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Abstract

In this thesis, we investigate the development of new control schemes for single- and
three-phase boost-type converters and their application to energy conversion. The developed
algorithms are utilized to efficiently convert energy from a source with an arbitrary voltage
waveform to a DC link or a battery. This type of energy transfer is of great interest in energy
conversion systems involving low frequency, time-varying input sources such as vibration
energy harvesting and marine wave power. In such applications, the generated voltages are
sporadic in the sense that the amplitudes and frequencies of the generated waveforms are
time-varying and not known a-priori.

Motivated by these applications, first a single-phase boost converter is studied and the
performance of the proposed controller in providing a resistive input behavior is experi-
mentally verified. Next, the idea proposed for a single-phase converter is extended to a
three-phase bridgeless boost-type converter. To this end, an averaged model of the three-
phase converter is obtained and utilized in designing a feedback control scheme to enforce
a resistive behavior across each phase of the converter. Similar to the single-phase system,
the proposed controller does not require a-priori knowledge of the input waveform charac-
teristics and can convert waveforms with time-varying frequencies and amplitudes into DC
power by regulating the input resistances at each phase. The proposed solution enables
real-time variation of the generator loading using high efficiency switching power devices.
Numerical simulations and experimental results are presented that evaluate performance of
the proposed modeling and feedback control scheme for the three-phase system.

Finally, an application involving energy regeneration for a mechanical suspension sys-
tem is considered using a setup consisting of a mass-spring test rig attached to a mechanical
shaker for single- and three-phase applications using a tubular DC permanent-magnet ma-

chine and rotary machine connected to an algebraic screw, respectively. The algebraic screw
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converts the translational motion of mechanical vibrations into rotary motion that acts as
a prime mover for the three-phase synchronous machine. The experimental results reveal
that the boost circuit and proposed feedback controller can successfully provide regenerative
damping for mechanical vibrations with high-efficiency power conversion.

Index Terms—Boost converters, Switching circuits, Maximum power transfer, Energy

regeneration, AC-DC converters, Regenerative suspension, Energy harvesting.
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Chapter 1

Introduction

1.1 Motivation for the Research

Energy harvesting is the process of capturing energy from different sources in the envi-
ronment such as radio waves, traffic-induced vibrations in a bridge, and excess heat coming
from an engine. These sources of ambient energy can be recycled using advanced technolo-
gies resulting in improved energy utilization. Ambient sources of energy can be classified
into five categories including electromagnetic, thermal, radioactive, biomass, and kinetic
energy. Harvesting kinetic energy in the form of ambient mechanical vibrations provides
a means to extend the operation of battery-dependent systems. Over the past decade, a
wide array of electrodynamic transducers have been proposed to convert mechanical vibra-
tions into usable electrical energy [1]-[3]. Electrodynamic energy harvesters operate based
on the principle of electromagnetic induction, whereby electrical energy is converted from
mechanical energy into electrical energy through the relative motion between a permanent
magnet and a coil [4]. Fewer moving parts, lower maintenance, and higher efficiency are
some advantages of electrodynamic energy harvesters which make them good candidates in
many renewable energy technologies such as marine wave [5]-[8], wind power [9]-[10], and
regenerative suspension and braking [11]-[18]. Figure 1.1 shows a conceptual vehicle which
harvests energy from different ambient sources such as wind, solar, vibration, and fly-wheel
[19].

One of the most important design trade-offs in the implementation of kinetic energy

harvesters involve the compromise between the system size, total harvested power, and
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[Energy Harvester
Module control
Electronics

ectronic FW

air pump

Figure 1.1: A conceptual vehicle with different energy harvesting modules [19].

cost. A functional energy harvesting system usually includes a power conditioning mod-
ule and a storage element, which may be capacitor or rechargeable battery, as depicted in
Figure 1.2. A power conditioning circuity is required since renewable energy sources do
not usually produce deterministic voltage or current profiles and are time-varying in fre-
quency and amplitude of the power waveforms. Thus, a critical component in renewable
energy technologies is the need for an interface circuit between the harvester mechanism
and the load to provide appropriate power management such as rectification, regulation,
and impedance matching. In other words, since energy harvesting devices should process
input power profiles with intermittent or time-dependent characteristics, specialized power
electronic circuits are required to act as interfaces between the harvester and load.
Previous research on energy harvesting circuits have mainly focused on AC-DC convert-
ers based on the assumption of using sinusoidal input voltages/currents with known input
frequencies. However, in energy harvesting applications, the generated input voltages and

frequencies are time-varying and not known accurately in advance. Certain approaches have
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Harvesting and Conditioning Circuitries

Figure 1.2: Schematic of energy harvesting systems.

been proposed to address power processing such as using more than one power converter
in multi-channel converters [20]. However, these methods are not highly efficient due to
unpredicted nature of renewable sources, cost of extra components, complicated controller,

and high maintenance costs.

1.2 Background and Overview of the Present State of Tech-
nology

AC-DC conversion of electric power is widely used in many applications such as battery
chargers, adjustable-speed drives, switch-mode power supplies, and uninterrupted power
supplies. Conventional AC-DC converters, also known as rectifiers, have been developed
using diodes or thyristors to provide uncontrolled and controlled DC power with unidi-
rectional and bidirectional power flow [21]. In both types of rectifiers, the input current is
highly distorted and the ratio of input voltage to the the input current is not constant. Also,
the harmonic components injected into the power line would result in unfavorable effects
for electricity consumers such as overheating of transformer windings and malfunctioning
in the electrical devices connected to the grid. Therefore, conventional AC-DC conversion
topologies are not favorable due to several drawbacks such as poor power quality, current

harmonics, low efficiency, and large size of the required AC and DC filters.
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To measure the quality of the power, a criterion called power factor, is defined for pure
sinusoidal waveforms as the ratio of the real or active power flowing to the load to the

apparent power in the circuit given by

Real Power (W)
P Factor (PF) = 1.1
ower Factor (PF) Apparent Power (VA) (1.1)

which is a dimensionless number between 0 and 1. Real power is the capacity of the circuit
to perform work in a particular time interval. Apparent power is the product of the current
and voltage across a load. Due to energy stored in the load and returned to the source,
or due to a nonlinear load that distorts the current waveform, the apparent power will be

greater than the real power. In the sinusoidal steady state, the power factor is defined as

P
PF = — 1.2
. (12)

where P is the real power (also known as active power) measured in watts (W), and S is the
apparent power measured in volt-amperes (VA). In the case of a pure sinusoidal waveform,

P and S can be expressed as vectors that form a vector triangle such that
S? = pP? 4+ Q? (1.3)

where @ is the reactive power, measured in reactive volt-amperes (var). If ¢ is the phase
angle between the input current and voltage, then the power factor is equal to the cosine of

the angle | cos ¢| and
|P| = |S]| cos ¢ (1.4)

Although, power factor is defined for purely sinusoidal waveforms, the same concept of
keeping input voltage and current in the same phase, can be extended to an input wave-
form with multiple frequencies to improve the power quality. In cases where amplitude
and frequency may vary, a proportional relationship between voltage and current would be
equivalent to a unity power factor in the sinusoidal domain.

To adjust the power factor, different power factor correction (PFC) methods have been
suggested which can be broadly classified into passive and active categories. Passive tech-
niques [22]-[30] utilize an input filter, consisting of passive components (inductors and capac-
itors) to reduce line current harmonics caused by the diode rectifier. However, improvements

that can be achieved by this method are relatively limited. Another drawback of the passive
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PFC technique is the requirement for a relatively large size and weight of the filter inductor
and capacitor. Besides, the passive filter may not respond adequately if the load power
factor changes. On the other hand, active PFC techniques based on switch mode power
converters (SMPC) are regarded as more efficient solutions. These devices utilize controlled
solid-state switches in association with passive elements such as resistors, inductors, and
capacitors [31]- [42].

Switch mode power converters convert the input voltage to another voltage level, by
storing the input energy temporarily and then releasing that energy into the output at a
different voltage. This switched-mode conversion is of particular interest due to the fact
that it can result in high-efficiency power conversion. Power is controlled by controlling
the timing of electronic switches in the "on” and ”off” states. All basic switch mode power
converter topologies such as boost, buck, buck-boost, and their variations can be used to
realize active PFC techniques. At lower power ratings, metal-oxide-semiconductor field-
effect transistors (MOSFETSs) are the switching power devices of choice because of their
low conduction losses and high switching speed. For medium- and high-power applications,
insulated gate bipolar transistors (IGBTs) can be used in PWM-controlled converters with
switching frequencies up to 30kHz.

Among different SMPCs [33]-[34], the boost topology is by far more popular than others
in PFC applications because of its advantages such as simplicity, high power factor, low
harmonic distortion, and high conversion efficiency when compared to the other topologies.
A boost converter (step-up converter) is a switch mode power converter with an output DC
voltage greater than its input DC voltage. It contains at least two semiconductor switches
(a diode and a transistor) and at least one energy storage element. The boost PFC converter
draws continuous current from the line and does not require much filtering, which is usually
accomplished by an input filter capacitor. However, other topologies such as buck, buck-
boost, and flyback draw pulsed current and need much better input filters. As a result, a
more robust input filter must be employed to suppress the high-frequency components of
the pulsating input current, which increases the overall weight and cost of the rectifier. A
theoretical study of switching power converters with power factor correction is presented in
[43]-[44] in which conditions for resistive behavior were discussed in an open-loop sense.

To address issues such as robustness, power density, efficiency, cost, and complexity,
numerous AC-DC boost-type topologies have been proposed [45]-[46]. Also, some issues

of traditional PFC converters such as the reverse recovery time of the boost diode have
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been addressed in [47]-[50]. The proposed topologies include conventional boost converter
(CBC) [51], symmetrical and asymmetrical bridgeless boost converters (SBBC and ABBC)
[52]-[53], interleaved boost converter (IBC) [54]-[58], half- and full-bridge boost converter
(HBBC and FBBC) [59]-[60], three-level boost converter (3LBC and B3LBC) [61]-[62], and
regular and voltage doubler boost converter using a three-state switching cell (BC3SSC
and VDBC3SSC) [63]-[66]. Figure 1.3 depicts different boost-type topologies. As shown in
Figure 1.3-a, the conventional boost converter [51] uses a dedicated diode bridge to rectify
the AC input voltage to DC followed by a boost section. Thus, the current always flows
through three semiconductor elements, which are the two diodes of the diode bridge in
series with boost diode Dy, or boost switch S, depending on the state of S, resulting in
significant conduction losses. Therefore, the converter efficiency is compromised especially
at low input voltages. To increase the efficiency of the conventional boost converter, bridge-
less boost rectifiers (also known as dual boost converters) [52]-[53] have been introduced
as shown in Figure 1.3-b,c which eliminate the input bridge rectifiers. The drive circuit
of the main switches in Figure 1.3-b is less complex than that of Figure 1.3-c, since both
switches are connected to the same reference node. However, it should be mentioned that
this feature also eliminates the possibility of short-circuit through one leg due to possible
malfunctioning of the main switches. The main disadvantage of bridgeless boost converter
is the electromagnetic interference (EMI) and noise issues [67]-[68]. For a bridgeless PFC,
the output voltage ground is always floating relative to the AC line input. Thus, all para-
sitic capacitance including MOSFET drain to earth and the output terminals to the earth
ground contribute to common mode noise. To improve EMI noise in bridgeless boost con-
verters, two slow diodes are added to the input line [67]. The added diodes have no effect on
the efficiency of converter since they are in parallel with another semiconductor when they
conduct. This solution will help to reduce the current stress on the MOSFETS in bridgeless
configuration. As the power rating increases, it is often required to associate converters in
series or in parallel to construct a new type of converters known as interleaved converters
[54]-[58]. As illustrated in Figure 1.3-d, an interleaved PFC boost converter simply consists
of two boost converters in parallel operating 180 degrees out of phase. The input current
is then the sum of the two inductor currents. Since ripple currents of the inductors are out
of phase, they tend to cancel each other and reduce the input ripple current caused by the
boost inductors. Thus, interleaving can be used to increase conversion efficiency and power

conversion density and reduce the ripple amplitude [55]. However, in interleaved converters,
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Figure 1.3: Different boost-type PFC topologies: (a) Conventional boost converter (CBC),
(b) Symmetrical bridgeless boost converter (SBBC), (c) Asymmetrical bridgeless boost
converter (ABBC), (d) Interleaved boost converter (IBC), (e) Half-bridge boost converter
(HBBC), (f) Full-bridge boost converter (FBBC), (g) Three-level boost converter (3LBC),
(h) Bridgeless three-level boost converter (B3LBC), (i) Boost converter using three-state
switching cell (BC3SSC), (j) Voltage doubler boost converter using three-state switching

cell (VDBC3SSC) [35].
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the current is supposed to be adjusted to avoid overload, which makes the drive and control
circuits more complex. Besides, the reverse recovery problem of boost diodes would still
exist, which can be improved by operating in the discontinuous current mode (DCM) [56],
or by using a passive snubber [58]. To further reduce the conduction losses, the half-bridge
boost-type topology [59] shown in Figure 1.3-e can be utilized, where the current flows
through only one switch during each operating stage, resulting in a significant reduction in
the conduction losses. However, this topology suffers from imbalanced capacitor voltages,
which may be caused due to DC offsets in the controller components or imbalanced loads
connected in parallel with the capacitors. Therefore, a specific control loop is needed to mit-
igate the imbalanced voltage in the converter. To eliminate the need for this specific control
loop, the full-bridge boost-type converter depicted in Figure 1.3-f has been proposed [60].
Although this structure is capable of processing higher power levels with bidirectional power
flow, increased cost and complexity are distinct disadvantages due to the higher number of
semiconductor elements. The three-level boost converter shown in Figure 1.3-g can also be
used for high power applications as well as the interleaved boost converter [61]. From a
practical point of view, a three-level boost converter is recommended for applications where
the output voltage is around 400V or higher and the power level reaches some kilowatts.
Furthermore, the current ripple frequencies of the three-level boost converter and the in-
terleaved boost converter are twice as high as those of the conventional boost converter,
which have a significant impact on the input filter size. To reduce the conduction losses and
consequently to increase efficiency, the bridgeless three-level boost converter shown in 1.3-h
can be utilized which has a reduced number of semiconductor devices due to the integration
of the diode rectifier and the boost converter [62]. The three-state switching cell is similar
to the interleaving of multiple cells but an autotransformer is used instead of one inductor
per interleaved cell as depicted in Figure 1.3-i [63]-[65]. Since inductors in this topology are
designed for twice the switching frequency, the size and weight of the converter is reduced.
Moreover, the current through the switches is half of the input current. Thus, part of the
input power is delivered to the load by the transformer instead of the main switches, result-
ing in smaller conduction and commutation losses. Also, lower cost switches can be utilized
in this topology due to the possibility of parallelism of any number of cells. To further
reduce the conduction losses, a bridgeless boost converter is utilized using three-state cell
[66]. Table 1.1 summarizes some important characteristics of these converters considering

the same current, voltage, power, and switching frequency ratings for all six categories [35].
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Table 1.1: Comparison of some PFC boost-type converters

Parameter CBC | SBBC | IBC | BSLBC | HBBC | VDBC3SSC
Number of boost inductors 1 1 2 1 1 1

Size of each boost inductor L L L/2 L L/16
Total output voltage Vs Vs, Vo 2V, Vs 2V,
Maximum number of semicon- 3 2 3 2 1 2
ductor elements in the current

path

Existence of diode bridge Yes No Yes No No No
Number of active switches 1 2 2 2 2 4
Number of boost diodes 1 2 2 2 0 4

Referring to table 1.1, it is evident that each boost-type topology has its own pros and cons
for a specific application. A bridgeless boost converter has been utilized in this thesis due
to its advantages over the conventional boost converter such as less conduction losses and
consequently higher efficiency [69]. In this topology, the series diode in the conventional
boost-type topology is eliminated, which decreases the number of semiconductor devices.
Moreover, the DC side inductor is moved to the AC side, which results in a reduction of the
EMI noise.

A boost converter can operate in the continuous conduction mode (CCM), discontinuous
conduction mode (DCM), or critical conduction mode (CRM). These terms are related to
the continuity of the inductor current within the switching cycle. Figure 1.4 shows the
boost inductor current of a typical converter in different modes of operation. The DCM
operation of boost PFC converter is optimal for small-power applications [70]-[71], while
the CCM operation is optimal for medium and high power applications in terms of cost and
bulk components [36], [50], [72]-[73]. For a CCM boost PFC converter, both current control
loop and voltage control loop are required. The current control loop is used to control the
average input current of the converter to make it in the same shape and phase with the
input voltage [74]-[75] whereas the voltage control loop is used to regulate the DC output
voltage. In addition, mixed CCM/DCM and DCM operations can be used for a wide range
of load variations [76]. However, high input-current distortion may still exist, requiring
the use of large boost inductor to limit the input current distortion [77]. Moreover, mixed
CCM/DCM and DCM operations affect the dynamics of the current control loop in CCM,
which may result in poor current regulation and thus require modifications of the CCM

current control law [70]. To achieve unity-power-factor operation without current control
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loop, boost converter operating in the DCM has been proposed. In the steady state, the
average input current of a DCM boost converter automatically follows the sinusoidal shape
of the input voltage [78], thus making the DCM boost converter an inherent PFC converter.
Compared with the CCM operation, DCM operation offers a number of advantages such
as inherent PFC function, simple control, soft turn-on of the main switch, and reduced
diode reversed-recovery losses due to soft turn-off of freewheeling diode. In other words,
although in CCM operation the inductor current ripple is very small, which leads to low root-
mean-square (rms) currents on the inductor and switch and low electromagnetic interference
(EMI), the switch always operates in hard switching and the diode suffers from reverse
recovery losses. However, in DCM operation the freewheeling diode is turned off softly and
the switch is turned on at zero current, providing high efficiency. Nevertheless, the DCM
operation requires a high-quality boost inductor since it must switch extremely high peak
ripple currents and voltages due to the modulation of the inductor-current discharging time
and high current stresses [79], which restrict the power range of single DCM boost PFC
converter to lower power levels (below 250W) [70]. To increase the output power of DCM
boost PFC converter, interleaved DCM boost PFC converter is recommended [80]. Also, to
improve the performance of DCM boost converter at constant switching frequency, harmonic
injection methods can be utilized [81], which results in high-quality input current at the cost
of a complex control circuit. The approach based on variable switching frequency control
can be also used for PFC boost converter operating in DCM [82]-[83]. However, since the
switching frequency in this approach directly depends on the input-voltage and output-
power, it requires a complex rectifier and control circuit design under a wide input voltage
and output-power variation. The selected bridgeless boost converter used in this research
is operated in the DCM due to the aforementioned advantages for low power applications.

Proper analytical models for DCM operation of PWM converters are therefore essential
for the analysis and design of the converter. Such models could be used in designing the
control systems, analysis of static and dynamic performance of the converter, and selection
of the system parameters and components. Several authors have addressed the modeling
issues in the DCM for PWM converters [84]-[85]. Averaging techniques are the most pop-
ular methods used for for analyzing the converter dynamic behavior and the design of a
proper control loop. Several averaging techniques have been presented that are applicable
to specific classes of power electronic circuits, such as the circuit averaging method [85]-[86],

state-space averaging [87]-[89], switch averaging [90]-[91], sampled-data modeling [92]-[94],
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and canonical averaging or loss-free resistor model [95]-[97]. Historically, the development
of each averaging technique and the extensions thereof was motivated by a specific con-
verter topology for which previous averaging techniques were inaccurate or cumbersome.
In general, when a new converter topology is encountered, it is typically not clear as to
which averaging technique or extension should be used for that converter. Consequently,
substantial analytical effort is generally required to develop and implement the correspond-
ing average-value model. Among the proposed averaging techniques, the circuit averaging
and state-space averaging methods are quite popular and widely used. In the circuit av-
eraging method, each semiconductor is replaced by either a controlled source voltage or
a controlled source current, depending on its topological position in the converter circuit.
The state-space averaging method is based on analytical manipulations using the different
state representations of a converter. It consists of determining the linear state model for
each possible configuration of the circuit and combining these elementary models into a
single and unified model. As far as low-frequency modeling is concerned, both techniques
are quite similar and provide identical results. They are quite simple and useful as far as
the required behavior of the converter is limited to the low-frequency region. On the other
hand, they provide no information concerning the induced high frequency phenomena and,
therefore, cannot be used for electromagnetic compatibility analysis. Despite the limitations
concerning their applicability, these methods provide simple tools for simulation and anal-
ysis of the power converters. To have a valid mathematical model in the entire frequency
range, another modeling technique is used which is based on using the switching function
concept [85], [98]. Although this method is more complex and time consuming than the
averaging technique, this method does not neglect the high frequency operating regime and
allows to study the switching effects and to analyze the electromagnetic compatibility of the
converter. In this research, an averaged switch model of the DCM switch network is derived

to represent the characteristics of the converter operating in the DCM.

1.3 Summary of Contributions and Outline of Dissertation

Extension of the above works to energy harvesting applications involving arbitrary band-
limited sources of power such as wind, wave, and mechanical vibrations is not straightforward
since the generated input voltages and frequencies are time-varying and not known accu-

rately in advance. To achieve maximum power absorption in such cases, the idea presented
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in this dissertation is to design a power conditioning system independent of input waveform
characteristics through feedback control. In this regard, the contributions of this thesis are

summarized as follows:

1.3.1 Chapter 2: Modeling and Control of a Single-Phase Boost Con-

verter

This chapter lays the groundwork upon which the rest of the research was founded.
First, the dynamic model of a single-phase bridgeless boost-type rectifier /charger is derived
using averaging method. Motivated by certain requirements in energy harvesting applica-
tions, a feedback control scheme is then developed. It is shown that the circuit exhibits
a nonlinear pseudo-resistive behavior as long as the duty cycle of the PWM control signal
remains below a specific bound. The analytic expressions for pseudo-resistive behavior of
the input are utilized to derive the feedback control law and corresponding component val-
ues and switching frequencies. Furthermore, performance of the converter with feedback
control is demonstrated through simulation and experimental studies. The results indicate
that by using model-based feedback control one can successfully enforce a linear resistive
behavior between the input current and voltage with arbitrary waveforms. The value of
input resistance can be changed by changing the desired resistance applied to the controller.

The outcomes of research presented in this chapter were published in [99]-[100].

1.3.2 Chapter 3: A Regenerative Suspension System using a Tubular DC

Permanent-Magnet Machine

Based on the modeling and analysis results developed for the single-phase charger pre-
sented in Chapter 2, we utilize the power converter along with the control scheme for
vibration damping using a tubular DC permanent-magnet machine. To this end, the boost
converter along with the proposed feedback control strategy is implemented on an energy re-
generative suspension system testbed consisting of a mass, spring, and a linear DC machine.
The model of the mass-spring system along with the linear DC machine is investigated when
the system is vibrated using a shaker that can generate different frequencies in the low fre-
quency band (a few Hz). The linear DC machine converts the vibration energy into electrical
energy, due to the relative motion between its permanent magnet slider and stator winding.

The model of regenerative damping system consisting of the linear DC machine is derived
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and the condition under which the proposed damping system can harvest and transfer the
maximum power to a DC media such as battery is investigated. It is shown that to transfer
the maximum power to the load, there must be a resistive relationship between the input
voltage and current of the power electronics interface. Thus, the boost converter circuit
along with a feedback control strategy is utilized to enforce a resistive behavior between the
DC machine output terminals. Furthermore, performance of the suspension system testbed
is evaluated through experimental studies. The results indicate that the boost circuit and
proposed feedback controller can successfully provide regenerative damping for mechani-
cal vibrations with high-efficiency power conversion for the boost converter. The results

presented in this chapter were published in [101]-[102].

1.3.3 Chapter 4: Modeling and Control of a Three-Phase Boost Con-

verter

The modeling approach and control strategy developed in Chapter 2 is extended for a
three-phase system due to the extensive use of three-phase machines in renewable generation
systems such as variable speed wind and marine wave energy. To this end, the model of a
three-phase bridgeless boost converter is derived that provides analytical expressions of the
input characteristic of the converter. Based on this model, a novel feedback controller is
designed to achieve a per-phase desired resistive input characteristic that can be adjusted
to act as an apparent electric load on the generator. This feature can be used in maxi-
mum power transfer from the input power source in an impedance matching configuration.
Furthermore, performance of the converter with feedback control is demonstrated through
simulation and experimental studies for a low power conversion application using a dynamo
system in the laboratory. The results indicate that one can successfully enforce a linear
resistive behavior between each two phases of the input by using the proposed switching
regime and control algorithm. The values of phase-to-phase resistances can be changed by
changing the desired set points applied to the controller. The proposed solution enables
real-time variation of the generator loading using high-efficiency switching power devices.
The outcomes of research presented in this chapter were submitted to [103]-[104]. More-
over, the converter along with the modeling and control method have been filed as a US

provisional patent [105].
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1.3.4 Chapter 5: A Regenerative Suspension System using a Rotary

Permanent-Magnet Machine

Based on the modeling and analysis results developed for the three-phase converter
presented in Chapter 4, we utilize the power converter along with the control scheme for
vibration damping using a rotary three-phase permanent-magnet machine. To this end,
the boost converter along with the proposed feedback control strategy is implemented on
an energy regenerative suspension system testbed consisting of a mass, spring, algebraic
screw, and a rotary machine. The algebraic screw converts the linear motion of mechanical
vibration into input torque for rotary DC machine resulting in generating electromagnetic
force which acts as the damping force that can be electrically controlled by regulating
the induced current. The model of regenerative damping system consisting of the rotary
three-phase machine and algebraic screw is derived. The three-phase boost-type converter
circuit along with a feedback control strategy is utilized for regenerative damping and its

performance is verified through simulation and experiments.

1.3.5 Chapter 6: Summary, Conclusions, and Suggestions for Future
Work

The research work accomplished in this thesis is summarized in this chapter. Based on
the theoretical, simulation, and experimental studies, general conclusions concerning the

outcome of this thesis are provided along with suggestions for future work.



Chapter 2

Modeling and Control of a

Single-Phase Boost Converter

In this chapter, modeling and control of a single-phase bridgeless boost converter are pre-
sented. Prior research in this area has focused on boost converters based on the assumption
of using sinusoidal input waveforms with known frequency and amplitude. The development
of a boost-type switching converter as a battery charger for efficient power conversion from
an arbitrary low-frequency input voltage waveform is thus presented in this chapter. The
boost-type converter is modeled in Section 2.2 using the averaging method which results in
a nonlinear input model. Based on the input model developed in Section 2.2, a feedback
control scheme is proposed in Section 2.3 to achieve a desired input resistance. Section 2.4
presents simulation and experimental results which illustrate performance of the feedback
control system. The results indicate that unity power factor operation for irregular and
time-varying inputs is achievable through using the proposed feedback controller. More-
over, it is shown that by using the developed model-based feedback control scheme, a linear
resistive behavior between the input current and voltage can be achieved. Finally, summary

and conclusions are presented in Section 2.5.

2.1 Introduction

Operation under unity power factor is an important feature in AC-DC boost power

converters. The basic topology of the conventional AC-DC PFC boost rectifier is shown in

16
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Figure 2.1: Conventional single-phase boost-type converter.

Figure 2.1. A great deal of research has been conducted on this converter aimed at minimiz-
ing power losses so that higher power conversion efficiency can be achieved. In an effort to
improve the efficiency of the front-end PFC rectifiers, several power supply manufacturers
and semiconductor companies have started looking into bridgeless PFC circuit topologies.
Generally, bridgeless PFC topologies may reduce conduction losses by reducing the number
of semiconductor components in the line current path. Compared to the conventional PFC
boost rectifier (Figure 2.1) one diode is eliminated from the line-current path, so that the
line current simultaneously flows through only two semiconductors, resulting in reduced con-
duction losses. Performance comparison between the conventional and the bridgeless PFC
boost rectifier as well as loss analysis and experimental efficiency evaluation was presented
in [69]. Several other researchers have studied bridgeless boost converters in terms of their
efficiency and EMI noise analysis [106]-[108].

Previous research in this area has mainly focused on boost converters based on the
assumption of using sinusoidal input waveforms, e.g., for power-line applications [75], [41]

where the frequency and amplitude of input waveforms are a-priori known. In this chapter,
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we propose a feedback control scheme based on a resistive model derived for a single-phase
bridgeless boost converter as a battery charger. This feature enable the proposed system to
be utilized for energy harvesting applications from arbitrary band-limited sources of power
such as wind, wave, and mechanical vibrations, where the generated input voltages are not

known accurately in advance.

2.2 Operating Principle and Circuit Analysis

The single-phase conventional and bridgeless boost converter considered in this chapter
is shown in Figure 2.2 (see e.g., [69]). In the following, we provide a brief review of the
circuit operation along with a derivation of the resistive behavior of the circuit. Referring
to Figure 2.2, the Schottky diodes and MOSFETSs are used to achieve low conduction losses.

To decrease the conduction losses, Q2 is kept on when the time varying input voltage v;
is positive. Similarly, ()1 is turned on during the negative cycle of the input voltage. When
v; > 0 and Q7 is on, the inductor current builds up and energy is stored in its magnetic

field (Figure 2.3-a). We denote this case as mode 1 of operation. After @ is turned off, the

N, Lo,

Control System

Figure 2.2: Single-phase bridgeless boost-type converter.
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Figure 2.3: Operation modes in the positive cycle of input voltage (a) Mode 1 of circuit
operation: Both @1 and Q2 are ON, (b) Mode 2 of circuit operation: @ is turned OFF and
@2 remains ON.

stored energy in the inductor together with the energy coming from the input source charge
the battery as depicted in Figure 2.3-b. We denote this case as mode 2 of operation of the
circuit.

Let us now analyze the circuit when the input voltage v; is positive. A similar analysis
can be given for negative input voltages. Based on the time intervals that MOSFETs @,

and Q2 remain on and off, there are two different cases as follows.

2.2.1 Case I: ), is OFF for a relatively long time

In this case, it is assumed that the off-time of @); is large enough such that the inductor
is completely discharged to zero current. The charging and discharging of the inductor is
illustrated in Figure 2.4. In this figure, t,, and ?,f; are the time intervals that ()1 remains
on and off, respectively, and T is the switching period of Q1.

In mode 1 of operation, the inductor current can be written as follows

1 t
iL(t) = iL(tl) + L/ ’Ui(t)dt, t1 <t <EkTs (2.1)
t1

In the following analysis, the MOSFET voltage drop is ignored when it is on. Since in this
case the inductor is totally discharged, the current of the inductor would be zero before or

just at the end of each switching cycle. Therefore, with no loss of generality, we assume
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Figure 2.4: Inductor Current for Case I: Q1 is OFF for a relatively long time.

t1 is the start time of k*" switching cycle such that iz (t;) = 0. Also, let us assume that,
by design, we choose the switching frequency much higher than the frequency content of
input source. Hence, v;(t) is approximately constant during ¢, i.e., v;(t) = v;(kT), where
k is the sampling instant and T} is the switching period. Therefore, during t,, (2.1) can be

approximated as

1
iL(t) = Zvi7k(t — tl), 751 S t S kTS (22)

where v; 1, is the value of input voltage v; at time ¢t = k7.
In mode 2 of operation, the inductor current can be described by the following equation
in(t) =i+ 2/}{; (vi(t) = Vp — Vp)dt, kTs <t <ty (2.3)
where iy, ;. represents the value of inductor current at time ¢t = kT, Vp stands for the battery
voltage, and Vp is the voltage drop across diode D;. Again, the MOSFET voltage drop is
ignored when it is on, and v;(t) is assumed to be approximately constant during t,s, i.e.,
v;(t) = vi(kTs). Using (2.2), ip is given as follows
) 1
Lk = T Vikton: (2.4)
Substituting (2.4) into (2.3) results in

1 1
’iL(t) = zvi,kton + Z(Ui’k — Vg — VD)(t — kZTS), kT, <t <ty (2.5)

Referring to Figure 2.4, to find ¢, we set iy (t2) = 0. Hence

(% kton
tg = — >~ 2.6
7 Ve + Vb —vig (2:6)
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Therefore, referring to Figure 2.4 it can be concluded that

1. 1.
Ag = ilL,kton + ilL,ktO (27)

where Agq is the total charge passing through the inductor in the interval t; < t < t; + Tg.
By substituting (2.4) and (2.6) into (2.7), we have

1
Aq 7Ui7kt¢2m(1

_ Vi k )
2L

- 2.8
vik—Ve—VD (2:8)

Therefore, the average value of inductor current at instant kT, iy k, can be written as

- A 1 t?m v;
1Lk = q— (1 - —7k) (2'9)

vir — Ve —Vp

—1 - Con,,
T, 2LT, *
Equation (2.9) indicates that there exists a nonlinear resistance at each sampling time

t = kT, between input terminals XY (see Figure 2.2) given by

Vi 2LT Vi
Ry = —oF — 1— k). 2.10
YA B, S T 0 (2.10)

It should be pointed out that there is a major difference between the above result and the
loss-free resistive model given by [78]. In [78], the effective resistance is obtained across the
switch element which is not a function of the input and output voltages of the converter
and hence is linear with respect to the input and output voltages. In this work, we have
obtained a nonlinear resistive behavior across the combination of the switch and inductor
as given by 2.10 which will be compensated by utilizing an inversion-based controller as
discussed in Section 2.3.

Due to the resistive nature of (2.10), there is no phase difference between v; 5, and gL,k,
if the circuit is operated in this mode. It must be noted that the time-varying part of

V5 ko
> Vp+Vp?

we will obtain a condition to achieve the above resistive relationship between v;j and iy

Ry, ie. is compensated by the feedback controller presented in Section 2.3. Next,

based on the duty cycle of switching. Referring to Figure 2.4, the condition that should be
satisfied is that the off-time of (J; must be large enough to let the inductor to be completely
discharged, i.e., tg < t,rf. Thus one can write t,, and f,f; in terms of the duty cycle d of

PWM waveform as follows

ton = de
tors = (1—d)T, (2.11)
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Using (2.11) and (2.6), we have

v; kdTs
— < (1 —-d)T 2.12
VB—FVD—UZ‘,]C_( ) ( )
which results in
d(VB + VD) <Vp+Vp-— Uik (2.13)

Therefore, the condition to achieve resistive performance at the input can be obtained using
the following equation

Uik
d<1_ _ bk
- Ve+Vp

(2.14)
The above relationship indicates that a pseudo-resistive behavior is achieved at a duty cycle
that is independent of circuit elements, i.e., it only depends on the input voltage and voltage

drop across the diode and battery.

2.2.2 Case II: ), is OFF for a sufficiently short time

In this case, it is assumed that the off-time of ()1 is small and the inductor cannot be
discharged completely. Figure 2.5 shows the charging and discharging cycles of the inductor

current. The inductor current in mode 1, when it is charging, can be written as follows

1 t
iL<t) = iL(t3> + L/ 'Ui(t)dt, tg <t < kT (2.15)
t3

In mode 2 of operation, the inductor current can be described by the following equation

1 t
iL(t) = iL,kfl + / (’Ui(t) -V — VD)dt, (k — I)TS <t <ts (2.16)
L J-vr,
Using (2.16), we have
. . . 1
ULty = ZL(tg) =irk-1+ *(Uz‘,k—l — Vg — VD)toff~ (2.17)

L
Substituting (2.17) into (2.15) results in

) ) 1 1
ir(t) =i k-1 + Z(Ui,k—l — VB = Vp)toss + Z”i,k(t —t3), t3 <t <ET; (2.18)

Now, iy, j, depicted in Figure 2.5 can be derived from (2.18) as follows

) ) 1 1
iLk = L k-1 T+ f(vi,kq — VB — Vp)toss + ZUz‘,kton' (2.19)
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Figure 2.5: Inductor Current for Case II: @)1 is OFF for a sufficiently short time.

From (2.19), it follows that

. ) ) 1 1
Nipgp=irk—irk1= Z(Uz',k:—ltoff + U gton) — Z(VB + Vp)tors: (2.20)

Assuming that the input voltage does not change much in one sampling interval T, i.e.,

Vi k—1 = V;k, and utilizing (2.11), equation (2.20) can be used to approximate the slope of

inductor current curve, i.e., did%, as
dipr 1 1

N i — —(V, Vo)1 = d)- 2.21

dt LUz,k L( B+ D)( ) ( )

Therefore, the relationship between input voltage v; j, and input current iz, ; at time ¢t = kT

is given by

di

ik =1L st”“ + (Vs + Vp)(1 — d)- (2.22)

Thus, when d is large enough, e.g., for d = 1 corresponding to t,¢s = 0, the input voltage

and current would have a phase difference of 90 degrees since the circuit would act like a pure

inductance. In summary, the circuit exhibits a pseudo-resistive behavior between points X

and Y in Figure 2.2, as long as d remains below the bound given by (2.14), whereas for

1- szik < d < 1, the circuit will behave as a pure inductor with a DC bias which varies
B+VD

based on the duty cycle as described by (2.22).

2.3 Proposed Control Strategy

Based on (2.10), the parameters that can significantly affect the value of input resistance

Ry are Ty, t,,, and L. The switching period T cannot generally be a proper control variable.
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Thus, t,, has to be used as the control input which can be related to d. To this end, let us

define u, a and y as follows

2IT,

Uik
u =

12 y a= VB + VD) Yy=-
on ULk

(2.23)

where u and a are both positive (v > 0, a > 0). Equations (2.10) and (2.23) result in

a—"v

y=u("") (224

where v = v; .

Now, let us define
u=yq+ Au (2.25)

where y,4 is the desired input resistance of the circuit. Substituting (2.25) into (2.24) results

in
v
y = (ya+ du)(1——)- (2.26)
By defining e = y4 — y and using (2.26), we have
v v
= Zus— Aul(l — 2)- 2.27
e=—ya—Au(l - ) (2:27)
Now, let us take the control input Awu as follows
Au=(1- ) w+ Zyy) (2.28)
a a
where w is the output of a PI controller given by
w = Kpe + K[/edt- (2.29)
Substituting (2.28) into (2.27) and using (2.29) results in
(Kp+ e+ Ky / edt =0 (2.30)

Since the coefficients of the PI controller are always positive, K;/(Kp+1) is always positive,
which guarantees that the error would exponentially converge to zero. It should also be
noted that the above ratio specifies the convergence speed of the controller. By increasing
this value reasonably, the controller is able to compensate the uncertainties caused by the

nonlinear term on the input resistance given by (2.10). However, if the K;/Kp ratio is
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Figure 2.6: Block diagram of proposed control strategy.

increased too much, it may have a destabilizing effect due to the unmodeled dynamics. This
ratio is set to 4000 (K = 40, and Kp = 0.01) for the experimental setup used in this study.
The control law is then obtained by substituting (2.28) into (2.25) as follows

w=ya+ (1= 2) " w+ 2y (2.31)

which can be further simplified to

a

u = (yd + w). (2.32)

a—v
The value of duty cycle, d, is then calculated using (2.23) and u given by (2.32) at each
time instant. Figure 2.6 illustrates the control system block diagram in which the control

input is generated by a PWM signal with the duty cycle determined by the controller.

2.4 Simulation and Experimental Results

A Simulink model of the proposed converter and its controller were developed using
the SIMELECTRONICS toolbox of MATLAB with the following parameters: L = 0.1H,
C =100uF, R=1kQ, Vg =12V, Vp = 0.6V, v;(t) = 3sin(2nfit)V, fi = 2Hz, fs = 1kHz,
and yq = 5k€); where f; and fs are input signal and switching frequencies, respectively.

Figure 2.7 illustrates the variation of input resistance versus PWM duty cycle using
simulation and the resistive formula given by (2.10). The PWM duty cycles are below the
bound given by (2.14) (i.e., d < 76%); hence the circuit operates in the pseudo-resistive
mode. Figure 2.7 shows that simulated values are close to corresponding theoretical values
obtained from (2.10).

The proposed controller is utilized to achieve the desired resistance by changing the

a

duty cycle of PWM signals. Since —*- is close by unity, this term is assumed to be one in

controller implementation.
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Figure 2.7: Theoretical and simulated values of circuit resistance seen from the input voltage
source.

From Figure 2.8-a, it is evident that there is no phase difference between input voltage

and current which is achieved by tuning the duty cycle of PWM signal. Considering (2.10)

and ignoring the term v;i’;D, which is typically small for a boost converter, results in

Ry = 5K, when the duty cycle of the PWM control signal is 25%. Figure 2.8-b shows that

the duty cycle is oscillating around 25%. This oscillation is because of the time varying part

Vi, k
vg+vp

in equation (2.10) due to

Figure 2.9 illustrates performance of the proposed controller in achieving pseudo-resistive
behavior for a multi-frequency input source with varying amplitude.

Figure 2.10 shows the simulation results for d = 99% which indicates almost 90 degrees
phase difference between input voltage and input current. Thus the circuit behaves as an
inductive circuit for duty cycles between 76% and 100%.

To evaluate performance of the circuit experimentally, the circuit shown in Figure 2.2
was implemented as shown in Figure 2.11. The following components were used: @1, Q2:
N-channel MOSFETSs, 75V, 90A (IRFP2907) [109] with internal diodes D3 and Dy4; D1, Dj:
Schottky diodes, 60V,20A (MBR4060WT) [110]; B: Sealed lead acid battery, 12V, 7Ah; C":
Electrolyte capacitor, 100uF, 25V; L: 0.1H; R: 1KQ.

The current signal passing through the inductor, and the input voltage are measured,
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Figure 2.8: Simulated waveforms for a sine wave input source: (a) Input voltage and input
current multiplied by the value of desired resistance (Rq = 5k€2), (b) Duty cycle of PWM
signal.
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Figure 2.9: Simulated waveforms for a multi-frequency input signal with varying amplitude:
(a) Input voltage and input current multiplied by the value of desired resistance (Rg = 5k€2),

(b) Duty cycle of PWM signal.
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Figure 2.10: Simulation results showing inductive behavior of the circuit.

Figure 2.11: Implementation of the circuit in Figure 2.2.
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Figure 2.12: Block diagram of experimental setup.

amplified, and isolated using two LT1167 instrumentation amplifiers. These two signals
along with the battery voltage are then captured by ADC channels of dSPACE 1103 (from
dSPACE, Inc. [111]). These data are then transferred to a PC workstation running MAT-
LAB/SIMULINK through a fiber optic cable connecting dSPACE controller to the PC. The
circuit resistance seen from input voltage source (y) is then calculated by dividing captured
input voltage over inductor current. The controller is implemented on a dSPACE DSP
board using the MATLAB Real-Time Workshop. The PWM signal is generated based on
the value of d obtained from (2.29), (2.32), and (2.23) at each sampling instant. Figure 2.12
depicts a block diagram of the experimental setup along with its feedback controller. Figure
2.13 shows the experimental setup.

A 2Hz sine wave signal is applied to the experimental setup with the desired input
resistance set to 5K (). The results using feedback controller are shown in Figure 2.14.

The performance of the controller was then investigated by applying a multi-frequency
input signal v;(t) = 3sin(4nt) 4+ 1.5sin(107t) for an input resistance of 5k€2. The results are

shown in Figure 2.15 which indicate that the input current follows the input voltage with
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Figure 2.13: Experimental setup.

no phase difference.

It also must be noted that the negative cycle oscillations of the input current in Figures
2.14-a and 2.15-a are caused by induced noise due to using a floating ground AC input
source. Since the floating point and the circuit ground cannot be completely isolated, some
induced noise in the input current has appeared in negative cycles.

The inductive behavior of the circuit was also investigated using the experimental setup.
The significant phase difference between input voltage and input current shown in Figure
2.16 illustrates that a large value of duty cycle (d = 99%) of PWM control signal results in
inductive behavior of the circuit (i.e., when d > 1 — —“%— as per (2.14)).

Ve+Vp
The efficiency of the proposed converter was also investigated by calculating the electrical

power at the input and output of the converter. Figure 2.17 illustrates the efficiency versus
different values of the PWM duty cycle. As shown in this figure, the efficiency remains
almost constant when the duty cycle is above 10% and decreases when the duty cycle is
above the boundary value for resistive operation, i.e., 76% obtained from (2.14). The drop

in efficiency at low duty cycles can be attributed to switching losses due to large current
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Figure 2.14: Experimental waveforms for a sine wave input source: (a) Input voltage and
input current multiplied by the value of desired resistance (Rg = 5k€2), (b) Duty cycle of
PWM signal.
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Figure 2.15: Experimental waveforms for a multi-frequency input signal: (a) Input voltage
and input current multiplied by the value of desired resistance (Rq = 5k€2), (b) Duty cycle

of PWM signal.



CHAPTER 2. MODELING AND CONTROL OF A 1-PHASE CONVERTER 34

= = = Input Voltage (Vm)

Input Current (Iin)

Time (s)

Figure 2.16: Experimental results showing inductive behavior of the circuit.
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Figure 2.17: Converter efficiency for different values of duty cycle.
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Figure 2.18: Converter efficiency for different values of battery voltage.

spikes in the discontinuous conduction mode. Operating the circuit with a duty cycle above
76% will decrease the efficiency since the circuit does not operate in the resistive region and
power conversion efficiency drops due to the inductive behavior of the circuit. It must be
noted that the aforementioned efficiencies were obtained by considering all possible losses
of the circuit such as switching, diodes and inductor losses. The efficiency can be increased
further by using lower power /voltage MOSFETSs.

Figure 2.18 indicates that increasing the battery voltage improves the efficiency for higher
values of duty cycle. In fact, increasing battery voltage Vp extends the specific bound for d
obtained from (2.14) by making it closer to one. This effect enables the circuit to operate in
resistive region for higher value of PWM duty cycle. Therefore, the switching power losses
are reduced which results in higher efficiency. However, the efficiency changes significantly
for other values of the duty cycle as observed from Figure 2.18. For instance, if Vg = 48V,
the efficiency decreases from 95% to 79% when the duty cycle changes from 50% to 10%. It
must be noted that although higher Vp results in higher efficiency for higher duty cycles, it
will also cause of decreasing efficiency for lower duty cycles. In summary, for an application
with huge range of changing load resistance (changing of duty cycle consequently), the mid

size for battery (12V') is the best choice, as efficiency almost remains constant for different
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duty cycles (91%). For application requiring high desired input resistance (low duty cycle),
it is better to use smaller size of battery, while large size of battery is needed for application
requiring lower desired resistance. In this application, a 12V battery is used with the

efficiency remaining almost constant (91%) for a wide range of the duty cycle ratios.

2.5 Summary and Conclusions

In this chapter, analytical expressions describing the input characteristic of a single-
phase boost-type rectifier were derived, based on which a feedback controller was designed
to achieve a pseudo-resistive input behavior. It is shown that the circuit exhibits a nonlinear
pseudo-resistive behavior as long as the duty cycle of the control signal remains below a spe-
cific bound. The analytic expressions for pseudo-resistive behavior were utilized to derive
a feedback control scheme and corresponding component values and switching frequencies.
Furthermore, performance of the converter with feedback control was demonstrated through
simulation and experimental studies. The results indicate that by using feedback control
one can successfully enforce a linear resistive behavior between the input current and volt-
age with arbitrary waveforms. The value of input resistance can be changed in real-time
by changing the desired resistance applied to the controller. This feature is used in a re-
generative vibration damper to provide various damping effects by setting the equivalent
electrical resistance to the desired mechanical damping which is investigated experimentally

in Chapter 3.



Chapter 3

A Regenerative Suspension System
using a Tubular DC

Permanent-Magnet Machine

This chapter presents the development of an energy regenerative damper consisting of a
mass-spring system coupled with a permanent-magnet DC machine, power electronics con-
verter, and a battery. The vibration energy induced in the mass-spring system is converted
into battery charge through the DC machine and a pulse-width-modulated boost-type con-
verter developed earlier in Chapter 2, which enforces a pseudo-resistive behavior between
its input terminals through the feedback control. Introducing this pseudo-resistive behav-
ior across the DC machine produces the same effect as a mechanical damper but with an
energy-regenerative function. To this end, the model of the permanent-magnet DC machine
is presented in Section 3.2. Based on this model, the desired damping force that must
be produced by the DC machine to convert the mechanical vibration energy into electric
charge is obtained in Section 3.3. Experimental results are then provided in Section 3.4 that
demonstrate the performance of the regenerative damper using a small-scale suspension sys-
tem testbed described in Section 3.3. Finally, summary and conclusions are presented in

Section 3.5.

37
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3.1 Introduction

The main function of a suspension system is to isolate the vehicle chassis from the
road disturbance and provide ride comfort and passenger safety. In particular, the relative
shock and vibrations between sprung mass of a vehicle body and unsprung mass of the
wheels caused by road profile and acceleration/decelerations of the car, must be damped
to provide comfort and good road handling. Traditionally, the energy of this mechanical
vibration is transformed into heat by passive shock absorbers due to friction. If this power
loss can be recycled, the energy consumption will be reduced. Motivated by this, the idea
of regenerative suspension systems with the primary goal of resolving the inherent tradeoffs
between ride quality, handling performance, suspension travel and power consumption, was
initiated.

Regenerative damping which constitutes converting the mechanical vibration energy into
electric charge is of great interest due to an increasing demand for energy-efficient devices.
Applications involving regenerative vibration damping at higher power levels (200W-1kW),
for example in automotive systems, are attractive due to their potential to improve fuel-
efficiency. Wendel et al. [112], proposed different configurations of regenerative systems in
automobile suspensions. In [113], the concept of regenerative damping was introduced and
a variable linear transmission was proposed. Suda et al. [114] proposed a hybrid control
system with active control and energy regeneration to achieve vibration reduction with low
energy consumption. A regenerative vibration control system with a pneumatic actuator
was presented in [115].

The idea of using the electromagnetic linear actuators in automobile suspensions was
proposed by many authors to get rid off the disadvantages of existing hydraulic active sus-
pension systems such as slow response, high energy consumption, and complexity. In [116],
an energy regenerative type vibration damper and suspension system were introduced using
an electro-dynamic actuator. The feasibility of a self-powered active suspension control of a
truck cab through an analytical energy balance method and numerical simulations was dis-
cussed in [117]. In this system, the electric machine mounted in the front suspension absorbs
the vibration energy from the road excitation and stores it into a capacitor for vibration
isolation of the cab suspension. This study indicates that sufficient energy is regenerated

to supply power for active suspension control. Zhang et al. [118] utilized a combination
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of a ball screw and permanent-magnet brushless DC motor in their regenerative suspen-
sion system to investigate feasibility of the concept. In [119], an energy recuperation and
management scheme was presented for automotive suspension systems with linear electric
motor using H., controller. A hydraulic transmission electromagnetic energy-regenerative
suspension system was proposed by Lin et al. in [120]. Their suspension system combines
mechanical, electromagnetic, and hydraulic structures all together to recycle the vehicle
shock energy. Developments in power electronics and permanent magnet materials justify
the possibility of implementing electromagnetic machines to improve performance of au-
tomobile suspension systems. Martins et al. [121] developed a permanent-magnet linear
actuator for automobile active suspension. An energy converter consisting of a DC motor
with a step-up chopper was proposed in [122], in which the energy is regenerated from a
low-speed and low-voltage generator into a high voltage circuit. However, issues regarding
the efficiency and performance of the power electronics converter were not studied.

The above works on regenerative suspension have investigated different topics such as
the feasibility and development of electromagnetic machines and mechanisms for energy
conversion. However, they have not addressed power control for maximum energy capture
from vibration waveforms with time-varying amplitudes and frequencies. Such waveforms
are typically present in a vehicular suspension system and depend on the road profile and
vehicle’s dynamic characteristics. To address the above issue in power control, we utilize the
circuit discussed earlier in Chapter 2, to enforce a resistive behavior at its input terminals
through feedback control. Using the proposed control strategy, the battery would look like
a pure resistor as seen from the inputs of the power electronics circuit; thus realizing a
controllable damper system. Furthermore, the damping coefficient of the system can be set

and changed in real-time.

3.2 Modeling of a Tubular DC Permanent-Magnet Machine
Used in the Suspension Testbed

Direct drive linear machines have been utilized in low frequency applications, where
mechanical gearing is undesirable, or when low inertia is required [123]-[124]. Since me-
chanical vibrations of a suspension system are in the form of linear reciprocating motion,

an electromagnetic linear machine shown in Figure 3.1 is utilized in this work. The machine
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Figure 3.1: Linear permanent-magnet tubular machine [125].

is essentially an actuator, but in this work it has been used as a generator to convert me-
chanical vibrations into electricity. The direct-drive machine has low friction and cogging
forces and consists of two parts including a slider and a stator. The slider is made of high
strength neodymium magnets encased in a high-precision stainless steel tube. The stator
contains the windings, slider bearings, and a position encoder. The machine operates based
on the voltage generated due to the relative motion between a stack of permanent magnet
rings separated by soft iron rings. Referring to Figure 3.1, the slider is free to move through
the stator coil windings. In the following, a model of the above machine is presented that
describes a relationship between the vibration dynamics and generated voltage. Following
[124], the voltages of stator windings, i.e., phases 1 and 2, can be obtained from

2
Y .
v; = —Tjt; + d_tj’ Aj = E Ljgip + Ajr (3.1)
k=1

where j = 1, 2, and r; is the resistance of phase j; 7; is the current of phase j; A;; represents
the flux linkage in phase j due to the magnets; and Lj, j, k = 1, 2 are the self (j = k)

and mutual (j # k) inductances. These inductances are generally position dependent.
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Furthermore, the flux linkage due to the permanent magnet depends on the pole pitch and
displacement z. The maximum flux linkage occurs when the coil axis is aligned with that

of the soft iron pole. The generated voltage of each phase is thus given by
_dNjp dNjrpdz

E;, = 3.2
Tdt dz dt (32)
For phase 1 used in this study, we have
Mf=N¢| = No cos(zz) (3.3)
T

where z is the relative displacement, A;s is the flux linkage (for phase 2, X is shifted by
90 degrees), T represents the pole pitch of the generator, N is the number of turns in each

phase, and ¢ represents the peak flux in the air-gap. Substituting (3.3) into (3.2) results in

d\ AT
By = d;f = N o= sin(

TH&
T ' dt

(3.4)
where F; is the generated voltage of phase 1. Equation (3.4) can be further written as
By = —B(2) (3.5)
where
AT T
= N¢—sin(—z). 3.6
8(z) = N9 sin(Z2) (3.6)

Equation (3.5) indicates that the generated voltage will not be a pure sinusoidal waveform
in response to the up-down translational motion as a result of the nonlinear term 3(z). This
equation will be used in Section 3.3 to find a relationship for the optimal force that the DC

machine must produce to harvest active power from mechanical vibrations.

3.3 Suspension System Dynamics and Desired Loading of the
DC Machine

Figure 3.2 shows the schematic diagram of the regenerative damping system, where my,
My, Ks, Ky, and Cs represent a quarter of the sprung mass of a vehicle body, the unsprung
mass of one wheel, the stiffness of the spring, the tire stiffness, and the damping coefficient,
respectively. The desired damping is specified by the lower right block shown in Figure

3.2. The desired damping specified by this block is transformed into an equivalent electrical
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Figure 3.2: Schematic diagram of the regenerative vibration damping system.

input resistance and provided as a set-point to the feedback control scheme. The desired
resistance is implemented by using a power electronics circuit converter and feedback control
as discussed in Sections 2.2 and 2.3.

Using a free-body diagram, and neglecting friction, the equations of motion for this

system are given by

mpTp = —CS(IL;b—:E'w) —Ks(l‘b—l'w)—i-Fg (3.7)
MLy = Cs(Zp — xy) + Ks(xp — 24) — K2 — ) — Fy (3.8)

where x,,, x,, and x; represent vehicle’s wheel displacement, road displacement, and vehi-
cle’s body displacement, respectively, and Fj is the upward reaction force of the linear DC
generator.

Assuming that the unsprung mass m,, is negligible compared to m;, and the tire stiff-
ness K, is relatively large, an approximate one-degree-of freedom (1-DOF) system can be

obtained as shown in Figure 3.3. Using a free body diagram and neglecting friction, the
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Figure 3.3: One-degree-of freedom model of the suspension system.

equations of motion for this system are thus given by
mpxy = —Cs(afb — Hfr) — KS(CU(, — .%'7«) -+ Fg

where F is the upward reaction force of the DC generator.

Now, let us define
Z=2xp— Ty
where z is the relative displacement. Therefore, (3.9) can be written as
mpZ + Csz + Kez = Fr. + Iy
where

F, = —myd,.

43

(3.9)

(3.10)

(3.11)

(3.12)

Now, let us find the optimum value of the force that the DC machine must produce to

harvest maximum power from mechanical vibrations. To this end, the total energy of the

system can be written as the summation of potential and kinetic energies as follows

1 1
E = 577%:151,2 + 5K522

Therefore, the available power in the mass-spring system is given by

dE
P = ar = mpTpTp + K22.

(3.13)

(3.14)
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Substituting myz}, from (3.9) into (5.14) and performing some algebraic manipulations result

n
P = (F; —Csz — Csy)2 + (Fy — Kg2)y (3.15)

Now let us obtain the maximum available mechanical power in the system which should

ideally be converted into electric power. To this end, differentiating P as follows

or

= —9 3.16
and solving for the speed results in
. F.+ F
ot = (3.17)
S
where
F. = —-Csz, (3.18)

Thus Z,p¢ is the speed corresponding to the maximum power in the suspension system in
the form of kinetic and potential energies. Now, let us consider the equations of the DC

machine given by
P, = Fy (3.19)
Fy = o (3.20)
where P, is the power generated by the machine, 7 is the current passing through the stator

coil generating the force F, and « is the motor constant. Substituting the value of relative

velocity from (3.17) into (3.19) and (3.5), respectively, results in

F.+F,

P, = F, 2259 (3.21)
F.+ F,

Evop = —B(2) 55— (3.22)

Equation (3.21) specifies the power that can be captured by the DC machine and (3.22)
indicates the amount of generated electrical voltage under this condition. Thus the max-
imum power that can be transferred from this generated power to a load is obtained by
differentiation as follows

oP,
OF,

=0 (3.23)
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which results in
1
Fyopt = —§FC. (3.24)

Substituting (3.24) and (3.20) into (3.22), will result in the desired relationship between the

current and voltage of the machine for maximum power transfer as follows

El,opt = Riopt (325)
where
af(z)
R 5C. (3.26)

The above result indicates that to transfer the maximum mechanical power into electric
power, there must be a resistive relationship between the generated voltage and current
across the electric terminals of the machine. In other words, the load should be purely
resistive. This result could have been expected due to the equivalence between mechanical
damping and electric resistance. However, (3.26) provides a quantitative relationship to
determine the desired electrical resistance and consequently the extracted power based on
the DC machine parameters «, ((z), and the damping coefficient Cs of the suspension
system. Another consideration in determining the desired damping is the ride comfort and
stability that can be achieved by using control schemes such as sky-hook [126]-[127]. In
practice, the desired value of electrical resistance should be determined by a compromise

between ride comfort and energy extraction characteristics.

3.4 Experimental Setup and Results

To evaluate performance of the proposed regenerative vibration damping system exper-
imentally, implemented power electronic circuitry, which was discussed earlier in Chapter
2, was connected to the mass-spring test rig attached to a mechanical shaker, as depicted
in Figure 3.4. The mass-spring experimental setup consists of four parallel springs and a
DC machine (LinMot P01-37 x 120) with motor constant o = 25.8N/A which isolates the
mass from base excitations. The sprung mass was 5.4kg; the stiffness of each spring was
2.3kN/m, resulting in a total stiffness of Ks = 9.2kN/m; and the damping coefficient of the
system was measured as Cs = 445.8Ns/m using a time domain excitation and observing

the decay.
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Linear Motor
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Linear Motor

Stator

Shaker

Figure 3.4: Mass-spring test rig connected to a mechanical shaker and permanent-magnet
machine.

The slider of the linear motor is a bar magnet connected to the mechanical shaker and
isolated from the stator winding of the DC machine through the mass-spring system. The
shaker can be excited with motion profiles containing different frequencies in the range
5 — 20H z. In the experiments, the shaker was set to oscillate at 6 Hz with an acceleration
amplitude of 0.12g, where g = 9.8m/s? is the acceleration of gravity. The internal inductance
of the motor, L,, = 3.1mH, was utilized as the boost converter inductor L shown in Figure
2.2. Phase 1 of the generator shown in Figure 3.1 was connected to the input of the power
electronics interface. The voltage of this phase along with the current passing through the
inductor, were measured using two LT1167 instrumentation amplifiers. These two signals
along with the battery voltage were then captured by ADC channels of the dSPACE. The
circuit input resistance between input terminals XY in Figure 2.2 was then calculated at
each sampling time by dividing the input voltage by the averaged inductor current in one
PWM period (0.001s). The PWM frequency of 1 kH z was selected to be much higher than
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the frequency content of the input waveform and meet the closed-loop control bandwidth
requirements. On the other hand, this frequency should not be very large to avoid power
losses due to switching and electromagnetic interference. In practice, the PWM period
should be selected to achieve a balance between the above factors. The value of d was
obtained from (2.23), (2.29), and (2.32), and applied to the converter at each sampling
instant.

Figure 3.5 illustrates the experimental results with no damping, and Figure 3.6 shows
the results with the damping in which maximum power is transferred from DC machine
to the power converter. Note that the maximum power transfer takes place at a damping
equivalent to Ry = 62, which is equal to the internal resistance of the DC machine as
depicted in Figure 3.7. Using the nominal values of the parameters given in this section,
(3.26) yields a resistance of 0.8Q) which is not feasible to implement using converter due
to the 6€) resistance of the coil winding. This damping limit can be also observed at
higher desired resistance (lower mechanical damping) from Figure 3.8 which illustrates the
relationship between the desired electrical resistance and the relative displacement of the
stator and slider measured by a distance measurement sensor attached to the shaker setup.
The distance measurement sensor is a string potentiometer that was used to measure the
relative displacement. It can be observed that for larger resistances (lower damping), the
relative displacement does not change much due to the dominance of other damping effects
such as friction; hence the damper is less effective in that region. Thus for the machine used
in this study, maximum power transfer is limited by the electric resistance of the winding as
opposed to the damping of the suspension system. Thus a potential use of (3.26) is to select
or design the machine based on the damping characteristics of the suspension system. It
must be also pointed out that increasing the damping reduces the relative displacement as
shown in Figures 3.5-b and 3.6-b. Consequently, the absolute acceleration of unsprung mass
of the vehicle body is reduced which is desired for ride comfort. However, decreasing the
relative displacement results in less power generated by the DC machine as a regenerative
damper. Therefore, there is always a compromise between ride comfort, car handling, and
energy extraction characteristics.

Figures 3.9-a and 3.10-a illustrate performance of the controller for desired input resis-
tances 2.75K€) and 1002, respectively. Since there is no phase difference between voltage

and current shown in these figures, power transfer is accomplished with unity power-factor



CHAPTER 3. TRANSLATIONAL REGENERATIVE SUSPENSION SYSTEM 48

Voltage (V)
o

0 0.2 0.4 0.6 0.8 1
Time (s)

Relative Displacement (mm)

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 3.5: Experimental results with no damping: (a) Voltage generated by the DC ma-
chine, (b) Relative displacement.
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Figure 3.6: Experimental results with the damping in which maximum power is transferred
to the power converter (Rq = 62): (a) Voltage generated by the DC machine, (b) Relative
displacement.
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Figure 3.7: Transferred power from DC machine to the battery versus the desired input
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Figure 3.9: Experimental waveforms for vibration energy converter: (a) Voltage generated
by the DC machine and averaged converter input current multiplied by the value of desired
resistance (Rg = 2.75k€2), (b) Duty cycle of the PWM control signal.
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Figure 3.10: Experimental waveforms for vibration energy converter: (a) Voltage generated
by the DC machine and averaged converter input current multiplied by the value of desired
resistance (Rgq = 10012), (b) Duty cycle of the PWM control signal.
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for arbitrary vibration amplitudes and frequencies. It should be pointed out that the volt-
age v, is the input voltage after deducting the drop across the 62 resistance of the linear
DC machine. Comparing Figures 3.9-a and 3.10-a reveals that when the desired resistance
decreases from 2.75 K2 to 10082, more current is drawn from the stator coil, which decreases
the vibration amplitude, i.e., more power is transferred to the battery in the form of elec-
trical charge. Since the relative displacement of the stator and slider decreases, the amount
of induced voltage also decreases. Also, the induced noise in the input current in negative
cycles has been removed since the input of the converter is connected to the DC machine
which is isolated from the circuit ground.

Figures 3.9-b and 3.10-b indicate variations in the duty cycle of the PWM signal which
are obtained from the feedback controller. These variations are necessary to compensate the
nonlinear and uncertain terms in (2.10) to achieve the desired resistances 2.75K €2 and 1002,
respectively. It should be noted that decreasing the desired input resistance corresponds to
a larger duty cycle and larger variations in the duty cycle. This effect can be verified by
obtaining the sensitivity of input resistance Ry in terms of the duty cycle d. Ignoring the
nonlinear term in (2.10) and substituting ¢,, = dT, results in

2L

Ry, T

d=2 (3.27)

from which the variation of duty cycle, Ad, is obtained by using differential analysis as
follows

Ad ~ —idR—k- (3.28)
The above equation indicates that as the feedback controller tries to enforce a small relative
error ARy /Ry, higher values of the duty cycle (corresponding to smaller resistances) will
result in larger variations of the duty cycle as corroborated by experimental results in Figures
3.9-b and 3.10-b.

Finally, to validate the performance of the regenerative vibration damping system for
different frequencies, the shaker setup was excited with a sinusoidal signal that was linearly
swept between 5Hz to 20Hz at a rate of 0.1 Hz/s. A displacement of 3.05mm peak-to-
peak was set for the shaker, which corresponds to the maximum excitation the system
could handle at resonance without bottoming out determined experimentally. The results
were obtained for higher values of damping coefficients corresponding to lower values of

desired input resistances, i.e., 72, 9Q, 120, 179, and 2092 with 10% resolution. The system
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Figure 3.11: Experimental waveforms for vibration energy converter: (a) Voltage generated
by the DC machine for different values of desired input resistances, (b) Input current of the
boost converter drawn from the DC machine.
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Figure 3.12: Experimental waveforms for vibration energy converter: (a) Relative displace-

ment, (b) Absolute acceleration.
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can achieve the desired values of input current with a decrease in the input resistance as
shown in Figure 3.11-b. Also, the input current increases at higher frequencies when the
resistance is low (heavy damping). When the resistance is high (low damping), the response
remains relatively flat. Moreover, the input voltage shown in 3.11-a indicates a relative
decrease in the amplitude of vibrations with an increase in the input current. In fact, the
induced voltage of linear DC motor depends on both relative displacement and velocity
as indicated by (3.4). By setting the input resistance to a lower value (higher damping),
more current would be drawn from the motor coil, resulting in a higher damping effect. This
damping effect decreases the relative displacement, which reduces the amplitude of generated
voltage at low frequencies. For higher frequencies, the generated voltage is increased due
to higher velocities. At higher frequencies, the low input resistance (heavy damping) shows
a sharper increase in voltage when compared with their lightly damped companions, which
was expected for the generated voltage at the output terminals of a linear DC motor and
the relative displacement and velocity as indicated in (3.4). The relative displacement,
which may represent the car handling in a real situation, and the absolute acceleration,
which can be a measure of the passenger ride comfort, are shown in Figure 3.12. The
results indicate that the system does not experience a natural frequency shift (the spring
constant remained constant) since the boost converter only changes the damping coefficient.
The heavier damped system shows lower displacement and acceleration around resonance
frequency, while its acceleration at higher frequencies is slightly higher than the lightly
damped system. The relatively high displacement at resonance and low acceleration values

are due to the fact that the system has a fairly low spring constant.

3.5 Summary and Conclusions

In this chapter, the boost-type converter along with the feedback control strategy which
were discussed earlier in Chapter 2, was implemented on an energy-regenerative suspension
system testbed. It was shown that to transfer the maximum power to the load, there must
be a resistive relationship between the input voltage and current of the power electronics
interface. The boost converter circuit along with the feedback control strategy were utilized
to enforce a pseudo-resistive behavior between the DC machine output terminals. Further-

more, performance of the suspension system testbed was evaluated through experimental



CHAPTER 3. TRANSLATIONAL REGENERATIVE SUSPENSION SYSTEM 57

studies. The results indicate that the boost circuit and proposed feedback controller can suc-

cessfully provide regenerative damping for mechanical vibrations with high-efficiency power

conversion for the boost converter.



Chapter 4

Modeling and Control of a

Three-Phase Boost Converter

In this chapter, the idea presented in Chapter 2 is extended to a new modeling and
control technique for a three-phase boost converter to efficiently transfer energy from an
irregular input power source to a battery storage device or a DC link. First, a novel circuit
model of a three-phase boost converter is developed using the method of averaging in Section
4.2. This model is then used for derivation of the conditions under which the pulse width
modulated (PWM) switching circuit exhibits a resistive behavior from the input. Based
on the circuit model obtained, a new model-based feedback control scheme is presented in
Section 4.3 to regulate the three-phase input resistances of the circuit to desired values. The
circuit can provide purely active power conversion of a band-limited input voltage source
to a DC load, which is of interest in boost power converters for certain renewable energy
conversion systems. Simulation studies and experimental results are presented Section 4.4
that illustrate performance of the proposed modeling and feedback control scheme for a
low-power application using a dynamo system in the laboratory. Finally summary and

conclusions are presented in Section 4.5.

4.1 Introduction

Three phase power electronic converters are required in renewable generation systems

such as variable speed wind and marine wave energy. In these renewable energy systems,

58
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the kinetic energy of the device is converted into stand-alone or grid-connected electricity
through three phase synchronous or induction generators and power electronics interfaces.
The intermittent characteristic of the above energy resources results in generated power
profiles with time-varying voltages and currents whose amplitudes and frequencies are sub-
ject to random variations. Dynamically stable and efficient energy flow in these systems
require the use of advanced power controllers that can adapt to the dynamic characteris-
tics of the source and load. As noted in [128], traditional AC-DC converters using diodes
and thyristors to provide energy flow have issues including poor power quality, voltage dis-
tortion, and poor power factor. The analysis of high power factor three-phase rectifiers
and new control techniques are presented in [129]-[133]. Among the proposed topologies,
three-phase boost/buck converters are good candidates to be utilized in energy conversion
involving arbitrary band-limited sources of power as they can offer high efficiency and low
EMI emissions. Performance criteria of these converters is highly dependent on the control
strategy used. To improve the performance of pulse-width-modulated (PWM) boost/buck
converters toward ideal power quality conditions, different control strategies have been pre-
sented using space vector modulation [134]-[135], soft switching [136], sliding mode [137],
and other feedback control methods [138]-[143].

The above cited works have been mainly utilized in applications such as speed drives
and power supplies for telecommunications equipment in which the mains supply is the
input power source with a relatively fixed amplitude and frequency. These approaches have
mainly assumed the circuits to be in the sinusoidal steady state, which cannot be applied to
applications involving arbitrary band-limited sources of power with transient power profiles
such as wind, wave, and mechanical vibrations. Furthermore, to achieve maximum power
transfer in renewable energy converters including wind and wave, it is sometimes necessary to
control the amount of generator loading, which can be achieved through appropriate control
of the power electronics interface. For example, in variable speed wind energy conversion
systems, there is an optimum torque-speed characteristic that would yield maximum power
transfer to the electrical generator [144]-[145]. In [146], a condition for maximum extraction
of the average power is obtained for a wave energy converter which suggests operation under
the resonance condition with a resistive behavior seen by the generator.

An effective way of achieving the above conditions for maximum power transfer is to
adjust the apparent electric load of the generator through an appropriate controller using a

power electronics interface. To this end, the idea presented in this chapter is to enforce a
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resistive behavior across each phase of a boost converter using feedback control. This idea
is similar to the one presented in Chapter 2 but extended to a three-phase system. The
proposed controller does not require a-priori knowledge of the input waveform characteristics
and can convert band-limited waveforms with multiple input frequencies and amplitudes into
DC power by regulating the input resistances at each phase of a three-phase power source

to desired values.

4.2 Operating Principle and Circuit Analysis

The three-phase bridgeless boost converter considered in this chapter is shown in Figure
4.1. Compared to a full-bridge converter, the efficiency of these converters can be improved
by 8%-10%, specially for low-power applications [147]. Furthermore, to reduce the switching
losses, only one MOSFET is switching at each time instant while the other two are kept
ON/OFF depending on the relative voltages of the corresponding phases.

In the following, we provide a brief review of the circuit operation followed by a deriva-
tion of the nonlinear resistances seen by the input sources v,, vy, and v, using the averaging

method. Figure 4.2 illustrates snapshots for various modes of operation of the circuit in-

S of R of

Control System

Figure 4.1: Three-phase bridgeless boost-type converter.
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volving switches @1, @2, @3, and diodes Dy, Ds, D3, with the corresponding phase to
phase voltages, i.e., V;;(t) defined as follows

‘/ij(t):‘/i(t)_‘/j(t)? ivj:a7b7c7 27&] (41)

For brevity, the argument ¢ in V;;(¢) and Vj(t) is dropped in the rest of this chapter. Without
loss of generality, let us consider a typical case when V,, > 0, V,. > 0, for which @) is
switching in the ON/OFF mode while Q2 and Q3 are kept ON. As shown in Figure 4.2-a,
when all switches are ON, none of the diodes D1—D3 can conduct. In this case, the inductor
current of each phase builds up and the energy captured from the input sources is stored
in the magnetic fields of the inductors. We denote this case as mode 1 of operation of the
circuit.

Referring to Figure 4.2-b, when Q) is turned OFF, ()5 is turned OFF and Q3 is kept ON
as long as V. > 0. Similarly, when Vj. < 0, QY3 is turned OFF and )5 is kept ON. Next, let
us consider mode 2 of operation of the circuit as follows. Assuming V. > 0, current flows
through diode D1, load, and back through the anti-parallel diode of Q)2 and switch Q3, as
depicted in Figure 4.2-b. In this case, the stored energy in the inductors together with the
energy drawn from the input sources are fed to the battery. This condition is continued
until iz, reaches zero, after which mode 3 operation of the circuit starts as shown in Figure
4.2-c. In this mode, the remaining stored energy in L, and L. along with the energy coming
from v, and v, charge the battery until the inductors are totally discharged. Table 4.1
summarizes the above modes of operation with all possible arrangements of phase-to-phase
voltages. From this table, it is evident that the switches are all ON in mode 1 regardless
of the phase-to-phase voltages. As soon as one of the switches is turned OFF, the states of

other switches are changed according to the corresponding phase-to-phase voltages. Without

Table 4.1: The states of switches Q1, @2, and Q3 for different modes of operation.

Phase-to-phase voltages Q1 Q2 Qs | Mode
Any combination of voltages ON ON ON 1
Vae 20, Vie 20 OFF | OFF | ON 2
Vab >0, Ve 20 OFF | ON | OFF 2
Voa =0, Veg 20 ON | OFF | OFF 2
Vae > 0, Vie > 0, either iy, =0 orip, =0 OFF | OFF | ON 3
Vap > 0, Vo, > 0, either iy o =0orip . =0 OFF | ON | OFF 3
Vba >0, Vg >0, either iy, =0orip . =0 ON | OFF | OFF 3
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Mode 3

@ |
|

Figure 4.2: Operation modes of the three-phase boost rectifier when V. > 0, Vj > 0 (first,
second, and fifth rows in Table 4.1): (a) Mode 1 of circuit operation when Q1, Q2, and Q3
are all ON, (b) Mode 2 of circuit operation when @; and @2 are OFF and Q3 is ON, (c)
Mode 3 of circuit operation when Q1 and ()9 are OFF, Q3 is ON, and the inductor current
of phase b reaches zero (i, = 0).
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Figure 4.3: Currents in the inductors in the discontinuous conduction mode.

loss of generality, the developments presented in this section are for the case when Vg > 0
and Vp. > 0 (first, second, and fifth rows in Table 4.1). The current profiles for charging and
discharging of the inductors in a typical operating mode are shown in Fig. 4.3. It should
be noted that the converter is operated in the discontinuous conduction mode (DCM) as

shown in Fig. 4.3.

4.2.1 Mode 1: @1, @2, and Q3 are ON (kT <t <)

In this mode of operation, all MOSFET switches, i.e., Q1, @2, and ()3 are on as shown
in Figure 4.2-a. Using Kirchhoffs circuit laws, and performing some algebraic manipulations

in each switching interval, we have

dirg 1

ARG

diry 1

— =—- —(2 ab — Vac

dt 3 (2Vab = Vac)

dir, 1

o = 57 (Ve — V) (4.2)

For simplicity, it is assumed that the values of all the three inductors are equal to L,
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i.e., Ly = Ly = Ly = L. Thus, the currents in the inductors can be written as follows

1 t
iLa(t) = iLa(kTs) + / (Vab + Vac)dt
3L Jir,

. . I
’LLb(t) = ’LLb(k‘Ts) — 3L/k (2Vab — Vac)dt
Ts

1

t
nelt) = inhT) — = /k (2o~ Vit (4.3)

where k is the sampling instant and T is the switching period. In this analysis, the voltage
drops across the MOSFETSs are ignored when they are on. In the discontinuous conduction
mode (DCM), the inductors are totally discharged within each switching cycle. Hence, the
currents of inductors would reach zero before or just at the end of each switching cycle, i.e.,
ira(kTs) = irp(kTs) = ire(kTs) = 0. Moreover, let us choose the switching frequency to be
much higher than the frequency content of the input source. Hence, v;;, where ¢,j = a,b, c,
is approximately constant during toy, i.e., v;;(t) = v;;(kTs). Therefore, during t,,, (4.3) can

be approximated as

‘ 1

iLa(t) = E(Vab,k + Vaer) (t — kT)

. 1

inp(t) =— %@nw—nmm—my

. 1

,LLC(t) == 3L (2Vac,k - Vab,k)(t - kTs) (44)

where v;; 1, is the value of phase-to-phase voltage v;; at time instant ¢ = kT,. Using (4.4),

the currents in the inductors at time instant ¢ = ¢; are given by

. . 1

ZLa(tl) = 1Lat; = 37L(Vab,k + Vac,k)(ton)

. . 1

iry(t1) = irpy = _37[1(2Vab,k — Vaek) (ton)

. . 1

'LLc(tl) = lLcty = _37(2Vac,k - Vab,k)(ton) (4~5)

These currents are then used as the initial conditions to find the inductor currents in mode

2 of operation, where the switches (1 and )2 are turned off and @3 is kept on.

4.2.2 Mode 2: @; and @), are turned OFF, and Q3 is kept ON (t; <t < t)

In this mode of operation, when the switches are turned off, the stored energy in the

inductors together with the energy coming from the input sources charge the battery as
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depicted in Figure 4.2-b. Similar to mode 1, using Kirchhoffs circuit laws and perform-
ing algebraic manipulations, the currents through the inductors can be described by the

following equations

dipg 1
dlt/ = E(Vab + Vae —2Vp — 2VD)
di 1
% = _37L(2Vab - Vac - VB - VD)
dife 1
di = 57 (2Vae — Vap — Vs — V) (4.6)

where Vg stands for the battery voltage, and Vp represents the diode voltage drop. Again,
v;;(t) is assumed to be approximately constant during t,ss, i.e., vij(t) = v;;(kTs), where

1,7 = a, b, c. Therefore, the currents of the inductors can be approximated as follows

. ) 1 2
ira(t) = iLag + ?TL(Vab,k + Vae)(t —t1) — 37L(VB +Vp)(t—t1)
i) = inpt — = 2V — Vaer)(t — 1) + —=(Vig + Vo)t — #1)
Lb - Lb,ty 3L ab,k ac,k 1 3L B D 1
. ) 1 1
ZLc(t) = 1lLety — 37(2‘/(10,]43 - Vab,k)(t - tl) + 37L(VB + VD)(t - tl) (47)
Substituting (4.5) into (4.7) results in
) 1 2
ZLa(t) = 37L(Vab’k + Vac,k)(t —t1 + ton) — E(VB + VD)(t — tl)
) 1 1
ZLb(t) - _ﬁ(zvab,k - Vac,k)(t —t1+ ton) + 37L(VB + VD)(t — tl)
1 1
j = ——(2 — — on — — 4.
ZLc(t) 3L( Vac,k Vab,k)(t t1+ ¢ ) + 3L (VB + VD)(t tl) ( 8)

Using (4.8), the currents in the inductors at the time instant ¢t = to are given by

. 1 2
iLat, = E(Vab,k + Ve k) (top + ton) — E(VB + Vb)tos
. 1 1
iLbto —ST(QVab,k — Vac)(top +ton) + E(VB + Vp)tos
. 1 1
iLegs = _37(2Vac,k — Vi) (top + ton) + E(VB + Vp)tow (4.9)

Referring to Figure 4.3, to find tg, we set irp(t2) = 0. Hence

. 2Vab,k - Vac,k
tO,b - ton:
VB +Vp =2V i + Vac
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Substituting (4.10) into (4.9) results in

l (Vac,k - Vab,k)(VB + VD) .
L (VB + VD - 2Vab,kz + Vac,k) o

iLa,tg - _iLC,tz =

(4.11)

These currents are then used as the initial conditions to find the inductor currents in mode

3 of operation, where the inductor current of phase b reaches zero.

4.2.3 Mode 3: ); and @); remain OFF and (@3 is kept ON until the iy, =0
(ta <t <t3)

When iy reaches zero, the rest of the stored energy in the magnetic fields of L, and L.
along with the energy coming from the corresponding input sources charge the battery until
they get totally discharged as shown in Figure 4.2-c. Using a similar analysis for modes 1
and 2 of circuit operation, in each switching interval we have

diLa o _diLc o i
a dt 2L

(Vack — VB — VD) (4.12)

By ignoring the voltage drop across the MOSFETSs and assuming that the input voltage
v;;(t) does not change much during each switching period, the currents in the inductors can

be obtained as follows

ZAL(;L(t> = iLa,tg + E(Vac,k -V — VD)(t - tQ)
) ) 1
ire(t) = iLet, + E(Vac,k — Vg —Vp)(t —t2) (4.13)

Referring to Figure 4.3, to find tg qc, lest us set irq(t3) = irq(t3) = 0 and substitute (4.11)
into (4.13), which results in

( Vab,k - Vac,k 2ton(VB + VD)
Vaek = VB —=VD VB + VD = 2Vap 1o + Vae i

tO,ac = (414)

Next, the value of each inductor current for each mode of operation is used to find the total
charge passing through the inductor using the averaging method.
4.2.4 Calculation of phase-to-phase resistances using the averaging method

In this section, we utilize the expressions obtained for the inductor currents in the

previous sections to derive the averaged instantaneous current in one switching cycle and
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hence the instantaneous averaged phase-to-phase resistances as seen from the input sources.

To this end, referring to Figure 4.3, we have

1.. ) . )

AQa - i[zLa,tl ton + (ZLa,tl + ZLaﬂfg)to,b + 7fLa,tglL/O,ow]
1. )

Agy, = i[ZLb,tl ton + iLa,t1t0.b)
1. . ) .

Ag. = §[ch,t1 ton + (iLety + iLets)0,p + iLctato,ac)

(4.15)

where Ag; is the total charge passing through the inductor of phase j, i.e., L; (where
j = a,b,c) during the time interval kTs < t < (k + 1)Ts. By substituting (4.5), (4.10),
(4.11), and (4.14) into (4.15), and after some algebraic steps, we have

12 Ve +Vp
A a — == Va Vac
¢ 6L(VB +Vp =2V + Vac,k)( b+ Vack)
ton Ve+Vp

T V; aV aV
6L VB +Vp — 2V + Vac,k)nl( i Vi, Vo)

(4.16)
t2 VB + VD
Aq, = —-2 AT
q 6L (VB 4 VD o 2Vab7k + Vac’k)( k ng)
t2 VB + VD
6L Vi Vi, V.
* 6L Ve + Vp — 2V + Vaqk)”l( ks VB, VD)
(4.17)
where ij = ab, ac, bc and the term n1(V;jx, VB, Vp) is given by
3Vac k(Vac k— Vab k)
Vijk: Ve, Vp) = == : 418
n1(Vijx, VB, VD) A 7 (4.18)
Furthermore,
t2 VB + VD
A = oL 2VCL - Vac
Qb 6L [VB +Vp — 2Vap i + Vac,k]( b,k )

(4.19)
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It should be noted that all the above equations were derived by assuming that iy < iz, as

shown in Figure 4.3. Performing a similar analysis for the case when iy > i, we have

t2 Ve +Vp
A a — = Va Vac
q 6L(VB Vp—2Vs § Vab,k)( bk T Vack)
tgn Ve +Vp

rya ‘/Z 7V 7V
6L VB—i—VD—QVac,k—i—Vab,k)nQ( 34>V, Vo)

(4.20)
t2 Ve +Vp
Ag = —-2 2Vap ke — Vae
® 6L Vi 4 Vi — 2Viop + Vi) 2Vt = Vac)
t2 Ve +Vp
2 ‘/7, 1,k % ) Vi
T 6L Vi TV — 2V 1 Vi "2 Vi Vi VD)
(4.21)
where ij = ab, ac, bc and the nonlinear term na(Vi;, Va, Vp) is given by
3Vabk (Vavk: = Vac k)
Viik VB,V d d : 4.22
n2(Viji: Ve, Vp) Vabk — VB = VD (4.22)
and
12 Ve +Vp
A c = e 2Vac - Va
¢ 6L [VB + VD = 2Vaer + VabJﬁ]( ok k)
(4.23)

The arguments of na(.), na(.) are dropped in the rest of this chapter for brevity. The average
values of the currents in the inductors at instant k7 can then be written as

A .
i = qu’ j=a,bec (4.24)

S

Substituting (4.19) and (4.21) into (4.24) results in

6LTS ( ‘/in,bc,k

2Vbk — Vaek = — —
b ac tgn Ve +Vp

)iLbk + Sperz (4.25)

where
‘/'L'n,bc,k = (2 - 3§bc>vab,k - (1 - 3Sbc)vac,k
in which Sj. is the control signal which can take values from the discrete set {0, 1} as follows

Sve = 1, dirpk Zipek

Sve = 0, irpk > iLck (4.26)
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Also, the term Sy in (4.25) is the logical complement of Sp. (e.g., Spe = 0 and Sp. = 1 are
equivalent).
Similarly, substituting (4.17) and (4.23) into (4.24), and using the control signal Sp., we

have

6LTs ( Vin,bc,k

2Viek — Vb = — —
e a tgn Ve +Vp

)iLek + Speni (4.27)

Solving equations (4.25) and (4.27) in terms of Vi, and Vg, results in

4K LT | 9Ky LT, 1 .
Vabke = _#ZLb,k - #Me,k + = (Spen1 + 2Spen2)
tOTL tO’I’L 3
2K LT 4Kp LTy 1 _
Vack = —#ka - #Zm,k + 5(28pen1 + Spena) (4.28)
ton ton 3
where
Vvin be,k
Kpe=1— ———
be Ve + Vb
which can be further simplified to
2K LT 1 _
Ve k = t%sm)c,k + g(sbcnl — Spenz) (4.29)
on

where irper = irbk — iLc k-
Equation (4.29) indicates that, at each sampling time ¢t = kT, there exists a nonlinear

resistance between two phases given by

2LT, (2 = 3Spe) Vb — (1 — 3Spe) Ve
R 1-— : : 4.30
be.k 2 Vs + Vo ) ¥ Tupe (4.30)
where Ry, ) = =% and
bek = Trper an
Tn,be (Sbcnl - Sbch)'

3iLbe,k

Similarly, R, 5 and R, can be obtained as follows

2LT, (2 = 3Su)Vear — (1 — 3Su) Vep i

R, 1-— ’ ’ - 4.31
2LT, 2 —3S,:)Viar — (1 —38,:)Vie

Racw (1— ( Woak — ( JVocrk ) + Pac (4.32)

t?m Ve + Vp
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where S, and S, are defined similar to Sy, i.e.,

Sab = 1, dpak <irpk
Sav = 0, drar > irpk
and
Sac = 17 Z‘La,k < Z‘Lc,lc
Sac = 0, fdpak > iLck
Furthermore,
Tnab = T(Sabnl — Sapn2)
Lab,k
1 _

= 7(50,0711 - Sacn2)'

Tn,ac ;
?)ZLac,k

Similarly, the corresponding terms S,, and Sg. are logical complements of Sy, and Sy,
respectively. It is worth noting that Rcr = Rea ks Rapk = Rpa ks and Rpe . = Rep -

Due to the resistive nature of (4.30), (4.31), and (4.32), if the circuit is operated in the
discontinuous conduction mode (DCM), there is no phase difference between the phase-to-
phase voltages and corresponding currents. However, it must be noted that the phase-to-
phase resistance seen from the input for each phase, has a bias term, 7, ;;, and a nonlinear
term given by (4.30), (4.31), and (4.32) which will be compensated by the feedback controller
presented in Section 4.3.

Next, we will obtain a condition on the PWM duty cycle to achieve the above resistive
relationship. Referring to Figure 4.3, the off-time of switches must be large enough to let

the inductors to be completely discharged. Thus we have

Loy + toac < tofys- (4.33)

ton and t,r¢ can be written in terms of the duty cycle d of PWM waveform as follows

ton = dTy
togr = (1—d)T; (4.34)
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Substituting (4.10), (4.14), and (4.35) into (4.33), and performing some algebraic manipu-
lations, the condition to achieve resistive performance can be obtained using the following
inequality

d<1 Vac,k

_ __“ack | 4.35
- Ve + Vb (4:35)

The above relationship indicates that a pseudo-resistive behavior is achieved at a duty cycle
that is dependent on the ratio of the phase-to-phase input voltage and the sum of the voltage
drops across the diode and battery. Similar conditions can be derived for the other switching

arrangements.

4.3 Proposed Control Strategy

Based on (4.32), (4.31), and (4.30), the parameters that can affect the value of input
resistances are Ty, t,,, and L. Thus, t,, is used to obtain the control input which can be

related to d for a particular Ts. To this end, let us define u, a, and y as follows

OLT
u = 2 S, (I:VB+VD,
on
Vin,pq.k
Ypg = P20 pg=abc; p#gq (4.36)
ULpk

where v and a are both positive (v > 0, a > 0), and
Vinpak = (2 — 3§pq)‘/}mk - (1= 3§pq)ank

where 7 = a,b,c and p # q # r. The values of p, ¢, r are chosen based on the switching
arrangements and phase-to-phase voltages as described in (4.1). By utilizing (4.36) and the
corresponding resistive relationships between phases p and ¢, i.e., (4.30), (4.31), or (4.32),

we have
v
Ypg = u(l — g) + Tn,pq (4.37)

where v = Viy, pg k-

Now, let us define

U= Ydpg + Au (4.38)
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where y4 ,q is the desired input resistance of the circuit between phases p and g. Substituting
(4.38) into (4.37) results in

v
Ypg = (Ya,pq + Au)(1 — 5) + Tnpg’ (4.39)

By defining epq = Ya.pq — Ypg and using (4.39), we have

v v
€pq = ayd,pq — Au(l— a) — Tnpq’ (4.40)

Now, let us take the control input Awu as follows
A= (1= )7 (Wpg + =Ya — Tnpg) (4.41)
where w,, is the output of a PI controller given by
wpq = Kpepg + K7 / epqdt- (4.42)
Substituting (4.41) into (4.40) and using (4.42) results in
(Kp+ 1)ep, + Ki / epgdt =0 (4.43)

Since the coefficients of the PI controller are always positive, K;/(Kp+1) is always positive,
which guarantees that the error would exponentially converge to zero. The control law is

then obtained by substituting (4.41) into (4.38) as follows

v, _ v
U= Ydpg+ (1 — E) l(wpq + ayd,pq — Tnpg) (4.44)

which can be further simplified to

a
u= m(ydﬂvq + Wpg — Tn,pq)* (4.45)

In summary, the switching arrangement is first set based on the phase-to-phase input volt-
ages at each time instant. The value of the duty cycle, d, is then calculated using (4.36)
and u is given by (4.45). Figure 4.4 illustrates the control system block diagram in which
the control input is generated by a PWM signal with the duty cycle determined by the

controller.
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Figure 4.4: Block diagram of proposed control strategy.

4.4 Simulation and Experimental Results

A Simulink model of the proposed converter and its controller were developed using the
SIMELECTRONICS toolbox of MATLAB with the following parameters: L = 0.49mH,
C = 100pF, Vg = 12V, Vp = 0.6V, V,(t) = 0.8sin(2rf;t)V, Vy(t) = 0.8sin(2rf;t + Z)V,
Vo(t) = 0.8sin(2rfit — &)V, K; = 40, Kp = 0.01, f; = 10Hz, f, = 1kHz, and yq =
10€2; where f; and fs are the frequencies of the three-phase input signal and PWM control
signal, respectively. It must be noted that f; is considered as low as 10Hz to evaluate
the performance of the converter for applications involving energy harvesting from energy
sources with a low-frequency content input waveform, e.g., vehicle suspension systems, low
speed wind turbines, and electric bike regenerative systems. To remove the 1kHz switching
harmonics, a 50Hz low-pass filter was used for all shown graphs. Figure 4.5 illustrates the

variation of input resistance Ry, between phases a and b versus the PWM duty cycle and

‘/in,ab

VB+VD
small enough to be ignored. Figure 4.5 indicates that the simulated values are close to the

comparing the values with the resistive formula given by (4.31) when and 7, 4 are
corresponding theoretical ones obtained from (4.31).

Figure 4.6 indicates that there is no phase difference between the phase-to-phase input
voltage Vg, and corresponding current iy.p. Also, from Figure 4.7, it is evident that controller
can provide resistive behavior even in the presence of an arbitrary band-limited signal with
time-varying amplitude and frequency. Figure 4.8 shows the performance of the converter
along with the controller for a step-changed desired phase-to-phase input resistance. It
reveals that using the proposed control scheme and switching arrangement, the desired
resistance can be achieved right after setting the input resistance to a different value.

To evaluate performance of the circuit experimentally, the circuit shown in Figure 4.1 was
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Figure 4.5: Theoretical and simulated values of the resistances seen from phases a and b
(Rab)‘

built using the following components: @1, @3: N-channel MOSFETSs, 75V, 90A (IRFP2907)
with internal diodes Dy, Ds, and Dg; Dy, Ds: Schottky diodes, 60V, 20A (MBR4060WT);
B: Sealed lead acid battery, 12V, 7TAh; C: Electrolyte capacitor, 100uF, 25V. A dynamo
system including a synchronous permanent magnet DC generator was used to generate the
three-phase input signals as shown in Figure 4.9. The internal inductance of the generator
was L = 0.49mH for each phase which were utilized to act as the boost converter inductors.
The current passing through the inductors, the input voltages, and input currents were
measured using LT1167 instrumentation amplifiers. These signals along with the battery
voltage were then captured by ADC channels of dSPACE 1103 (from dSPACE, Inc.). These
data were sent to a PC workstation running MATLAB/SIMULINK through a fiber optic link
connecting dSPACE to the PC. The phase-to-phase resistances seen from input of converter
(y) were then calculated by dividing the captured input voltage over the averaged inductor
current. The controller was implemented on the dSPACE DSP board using the MATLAB
Real-Time Workshop. The PWM signal was generated based on the value of d obtained
from (4.42), (4.45), and (4.36) at each sampling instant.

The performance of the controller was then investigated by setting desired resistance

R4 = 102. The results for one of the phase-to-phase input voltages and the corresponding
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Figure 4.6: Simulation results for a desired resistance of Ry = 10: (a) Phase-to-phase
input voltage Vi, (b) corresponding current iy qp.
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Figure 4.7: Simulation results for the closed-loop controller with a desired input resistance
Ry = 1092 subjected to an arbitrary band-limited input source: (a) Phase-to-phase input
voltage Vgp, (b) corresponding current iyqp.
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Figure 4.8: Simulation results for a step-changed desired phase-to-phase input resistance:
(a) Desired phase-to-phase input resistance, (b) Phase-to-phase input voltage Vg, (c) cor-
responding current iy qp.
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Figure 4.9: Experimental setup.

current are shown in Figure 4.10, which indicate that the input current follows the phase-to-
phase input voltage with no phase difference and with a ratio corresponding to the desired
resistance.

The performance of the converter along with the controller was also investigated experi-
mentally for a step-changed desired phase-to-phase input resistance to observe the dynamic
results as well as steady state results. Figure 4.11 reveals that using the proposed con-
trol scheme and switching arrangement, the desired resistance can be achieved right after
setting the input resistance to a different value which means controller is fast enough to
be used in real time applications. Also, the robustness of the controller was investigated

through several experiments. It was observed that the controller was able to regulate the
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Figure 4.10: Experimental results for a desired resistance of R; = 10£2: (a) Phase-to-phase
input voltage Vi, (b) corresponding current iy qp.
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Figure 4.11: Experimental results for a step-changed desired phase-to-phase input resis-
tance: (a) Desired phase-to-phase input resistance, (b) Phase-to-phase input voltage Vi,
(c) corresponding current iy qp.
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Figure 4.12: Input current harmonics for different amplitudes of input voltage for one phase

of the converter: (a) All harmonics up to 40, (b) The first 10 harmonics.
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Figure 4.13: One phase input current harmonics along with the fundamental harmonic for
input amplitude of 2V.

input resistance and was robust to changing circuit parameters such as battery voltage and
inductors. For instance, the results reveal that the controller was capable of providing the
desired resistance even if the battery voltage was changed by +50% in 1ms. Also, it was
observed that the desired resistance can be achieved even with a +£30% unbalanced values
of phase inductors. Moreover, the results show that a significant increase in the amplitude
of three-phase input voltage would not deteriorate performance of the controller, in terms
of keeping the resistive behavior, as long as the amplitude of input voltage remains lower
than the battery voltage.

In order to verify the quality of the input current in the proposed topology, the harmonics
of one of the phase currents up to the 40t harmonic were obtained and compared with the
EN 61000-3-2 standard [148] in Figure 4.12-a for 2, 4, 6, and 8V amplitude of three-phase
sinusoidal input signals. For more clarity, the first 10 harmonics are shown in Figure 4.12-b.
This figure reveals that all converter harmonics are well below IEC standard. Also Figure
4.13 illustrates the harmonics of one of the phase currents up to the 40" harmonic along
with the fundamental harmonic for a 2V sinusoidal input signal. Thus the magnitude of
all harmonics are much smaller than the fundamental harmonic. Hence, Figures 4.12 and

4.13 demonstrate that by using the proposed switching regime and control algorithm, the
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Figure 4.14: Converter efficiency versus different values of the duty cycle for different value
of the amplitudes of three phase input signal.
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converter draws a low harmonic sinusoidal current from the AC line in phase with the
sinusoidal line voltage. As a result, the harmonic distortion is quite low and the power
factor is close to unity.

Finally, the efficiency of the proposed converter was investigated by calculating the
electrical power at the input and output of the converter. Figure 4.14 illustrates the efficiency
against different values of the duty cycle of the PWM signal and different values of the
amplitude of three phase input signal. As shown in this figure, the efficiency for higher
range of three phase input amplitude is higher than the others. For all experiments, the
efficiency is over 95% when the duty cycle is above 20%. The efficiency decreases when the
duty cycle is increased. However, the efficiency drop takes place sooner for a higher range
of amplitude since the duty cycle of the PWM control signal reaches the DCM boundary at
lower values of the duty cycle, which consequently causes the circuit not to operate in the
resistive region because of the inductive behavior in the CCM. Moreover, Figure 4.15 reveals
that the efficiency remains almost constant for a wide range of power from; few milli-Watts
up to tens of Watts. It must be noted that the aforementioned efficiencies were obtained by
considering all possible losses of the circuit such as switching, diodes, and inductor losses.

The efficiency can be increased further by using lower power/voltage MOSFETSs.

4.5 Summary and Conclusions

In this chapter, analytical expressions describing the input characteristic of a three-phase
boost-type converter were derived, based on which a feedback controller was designed to
achieve a desired resistive input behavior. It is shown that the circuit exhibits a nonlin-
ear resistive behavior at the input as long as the duty cycle of the control signal remains
below a specific bound. The analytic expressions for this resistive behavior were utilized
to derive a feedback control scheme along with the corresponding component values and
switching frequencies. Furthermore, performance of the converter with feedback control
was demonstrated through simulation and experimental studies for a low power conversion
application. The results indicate that one can successfully enforce a linear resistive behavior
between each two phases of the input by using the proposed switching regime and control
algorithm. The values of phase-to-phase resistances can be changed by changing the desired

set points applied to the controller. The proposed solution enables real-time variation of
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the generator loading using high efficiency switching power devices. This feature is attrac-
tive in several renewable energy conversion systems such as low speed wind, wave energy

conversion, and regenerative suspension and braking in electric vehicle applications.



Chapter 5

A Regenerative Suspension System

using a Rotary Permanent-Magnet
Machine

In this chapter we apply the results obtained in chapter 4 to develop a regenerative
damper using a permanent magnet three-phase sysnchronous machine. The system consists
of a mass-spring unit coupled with an algebraic screw, a brushless 3-phase rotary machine,
a three-phase boost charger, and a battery. The algebraic screw converts translational
vibrations into rotary motion which drives the rotary machine. The induced voltage in the
rotary machine is converted into battery charge through the pulse-width-modulated three-
phase boost converter developed earlier in Chapter 4. The three-phase converter enforces
a resistive behavior between each two phases of the rotary machine resulting in energy-
regenerative damping. This chapter is organized as follows. The modeling of the rotary
machine utilized in this work presented in Section 5.2. Adapted from the work by [149],
an overview of the translational to rotary converter mechanism, referred to as the algebraic
screw, is presented in Section 5.3. In Section 5.4, the equation of motion of the rotary
regenerative suspension sytem is derived. Experimental results are presented in Section
5.5 that demonstrate the performance of the regenerative damper on a suspension system
testbed similar to the one discussed earlier in Chapter 3. Finally, summary and conclusions

are presented in Section 5.6.
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5.1 Introduction

As discussed before, the amount of energy dissipated in a conventional suspension sys-
tems is worthy to be recycled into electric energy as indicated by simulation results in [150]-
[151], which reveal that the dissipated energy of four dampers in a passenger car traversing a
poor roadway at 13.4m/s reaches approximately 200W. The proposed methods for regenera-
tive suspension system include hydraulic, linear electromagnetic, and rotary electromagnetic
mechanisms. In the hydraulic mechanism, a hydraulic motor is coupled with an electric gen-
erator to provide damping through harvesting the induced vibration energy due to the road
profile [152]. This type of regenerative damper can be conveniently retrofitted into vehicles
but has a low efficiency and relatively large response times. Using a linear electromagnetic
machine, a mechanism similar to the concept in Chapter 3 can be developed to act as an
active or semi-active damper for road induced vibrations while recuperating the vibration
energy. For example, Bose, Inc., has manufactured an active damper using a linear machine
[153]. This damper has a fast time response capable of changing the damping ratio in one
millisecond; however, its cost and power consumption are very high. In addition, there may
be a limited space in applications requiring a large vertical motion (e.g., large trucks). In
contrast, a rotary electromagnetic damper uses a rotary motor coupled with a device that
converts translational movement into rotary motion [11], [13], [154]. In [11] the authors
present an a regenerative suspension system using a rotary motor connected to a ball-screw
and nut mechanism. An experimental energy-regenerative electrical suspension system was
developed in [13], which is composed of a permanent-magnet DC motor with a ball screw
and a nut. Based on the reported experimental results, the suspension system can achieve a
good degree of shock isolation from road excitation for low frequencies; however, ride perfor-
mance in high frequencies was worse than that of a passive suspension. An electromagnetic
damper consisting of a DC motor and a ball-screw mechanism was also presented in [154]

but not equipped with energy-regeneration control.

5.2 Modeling of the Three-phase Machine used in the Sus-
pension Testbed

Mechanical vibrations in a vehicular suspension system produce reciprocating motion

which has to be converted into rotary motion if a rotary machine is to be used. When
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Figure 5.1: Permanent-magnet rotary machine.

compared to their linear counterparts, brushless rotary machines are more cost-effective and
can be manufactured with significantly smaller dimensions. For example, the 1kW machine
for a marine wave converter developed in [155] weighs about 1800kg with a height of 3.3m
and a diameter of 1.3m, whereas a 1kW rotary machine would be significantly smaller in
dimensions 27cm by 11lcm (see e.g., [156]), or about 1% of the volume of the linear machine
reported in [155]. The rotary machine used in this research is shown in Figure 5.1. The
machine is essentially an actuator, but in this work it was used as a generator to convert
rotary motion into electric voltage.

The rotor of the machine shown in Figure 5.1 is an electromagnet, whereas the stator
consists of three-phase windings spaced 120 electrical degrees apart around the surface of
the machine. When the rotor is turned by a prime mover, i.e., through an algebraic screw
in this case, it produces a rotating magnetic field and consequently three voltage waveforms
in the stator coils. The equation for the induced voltage in one phase of the stator wire loop

is given by [157]

e=(wxB)-l (5.1)
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where v is the velocity of the wire loop relative to the magnetic field, [ represents the length
of conductor in the magnetic field, and B represents the magnetic flux density vector as

follows
B = By cos(wt — ) (5.2)

where « is related to the initial magnetic flux and w is the angular velocity. It should be
noted that (5.1) is for the case of a moving wire in a stationary magnetic field. In our case,
the wire is stationary and the magnetic field is moving. To utilize the above equation, we
must be in a frame of reference where the magnetic field appears to be stationary. Figure
5.2-a illustrates the magnetic field vector and velocities from the point of view of a stationary
magnetic field and a moving wire. Thus, the total voltage induced in the coil will be the

sum of voltages induced in each of its four sides in 5.2-b as follows
€ind = €de t €cb + €ba + €ad (5.3)
Since ey, and eyq are zero, we have
€ind = €de + €bq = VBl coswt — v Byl cos(wt — 1807) (5.4)
From v = rw, the induced voltage can be expressed as
€ind = Pw cos wt (5.5)

where ¢ = 2riBjs represents the flux passing through the coil. Equation (5.5) describes
the voltage induced in a single-turn coil. Thus, for a stator with N turns of wire, the total

induced voltage is
eind = N ¢w cos wt- (5.6)

Notice that the voltage produced in the stator of this machine winding is sinusoidal with an
amplitude which depends on the flux ¢, rotor angular velocity w, and a constant depending
on the construction of the machine N.

If three coils, each with N turns, are placed around the rotor’s magnetic field as shown
in Figure 5.3, then the voltages induced in each coil will have the same magnitude but differ

in phase by 120 degrees as follows
€as = Nowcoswt
ey = Nowcos(wt —1207)
ece = Nowcos(wt—240°) (5.7)
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Figure 5.2: A brushless rotary machine: (a) Magnetic flux densities and velocities on the
coils. The velocities shown are from a frame of reference in which the magnetic field is
stationary, (b) Induced voltages in each side of a typical single-turn coil of stator [157].
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Figure 5.3: Three coils spaced 120° apart [157].

Therefore, the peak voltage in any phase of a three-phase stator is given by
Erar = Now (5.8)
Since w = 27 f, this equation can be also written as
Emar =2nNof (5.9)
Therefore, the root-mean-squared (rms) voltage of any phase is given by
Ejy=21rNo¢f (5.10)

For the sinusoidal steady state, the RMS voltage at the terminals of the machine will depend
on whether the stator is Y-connected or A-connected. If the machine is Y-connected, then
the terminal voltage will be v/3 times Ey; if the machine is A-connected, then the terminal

voltage will be juste qual to E4. Equation (5.10) can be further simplified to

Ea = Kouw (5.11)
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Figure 5.4: Equivalent electrical model of one phase of the rotary machine.

where K is a constant representing the construction of the machine. If w is expressed in

electrical radians per second, then

N
K= 7 (5.12)

Similarly, if w is expressed in mechanical radians per second, then

_ e
V2

where P is the number of poles which comes from the ratio between the rate of rotation of

K (5.13)

the magnetic fields in the machine and the stator electrical frequency given by

P

Je= 120 (5.14)

where f, is electrical frequency in Hz, and n,, represents the mechanical speed of the mag-
netic field in revolutions per minite (rpm).

The voltage E 4 is the internal generated voltage produced in one phase of the machine.
However, this voltage E4 is not usually the voltage that appears at the terminals of the
machine. In fact, the only time the internal voltage F 4 is the same as the output voltage
Vs of a phase is when there is no armature current flowing in the machine. There are a

number of factors that that result in a difference between E4 and Vj such as distortion
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of the air-gap magnetic field by the current flowing in the stator winding, called armature
reaction, the self-inductance of the armature coils, and the resistance of the armature coils.
The armature reaction is modeled as an inductor L in series with the internal generated
voltage since this effect induces a voltage which lies at an angle of 90° behind the plane
of current and directly proportional to the current. In addition to the effects of armature
reaction, each stator coil has a self-inductance L 4 and resistance R 4. Therefore, the model
of one phase of machine can be shown as in Figure 5.4, where Ly = L 4+ L 4. Hence, a more
accurate equation for Vy is as follows
di

—Ey—- L2
Vo = Ea dt

— Ryi (5.15)

5.3 Algebraic Screw and Rotor Dynamics

This section provides an overview of the work reported in [149] which is repeated here
to provide the necessary background to the reader. The Algebraic screw is a kinematic
mechanism including two triangular base plates connected to each other via six legs as
shown in Figure 5.5. In this figure, a particular configuration called the midline-to-vertex
configuration is depicted in which a leg with an anchor point on one of the vertexes of the
fixed base, has an anchor point on the midpoint of the other edges of the triangle on the
moving platform. Figure 5.6 illustrates the shape of the fixed base and moving platform
of the algebraic screw. This mechanism was inspired by a work reported in [158]-[160]. In
this research, the algebraic screw concept is utilized as a linear-to-rotary converter that
interfaces between the rotary machine and reciprocating vibration motion.

Referring to Figure 5.7-a, the relationship between the distance d and rotation angle «

is obtained as follows

CL2

?=1%- 5(5 —4cosa) (5.16)

where [ is the length of each leg and a represents the length of each side of the triangle. Let
us define the relative translational displacement x and the relative rotational movement 6

from the static equilibrium points as follows

d— do =T (5.17)

a—ag=10 (5.18)
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Figure 5.5: Algebraic screw with the midline-to-vertex configuration [160].

e

Figure 5.6: Fixed base and moving platform of the algebraic screw concept [160].
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Figure 5.7: The algebraic screw: (a) Schematic diagram, (b) Developed prototype [149].
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Figure 5.8: Rotor model of the electromagnetic damper.

where dg and aq are the static equilibrium points corresponding to d and «, respectively.
Using (5.16), (5.17), and (5.18), and performing some algebraic manipulations and lineariza-

tion around the equilibrium points, we have

i=ch (5.19)
where
. _a2 sin ag (5.20)
B 6do '

Since the rotary machine is coupled with the algebraic screw, the angular velocity of the
rotor is equal to relative rotational speed of the algebraic screw, i.e., w = 0. Therefore,
using (5.8) and (5.19), the peak induced voltage in one phase of the stator is given by

N¢ .
—x

C

(5.21)

Emax =

This equation reveals that the peak induced voltage in the stator is proportional to the
linear velocity &, flux ¢, and constants ¢ and N that depend on the construction of the
algebraic screw and machine, respectively.

Now, let us find the output force of electromagnetic damper consisting of the algebraic
screw coupled with the rotary machine. Figure 5.8 shows the rotor dynamics components,
where J,, is the moment of inertia of the rotor; J, is the moment of inertia of the algebraic

screw; [ is the distance between the two triangular plates of the algebraic screw; # and w
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are the angular displacement and velocity, respectively; and z and 2 are the translational
relative displacement and velocity, respectively, i.e., 2 = zp — z, and 2 = &, — 2. The rotor
and algebraic screw are assumed to be rigid and the torsional flexibility of the algebraic

screw is ignored. Refereing to Figure 5.8 we have
(Jm + Ja) = Tm — 74 (5.22)

where 7,4 is the total damping torque and 7, is the output torque of the rotary machine

which is proportional to the machine current i as follows

Using the force balance equation we have

2

fa= 14 (5.24)

where f; is the total damping force. Replacing = with z in (5.19) using (5.22), (5.23), (5.24),

and performing some algebraic manipulations, the total damping force is obtained as follows

fa = kmi— IqZ (5.25)
where
2
ko = T”kt (5.26)
and
2T
Iy= E(Jm + Ja)- (5.27)

5.4 Dynamic Equations of the Regenerative Suspension Sys-

tem including the Algebraic Screw and Rotary Machine

By utilizing the kinematic and dynamic equations for the algebraic screw, rotary ma-
chine, and the suspension system, we can obtain the dynamics of the overall suspension
system. Similar to Chapter 3, it is assumed that the unsprung mass m,, is negligible com-
pared to my, and the tire stiffness K, is relatively large. Also, the mass of electromagnetic

damper including the algebraic screw and the rotary machine and its friction effects are
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Figure 5.9: One-degree-of freedom model of the suspension system using the algebraic screw.

ignored. Therefore, an approximate one-degree-of freedom (1-DOF) system is considered as
shown in Figure 5.9, where m; and K represent a quarter of the sprung mass of a vehicle
body and the stiffness of the spring, respectively. Using a free-body diagram, the equations

of motion for this system are given by
myty = —Ks(rp — 27) — fa (5.28)
Substituting (5.25) into (5.28) results in
(mp — 19)Z2 + Kez = —kpi + F, (5.29)
where
F, = —mypa,. (5.30)

Following the concept discussed in Chapter 4, the power electronic converter along with the
controller enforce a resistive behavior across each two phases of rotary machine. Thus, the

maximum current drawn for one coil of machine is given by

Emaz
— 5.31
‘TR (5:31)
where
R = Ryesired + Ra (5.32)

where Rgesireq represents the desired input resistance enforced by the controller as indicated
in (4.30), (4.31), and (4.32). Using (5.21), (5.29), and (5.31), the equations of motion for
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the proposed regenerative suspension system can be written as
(mp — 1)+ Cr2 + Kgz = F, (5.33)

where C,. represents the equivalent rotary damping of the regenerative suspension system,

which is given by

C, =kmle (5.34)

This equation demonstrates that the proposed system is capable of providing the damping
effect which depends on the construction parameters of the algebraic screw and the rotary

machine along with the value of resistance enforced by the controller.

5.5 Experimental Setup and Results

To evaluate performance of the proposed regenerative vibration damping system ex-
perimentally, the power electronic circuitry, discussed in Chapter 4, was utilized in the
mass-spring test rig. The test rig was attached to a mechanical shaker as depicted in Fig-
ure 5.10. The mass-spring experimental setup consists of four parallel springs, an algebraic
screw, and a rotary permanent-magnet machine (Maxon EC-max 40-283876) which isolates
the mass from base excitations. The sprung mass was 5.53kg. The stiffness of each spring
was 1.6kN/m, resulting in a total stiffness of Ky = 6.4kN/m.

The shaker can be excited with motion profiles containing different frequencies in the
range 5 — 20Hz. In the experiments, the shaker was set to oscillate at 5.6Hz which is close
to the resonance frequency of the system. To find the resonance frequency of the system,
the shaker was set to run with a sinusoidal signal with a linear sweep between 5Hz to
10Hz at a rate of 0.1 Hz/s as shown in Figure 5.11. Referring to this figure, the resonance
frequency of the system was determined to be 5.474Hz. A displacement of 2.54mm peak-
to-peak was set for the shaker, representing the maximum excitation that the system could
handle at resonance without bottoming out. The phase to phase terminal inductances of
the machine, L,, = 1.6mH, was utilized as the boost converter inductors L,, Ly, and L. as
shown in Figure 4.1. The three phases of the generator shown in Figure 5.1 were connected
to the input of the power electronics interface. The phase-to-phase voltages along with
the currents passing through the inductors were measured using LT1167 instrumentation

amplifiers. These signals, along with the battery voltage were then captured by ADC
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Figure 5.10: Mass-spring test rig connected to a mechanical shaker, algebraic screw, and
rotary permanent-magnet synchronous machine.

channels of the dSPACE. The circuit phase-to-phase input resistance was then calculated
at each sampling time by dividing the input voltage by the averaged inductor current in
one PWM period (0.001s). A PWM frequency of 1 kHz was utilized which is much higher
than the frequency content of the input waveform. The value of d was obtained from (4.36),
(4.42), and (4.45), and applied to the converter at each sampling instant.

Figures 5.12, 5.13, and 5.14 illustrate performance of the controller for desired input
resistances 102 and 50f2. Figure 5.13 reveals that when the desired resistance decreases
from 5082 to 10€2, more current is drawn from the stator coil, which decreases the vibration
amplitude, i.e., more power is transferred to the battery in the form of electrical charge.

Since the relative displacement decreases as illustrated in Figure 5.14, the amount of induced
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Figure 5.11: The amplitude of relative displacement for different frequencies.

voltage shown in Figure 5.12 also decreases. Form Figures 5.12 and 5.13, it is also evident
that the controller could keep the ratio between the phase-to-phase voltages and current
constant and equal to the desired electrical resistance (equivalent mechanical damping) by
changing the duty cycle of the PWM control signal as shown in Figure 5.15. It should be
noted that decreasing the desired input resistance corresponds to a larger duty cycle as
indicated in (4.30), (4.31), and (4.32). Since all desired phase-to-phase input resistances of
the three phases are set to be equal, they are controlled by only one PWM control signal.
Therefore, some spikes in the value of duty cycle are observed at the times of changing
the switching arrangement. Also, larger variations in the duty cycle for smaller desired
resistances, can be verified by obtaining the sensitivity of input resistances in terms of the
duty cycle d in the same way discussed in Chapter 3.

It must be also noted that the algebraic screw cannot provide a unidirectional rotary
motion. In fact, it rotates 30 degrees in one direction and turns back 70 degrees in other
direction. Therefore, the generated three-phase voltages would depend on the relative ori-
entation of the rotary machine and the algebraic screw. Figures 5.16 and 5.17 verifies this
which can be improved by adding a gearhead mechanism between the algebraic screw and

the rotary machine to provide a 360 degree rotation. Figures 5.18 and 5.19 demonstrate
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Figure 5.12: Experimental waveforms for phase-to-phase voltage V,; for different values of
the desired resistance Rgp: (a) Rgp, = 1082, (b) Rgp = 5062
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Figure 5.13: Experimental waveforms for current I,; for different values of the desired
resistance Rgp: (a) Rgp = 1082, (b) Ry, = 5062
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Figure 5.14: Experimental waveforms for relative displacement for different values of the
desired resistance Rgp: (a) Rgp = 109, (b) Ry, = 504.
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Figure 5.15: Experimental waveforms for the duty cycle of the PWM control signal for
different values of the desired resistance Ry = Ray = Rae = Rpe: (a) Rg = 109, (b)
Ry = 5002.
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Figure 5.16: Experimental waveforms of the phase-to-phase voltage V. for different values
of the desired resistance Ry.: (a) Rqe = 1092, (b) R4e = 5092.
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Figure 5.17: Experimental waveforms of the phase-to-phase voltage V3. for different values
of the desired resistance Rp.: (a) Rp. = 1082, (b) Ry = 5062.



CHAPTER 5. ROTATIONAL REGENERATIVE SUSPENSION SYSTEM 108

0.08

0.06 -

0.04

0.02

L,ac

-0.02

Filtered Current |

-0.04

-0.06

-0.08

Time (s)

0.08

0.06

0.04r-

)

0.02

VSV VIV,

-0.02

Lac

Filtered Current |

-0.04

-0.06 -

~0.08 | | | |
0 0.2 0.4 0.6 0.8 1
Time (s)

(b)

Figure 5.18: Experimental waveforms of the current I,. for different values of the desired
resistance Rge: (a) Rge = 1092, (b) Ry = 50
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Figure 5.19: Experimental waveforms of the current [, for different values of the desired
resistance Rp.: (a) Rpe = 1092, (b) Rp. = 509.
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that the closed-loop system is capable of achieving the resistive behavior as the current
waveforms follow the voltage waveforms with a constant ratio equal to the desired electrical

resistance.

5.6 Summary and Conclusions

In this chapter, the boost-type converter along with the feedback control strategy de-
veloped in Chapter 4 were utilized in an energy-regenerative suspension system testbed. It
was shown that the three-phase converter along with the controller and the rotary machine,
coupled with an algebraic screw, can provide a rotary damping effect which depends on the
construction parameters of the algebraic screw and the rotary machine as well as the value
of the desired resistance enforced by the controller. The performance of the regenerative sus-
pension system was then evaluated experimentally. The results demonstrate that the boost
circuit and proposed feedback controller can successfully provide regenerative damping for

mechanical vibrations.



Chapter 6

Summary, Conclusions, and

Suggestions for Future Work

6.1 Summary and Conclusions

In this thesis, the idea of enforcing a pseudo-resistive behavior at the input of a boost
converter was presented for single- and three-phase circuits. To this end, novel modeling
and control schemes were developed and implemented for boost-type switching converters.
It was shown that the above concept can be implemented by utilizing a model-based feed-
back controller that regulates the input resistance of the converter to desired values. The
value of the converter’s input resistance can be changed in real-time by changing the de-
sired resistance applied as a set-point to the controller. The circuit and control scheme were
then utilized in a regenerative vibration damper to provide the damping effect. The perfor-
mance of the testbed suspension system consisting of four parallel springs and a tubular DC
permanent-magnet machine was then evaluated through experimental studies. The results
indicate that the boost circuit and proposed feedback controller can successfully provide
regenerative damping for mechanical vibrations with high-efficiency power conversion. Mo-
tivated by the results obtained from the single-phase system in providing a pseudo-resistive
input behavior, the idea was extended to a three-phase system. To this end, analytical ex-
pressions describing the input characteristic of the converter were obtained, based on which
a feedback controller was designed. The three-phase converter system was then utilized in a

suspension system testbed consisting of four parallel springs and a rotary permanent-magnet
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machine connected to an algebraic screw. The system was used to evaluate the performance

of the converter and control scheme in providing a desired damping effect.

6.2 Future Research

Based on the experience gained and results obtained in the course of this research, the

following activities may be considered for future work.

6.2.1 Optimized Semi-Active Regenerative Suspension System

Developments in power electronics and permanent magnet materials justify the possibil-
ity of implementing electromagnetic machines to improve performance of automobile sus-
pension systems. To this end, the three-phase converter along with the proposed controller
and a permanent magnet brushless DC motor can be utilized in a regenerative suspension
system that can harvest energy when subjected to a real road profile. In that case, the de-
sired damping of the suspension system can be optimized by taking energy generation into
account as well as the ride comfort and car handling. Therefore, the objective function may
include all of these criteria. For example a root mean squared (RMS) objective function can
be defined as follows

T T T
J = / (20 — z,)2 dt + / W * 22 dt + / P2, dt (6.1)
0 0 0

where Wy, is a weighting function for human sensitivity to vibrations, * denotes convolution

operation, Py, is the regenerated power, z,, @, and x; represent vehicle’s wheel displace-
ment, road displacement, and vehicle’s body displacement, respectively, as described in
Chapter 3. The first term in (6.1) is aimed at improving the vehicle stability through at-
tenuation of the tire pressure, or more precisely, through the attenuation of the unsprung
mass force acting on the road. The second term in (6.1) provides passenger comfort, and
the third term in (6.1) indicates the energy regenerative aspect. The first two terms have
been already used for improvement of vehicle’s performance [161]-[164], but adding energy

regeneration to the optimization function is an interesting extension of the above works.
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6.2.2 Bidirectional Single/Three Phase Boost Converter

The same concept can be extended to model, design, and control a signle/three phase
boost converter by replacing the diodes, located in the upper part of the circuits shown
in Sections 2.2 and 4.2, by MOSFET switches similar to the lower part of the circuits.
Bidirectional boost PFC converters can supply prescribed amounts of reactive power (with
leading or lagging current) independently of the DC load power, which allows the converter
to be used as a static reactive power compensator in a power system. This can be also
utilized as an active suspension system, where both damping and stiffness characteristics of
the system can be controlled. The system virtually eliminates body roll and pitch variation
in many driving situations including cornering, accelerating, and braking which allows car
manufacturers to achieve a greater degree of ride quality and car handling by keeping the

tires perpendicular to the road in corners, allowing better traction and control.

6.2.3 Extending the Controller for Continuous Conduction Mode (CCM)

As it was earlier verified in Sections 2.4 and 4.4, the efficiency drops when the duty cycle
of PWM control signal reaches the DCM boundary. This is due to the fact that the circuit
does not operate in the resistive region because of the inductive behavior of the circuit in
CCM. To address this issue, control techniques should be designed and integrated with the
proposed controller to provide the resistive behavior for all values of the duty cycle of PWM

control signal for both DCM and CCM modes of operation.

6.2.4 Control System Implementation on an Embedded System Platform

The control strategy used in this research was simulated using SIMPOWER toolbox
of MATLAB/Simulink, and then implemented on the rapid control prototyping hardware,
dSPACE, using Real-Time workshop interface to evaluate theoretical and simulation results,
experimentally. The operational scheme, control, and switching algorithm strategy devel-
oped in this dissertation can be ultimately implemented using low-cost embedded computing
devices such as micro-controllers and field-programmable gate arrays (FPGAs) for a class

of power electronic converters for vehicular suspension systems.
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6.2.5 Battery Management

In this research, we did not study battery management circuitry and controllers. A
battery management strategy is needed to extend the battery lifetime by controlling the
charging rate and providing protection against overcharge. In fact, modern battery power
management systems rely on a high-fidelity battery model to track the battery state of
charge (SOC), predict runtime of each battery cell, and hence optimize the performance of
whole battery system. Achieving this objective requires a battery model that accurately
captures various nonlinear effects and dynamic electrical characteristics of the battery to

facilitate system-level circuit design and simulation.
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