two of the reciprocal susceptances
at a time. In Epoch 3, the load is increased and it would be expected that there would be in
increase in losses in the ORT resulting in a decrease in parallel resistance and a decrease in
reciprocal susceptance.

4.5

Conclusions

Although circuit values were estimated only to within an order of magnitude, they exhibited
expected trends. In addition, the results were more influenced by changes in circuit parameters
than changes in load.
By observing the estimated reactance values as estimated reciprocal susceptances, it is possible to
help determine if a circuit value had changed or if it was only a loading effect. This does not
show that for every circuit parameter change that it could be accurately detected which parameter
had changed but rather that a parameter had changed. The decrease in estimated reactance is
paradoxical to what could be expected when the load was increased; although by observing this
parameter as the reciprocal susceptance it can be explained. The reciprocal susceptances are used
to detect the difference between a change in reactance or resistance by observing the divergence
of instead of the values of the estimated reciprocal susceptances.
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Chapter 5
Conclusion

Least-squares estimation is an effective and readily applied tool to estimate the values of physical
or derived parameters in a system, assuming the system is excited by a signal with sufficient
frequency content. For those systems in which sufficient excitation is not available, least-squares
estimation can still be useful, but its application requires greater knowledge of the system.
In this thesis, the least-squares estimation was applied to the CSPPPRI, which inherently operates
in a narrow frequency range. With such limited excitation, estimating the values of underlying
circuit element parameters of interest in health monitoring was unreliable. More specifically,
several key parameters, such as the parallel tank resistance, which is a function of the core losses,
winding losses, and capacitor ESR, could not be included in the model without introducing
stability problems. Reactances, which turned out to be the reciprocal susceptances, were able to
be calculated by measuring the switching frequency. By observing the divergence of alternative
reciprocal susceptance values over time, it was possible to identify which estimated circuit
parameters were changing because of load-dependent changes in parasitic losses (core losses,
winding losses and ESR) or from modeled circuit parameters (tank capacitance or inductance).
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5.1

Future Work

It would be interesting to look at the relationship between the increase in estimated turns ratio and
the increase in estimated susceptance (reciprocal reactance). The turns ratio was identified as a
ratio of current from the CSI to current used by the ORT, where the remaining current would be
shunted through a resistance parallel to the LC tank circuit. The increase in susceptance with no
divergence was identified as the parallel resistance in a LCR tank circuit. If there exists a
connection between these two values, it may be possible to estimate the parallel resistance, which
could increase the tank capacitance and inductance estimates.
Estimating the results in this thesis could possibly be estimated without access to the dc bus. The
CSPPPRI’s mode (switch condition) could be identified by finding the second derivative of the
output voltage waveform; this method has a noticeable phase lag, and is more difficult to detect
when lightly loaded. The CSI current ought to be able to be estimated as function of the output
voltage and a bipolar square-wave (virtualized dc-bus voltage through a push-pull circuit). This
would have two benefits: there would be half as many sensors, and it would not require access to
the dc bus voltage and current.
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