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Abstract

This thesis investigates using the cascade multilevel inverter as an alternative to

conventional pulse width modulated inverters for large hybrid-electric vehicle (HEV)

drivetrain applications. Previous research considered constant and equal dc sources with

invariant behavior; however, this research extends earlier work to include variant dc

sources, which are typical of lead-acid batteries when used in HEVs. This thesis also

investigates methods to minimize the total harmonic distortion of the synthesized

multilevel waveform and to help balance the battery voltage. The harmonic elimination

method was used to eliminate selected lower dominant harmonics resulting from the

inverter switching action. Switching points (angles) were determined using an iterative

technique to solve the system of nonlinear transcendental equations. The total harmonic

distortion was investigated over a wide range of possible output control voltages and

number of voltage levels used to synthesize the output waveform.

As expected, the line-to-line voltage of the three-phase multilevel inverter's

voltage was observed to be zero when used with an ideal low-pass filter; however, the

total harmonic distortion increased significantly for both the phase- and line-voltages as

the number of synthesis voltage levels decreased. Also, a switching pattern that would

help balance and equalize the individual battery voltages within an HEV battery pack was

developed. The individual batteries with the higher voltages would be assigned the

longer duty cycle, and the batteries with the lower voltages would be skipped or assigned

the lower duty cycles.
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1  Introduction

1.1 Hybrid-Electric Vehicles

Battery powered electric vehicles (BEY or BY) have been around since the 1960's

when the demand was revived due to air pollution and ecology. However, limited

technological advances and specific component requirements caused the popularity of

electric vehicles to fade in-and-out. During the past ten years, the digital age has brought

forth the capability to advance this technology using a combination of advanced electric

drive systems, new battery technologies, fuel cells, microturbine power units, and the

internal combustion engine to mix the battery powered electric vehicle with conventional

automotive drive systems. This gave birth to the hybrid-electric vehicle (HEY).

In the past thirty years, there has been a desire to reduce vehicle emissions and

improve fuel economy. Due to inflated fuel prices since 1999 and the mandate for

cleaner, fuel-efficient vehicles, the timing for the HEY could not be better. The future of

using hybrid-electric vehicles may become reality, especially since several EYs and

HEYs have been used for the past decade.

The HEY can have several different configurations, where the chemical,

mechanical, and electrical sources of energy supplement each other to yield an overall

system with a particular advantage. The HEY offers additional flexibility to reduce

emissions and improve the fuel economy of the vehicle. The two basic HEY system

configurations are the series and parallel, where the power flow of the system determines

the type.



1.1.1 The Series HEV Configuration

In the series HEV configuration, as depicted in Figure 1-1, the accessory power

unit (APU) supplements the energy storage system (ESS), usually batteries, to store

energy, which is used by the main propulsion system. The power flows from the APU, to

the ESS, then to the propulsion system. The vehicle's overall performance is determined

by the main propulsion system, ESS characteristics, APU capability, and its system

controller to manage the power flow. For the HEV to meet its performance criteria,

properly sized components are chosen such that the APU can replenish the ESS and

maintain it within acceptable operating limits.

The series HEV is usually simple to control because the APU does not

mechanically couple with the drive system. Since the APU is not mechanically coupled

to the drive system, it can operate at a constant speed where it is most efficient,

significantly extending the range of the vehicle, or produce the least amount of emissions.

However, it has all the disadvantages of multi-state conversion [1].

1.1.2 The Parallel HEV Configuration

In the parallel HEV configuration, as shown in Figure 1-2, the APU is

mechanically coupled with the electric drive system. This is usually mechanically

complicated and involves a complicated control structure for the system. The overall

propulsion system is considered as a "power assist" when compared to the series

configuration, where the overall system is deemed a "range extender."
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The size of the ESS and electric drive system can be significantly reduced, which

has several advantages over the series arrangement. The APU is smaller when compared

to a conventional automotive engine because the power from the APU and the electric

motor combine to produce an equivalent power. The parallel configuration may also be

operated in three modes: (1) as a pure EV using the eleetrie motor only, (2) as a

conventional vehicle using only the APU, (3) or both using the APU and the electric

motor. The electric motor can also be used a generator, where it supplies energy to the

ESS, thus, the APU is used as the main propulsion system and power is shared with the

generator. The main advantage of the parallel HEV is flexibility; the APU and electric

motor operate together optimizing efficiency, performance, and emissions requirements.

1.1.3 Other Configurations

Although, the series or parallel configuration can improve fuel economy and

reduce emissions, other configurations have advantages over the series or parallel

arrangements. Mixed configurations can achieve better performance, but their control

complexity increases. For example, the dual-mode hybrid, as used in the Toyota Prius, is

a popular mixed configuration [2]. It is basically a parallel hybrid with a separate

generator that can recharge the batteries or assist the drivetrain, as shown in Figure 1-3.

The terms ESS, APU, and propulsion system were used in general because they

describe a variety of devices. The ESS may consist of different battery types, ultra-

capacitors, flywheels, or other energy storage elements. The typical APU is an internal

combustion engine (ICE), but may be an alternative fuel ICE, efficient diesel engine,

multi-fuel microturbine, fuel-cell, etc. The main propulsion system typically consists of
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ac induction motors, but a variety of other electric motors have also been used. In the

past, dc motors were used and are still prime movers in some EVs. Switch reluctance

motors, due to their simple, rugged construction and price advantages, are candidates for

future drive systems.

1.2 The Demand for Large HEV Applications

Although, the popular automotive vehicle has been the center of discussion up to

now, it is not the only vehicle to use a hybridized propulsion system. Large HEV

applications such as transit buses, recreational vehicles, heavy-duty trucks, school buses,

military vehicles, etc., are additional areas that would benefit from a hybrid system.

Although some research has been done in these areas, the overall system implementation

becomes more difficult because the vehicles are larger and obviously require a larger

ESS, APU, and drive system.



In addition, these larger components are more expensive and less reliable because

the semiconductor switching dV/dt is considerably higher, the devices dissipate more heat

due to higher switching losses, and higher rated components tend to cost more (especially

when replaced several times during the life of the application). The high frequency

switching of popular pulse width modulation (PWM) schemes, which is common in

modem power electronic equipment, increases the electromagnetic interference (EMI),

and induces intemally circulating currents into the motor bearing causing failure and

stator winding insulation breakdown of the traction motors [3].

1.2.1 Application Requirements

Large HEV applications require considerably larger components and storage units

in comparison to the majority of the diesel engines used. The average continuous power

range expected is 150kW-300kW for the majority of applications, however some

applications may be larger than IMW. Thus, an expected average or continuous power

that exceeds 150kW will be used to define large HEV applications.

The most common applications today are the electric and altemative fuel transit

bus. The cyclic operations of the transit bus are ideally suited for EVs and HEVs. The

electric transit bus has been successful and considerable research and development time

has been spent in the electric transit industry, hence, the move to larger hybrid systems is

inevitable. However, the need for a larger drive system that compares with the

performance of presently used diesel buses is a fundamental requirement.



1.2.2 Increase in Component Size using Common Techniques

The common techniques used for large HEVs would be similarly scaled from the

automotive HEV. Using this arrangement, the components become excessively large and

expensive, therefore, the viable application becomes less realizable. Although the

application may be achieved, if it is not economically feasible, then the demand for the

application diminishes.

Heavy-duty design of power electronic inverters for the drive system would be

required to compensate for the larger working voltage, current, and heat dissipation.

Since the switching inverters have semiconductors and other components that are

dependent on the operating voltage and current, the result is more expensive and less

efficient inverters. Common methodologies appear to close the door for larger

applications because the components become expensive, bulky, inefficient, and overall

not reliable. Improvements on these drive systems are imperative before large HEV

applications become successful.

Therefore, the work in this thesis is to investigate a new type of inverter approach

for large HEV drive systems, which has several advantages over the present technology

that is commonly used in dc-ac inversion. Some advantages are high efficiency, smaller

power electronic modules, scalable and modular systems, and system redundancy

improving reliability for drive system critical applications.

1.3 Advanced Power Electronics

The Multilevel Inverter approach allows the use of high-power and high-voltage

electric motor drive systems. Using a multilevel inverter, a "divide and conquer"
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approach to HEV system design allows more flexibility and control over the discrete

components that make up the system. Inherently, several modular units may be

embedded and controlled using the multilevel approach with a microcontroller or DSP

chip.

The goal of the inverter is to produce an ac waveform from a dc supply. The dc

supply usually consists of several batteries connected in series. In typical applications,

the input voltage for the inverter is the same as the dc supply voltage. Also, power is the

product of voltage and current; larger applications require more power from the dc supply

thus posing a design barrier. The power may be maintained by increasing the voltage and

decreasing the current by the same proportion, or decreasing the voltage and increasing

the current by the same proportion. If the dc supply voltage is increased (adding more

batteries in series to maintain or decrease the current) for the larger power requirement,

the components must be able to withstand the maximum dc supply voltage. A high

supply voltage results in a slower switching frequency because of the semiconductor's

characteristics. If the designer chooses to deal with a larger current, then heat dissipation,

and switching dV/dt become a problem, in addition to EMI problems. However, by using

multiple switching levels, the components are exposed to a smaller voltage, as compared

to PWM inverters, and assembled to produce the desired output waveform.

The multilevel inverter uses the individual batteries from the battery pack to

generate the desired sinusoidal waveform by combining the individual dc sources at

specified times. Generally 12-volt batteries are available, so there are multiple switching

levels composed of the series batteries used in the multilevel inverter which allows for



scalable high power applications that result in highly efficient power conversion. Thus,

the overall objective of converting dc to ac for motor control has been accomplished

using the multilevel inverter with additional benefits of high efficiency, smaller

components, fundamental switching frequency, very low EMI, scalable and modular

systems, and the ability to use any separate dc source. It is important to note that the ESS

may consist of many different types of dc sources and the discrete level of the voltage is

limited to the desired performance of the semiconductor switches. Using 2, 6, 12, 24, 48

volt, or any other dc level may be selected based on the desired performance criteria;

however, the same dc level is usually desired for each available source.

1.4 Outline of Thesis

The following chapters investigate using multilevel inverters with variant dc

sources. The variation was assumed to be within reasonable bounds (10%) and was not

expected to change rapidly, as in a series connection of lead-acid batteries. The

fundamental theory was based on invariant separate dc sources, as in Chapter 2.

Chapter 2 provides an introduction to waveform synthesis using multiple

switching levels and develops the fundamental theory based on invariant separate dc

sources. Several types of multilevel topologies will be introduced.

In Chapter 3, the fundamental theory that was developed in Chapter 2 will be

expanded to include variant dc sources. The optimum switching angles will be

investigated for the variant case to determine if the computation can be performed in real

time. Other alternatives will be considered such as a pre-computed look-up table stored

in memory.
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Chapter 4 discusses redundancy, another advantage of multilevel conversion. The

loss of a level and the ability to bypass the failed component and continue operation will

be discussed. Several issues will be examined to determine redundant operation and

performance tradeoffs in three-phase traction motors.

Chapter 5 summarizes the advantages of using multiple switching level waveform

synthesis over present inverter design methodology for large HEV applications, and

discusses future research direction for using the multilevel topology for hybrid-electric

vehicles.
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2 Multilevel Inverters

This chapter presents a brief introduction to the three main types of multilevel

converters: diode-clamped, capacitor-clamped, and cascade H-bridges. For this thesis,

the cascade multilevel inverter is discussed for use in large HEY drive systems because

the available batteries make this inverter favorable. Additional features such as its

battery management capability, redundant inverter operation, and scalability make the

cascade inverter the multilevel converter of choice.

In section 2.2, the multilevel waveform is examined using invariant dc voltage

sources with equal magnitudes. The Fourier analysis of the multilevel waveform is used

to compare two types of harmonic minimization: (1) eliminating selected lower

dominant harmonics, and (2) minimizing the total harmonic distortion of the voltage

waveform. Finally, the variant case is introduced, which is the discussion of Chapter 3,

where the dc sources vary like a typical battery.

Multilevel inverters divide the main dc supply voltage into several smaller dc

sources which are used to synthesize an ac voltage into a staircase, or stepped,

approximation of the desired sinusoidal waveform. A waveform generated with five dc-

sources each with a one-volt magnitude approximates the desired sinusoid, as shown in

Figure 2-1. The five dc sources (five steps) produced a peak-to-peak voltage of 10 volts

using 11 discrete levels.

Figure 2-1 illustrates an example multilevel waveform. Using multiple levels, the

multilevel inverter can yield operating characteristics such as high voltages, high power

levels, and high efficiency without the use of transformers [4, 5]. The multilevel inverter
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Figure 2-1: Example multilevel sinusoidal approximation using 11-levels.

combines individual do sources at specified times to yield a sinusoidal resemblance; by

using more steps to synthesize the sinusoidal waveform, the waveform approaches the

desired sinusoid and the total harmonic distortion approaches zero.

2.1 Types of Multilevel Inverters

There are three main types of multilevel inverters: (1) diode-clamped inverter, (2)

capacitor-clamped inverter, and (3) cascade inverter [3, 4]. Applications that have been

proposed include static VAR (volt-ampere reactive) compensation, back-to-back high-

voltage intertie, and adjustable speed drives [4, 5]. However, using the multilevel

inverter as an application for EV and HEV drive systems is a relatively new concept [3,

5-6]. The multilevel inverter may be implemented at the discrete component level

dividing the main dc supply voltage into several smaller voltages. The advantages and

disadvantages for each configuration of the multilevel converter will be presented.
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2.1.1 Diode-Clamped Inverter

Examples of a three-level converter will be used because three levels can be

obtained from both conventional PWM and a multilevel inverter. For PWM, the three-

level inverter is classified as unipolar PWM switching where the three discrete levels are

+Vdc, 0, or -Vdc- However, for the multilevel inverter - three levels are just the beginning.

The simplest diode-clamped inverter is commonly known as the neutral point

clamped converter (NPC) [4, 7]. The NPC consists of two pairs of series switches (upper

and lower) in parallel with two series capacitors where the anode of the upper diode is

connected to the midpoint (neutral) of the capacitors and its cathode to the midpoint of

the upper pair of switches; the cathode of the lower diode is connected to the midpoint of

the capacitors with its anode connected to the midpoint of the lower pair of switches.

The capacitors divide the main de voltage into smaller voltages, for this example, one-

half of the main de voltage. Thus, the three outputs are 0, YiVdc, or Vdc- Although, the

output phase voltage. Van, was not negative, another phase (or leg) was added to generate

the negative portion, -Vt„, of the wave to yield 0, -VzVdc, or -Vdc. Therefore, two legs

connected to the capacitors, as shown in Figure 2-2, yield a five-level output Vab'. Vdc,

'AFrfc, 0, -VzVdc, or -Vdc- For a three-phase inverter, an extra phase c is introduced for a

total of three legs connected to the capacitors.

The five-level output voltage Vab may be generated by controlling the switches,

where Table 2-1 shows the proper switching states. The switches (Sai AND Sa-i) and (Saz

AND Sa'2) are complementary pairs. When Sai is on (Sai= 1) Sa-i is off (Sa-i^ 0), likewise
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Figure 2-2: A five-level diode-clamped multilevel inverter: (a) inverter topology;
(b) switch representation.

for the other switch pairs. Although a simple example was used, Tolbert et al.

implemented a three-phase six-level diode-clamped inverter structure [6].

Some drawbacks of the diode-clamped multilevel inverter may be observed.

Using extra diodes in series becomes impractical when the number of levels increase,

requiring {m-\){m-2) diodes per phase [3,4, 6]. Note that in Figure 2-3, the diode labeled

Da2 requires two series-connected diodes because it blocks two capacitor voltages, and

Da(m-i) requires {m-2) series-connected diodes because it blocks {m-2) capacitor voltages.

Also, the switch duty cycle is different for some of the switches requiring different

current ratings; the switches block one capacitor voltage level Vdc [3, 6]. In addition, the

capacitors do not share the same discharge or charge current resulting in a voltage

imbalance of the series capacitors [3, 6]. The capacitor voltage imbalance may be

controlled using a back-to-back topology as illustrated by Tolbert et al. [3,5], connecting

resistors in parallel with capacitors, or using redundant voltage states [8].
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Table 2-1

Diode-clamp three-level converter voltage and corresponding switching states.

Sal Sa2 Sa'l Sa'2 Sbi Sb2 Sb'i Sb-2 Vab

0 0 1 1 1 1 0 0 -Vdc

0 0 1 1 0 1 1 0 -'AVdc

1 1 0 0 1 1 0 0 0

0 0 1 1 0 0 1 1 0

0 1 1 0 0 0 1 1 'A Vdc

1 1 0 0 0 0 1 1 Vdc

m-l

m-l m-2 a(m'3)

*

a(m-2)
-W—

\S^.
aD.a ( tm-2)

D..a(m-3)

a'2

m~\

a I

sC
w-1

a(m-2)

a(m-I)

a'(m-2)

Figure 2-3: An m-level diode-clamped multilevel inverter.
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The advantages and disadvantages of the /w-level diode-clamped multilevel

inverter are as follows [4]:

Advantages:

• A large number of levels m yields a small harmonic distortion.

• All phases share the same dc bus.

• Reactive power flow can be controlled.

• High efficiency for fundamental switching frequency

•  The control method is relatively simple.

Disadvantages:

•  Excessive clamping diodes are required per phase.

• Real power flow is difficult because of the capacitors' imbalance.

• Different current ratings for switch devices are required due to their

conduction duty cycle.

2.1.2 Capacitor-Clamped Inverter

The capacitor-clamped multilevel inverter (formerly flying-capacitor) is similar to

the diode-clamped structure, however, the capacitor-clamped multilevel topology allows

more flexibility in waveform synthesis and balancing voltage across the clamped

capacitors. The three-level inverter is used, as shown in Figure 2-4, for illustration.

Essentially, the capacitor-clamped structure produces the same three positive output

levels (0, ViVdc, or Vdc), as discussed in section 2.1.1, from a single leg. To generate the

negative portion of Fab, -Vbn (0, -YiVdc, or -Vdc), phase b was introduced, as in the diode-
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Figure 2-4: A five-level capacitor-clamped multilevel inverter.

clamped structure. Likewise for the diode-clamped inverter structure, a three-phase

inverter may be produced by adding another leg or phase c.

Table 2-2 shows the possible switch combinations to generate the five-level

output waveform. Note that one is not limited to a set of switching states to generate the

output waveform, as in the diode-clamped inverter. The output wave may be produced

using different combinations of switching states for the inner voltage levels. This

topology allows increased flexibility in how the majority of the voltage levels may be

chosen. In addition, the switches may be chosen to charge or discharge the clamped

capacitors, which balance the capacitor voltage.

The general m-level capacitor-clamped multilevel inverter, as shown in Figure 2-

5, has an m-level output phase voltage. Thus, two phases would produce a (27w-l) level

output voltage, or line voltage. The capacitors have different voltage requirements

similar to the blocking requirement of the diodes discussed in section 2.1.1. Assuming

all capacitors are identical, extra capacitors may be used in series to spread the working

voltage evenly. However, this arrangement requires a large number of capacitors per



Table 2-2

A capacitor-clamped three-level converter voltage and switehing states.
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Sal Sa2 Sa'2 Sq-i Sbi Sb2 Sb'2 Sb'i Vab

0 0 1 1 1 1 0 0 -Vdc

0 0 1 1 0 1 0 1 -'/2Vdc

0 1 0 1 1 1 0 0 -'/2Vdc

0 1 1 1 1 1 0 0 -V2Vdc

1 1 0 0 1 1 0 0 0

0 0 1 1 0 0 1 1 0

0 1 0 1 0 0 1 1 'A Vdc

1 1 0 0 0 1 0 1 'A Vdc

1 0 1 0 0 0 1 1 'A Vdc

1 1 0 0 0 0 1 1 Vdc

V,
d

m-\^

VdoL.

=3C

m-V

c

''dc

ffi-r

Vdc.
m-V

.
m-J

''m-2

nC,
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\S.a '(m-2)
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Figure 2-5: An m-level eapaeitor-clamped multilevel inverter.
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phase V2{m-\){m-2) which results in a bulky, and expensive inverter when compared to

the diode-clamped inverter.

The advantages and disadvantages of the m-level capacitor-clamped multilevel

interter is as follows [4]:

Advantages:

•  Large m allows the capacitors extra energy during long discharge transient.

•  Flexible switch redundancy for balancing different voltage levels.

•  ■ Lower total harmonic distortion when the number of levels m is high.

• Real and reactive power flow can be controlled.

Disadvantages:

•  Large number of capacitors are bulky and generally more expensive than the

clamping diodes used in the diode-clamped multilevel inverter.

•  Complex control is required to maintain the capacitors voltage balance.

•  Poor switching utilization and efficiency for real power transmission.

2.1.3 Cascade H-Bridges Inverter

The cascade H-bridges inverter is a cascade of H-bridges, or H-bridges in a series

configuration. The three-level converter has the same configuration as a single H-bridge

inverter, a single-phase full-bridge inverter used in unipolar PWM. A single H-bridge is

shown in Figure 2-6, and the cascade of H-bridges is shown in Figure 2-7. The four

switches Si, S2, S3, and S4 are controlled to generate three discrete outputs Vab with levels

of-Frfc, 0, or +Vdc- When S2 AND S3 are on the output is -Vdc\ when either pair Si AND S2

OR S3 AND S4 are on the output is 0; when Si AND S4 are turned on the output is +Fdc.
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The cascaded H-bridge multilevel inverter uses a separate dc source for each H-

bridge, as illustrated by the single-phase structure in Figure 2-7. The output of each H-

bridge can have three discrete levels, which when combined at specified times result in a

staircase waveform, Va„, as shown in Figure 2-1. The number of output phase voltage

levels m in a cascade inverter with s separate dc sources is ni = 2^+1 possible levels.

Tolbert showed that the duty cycle for each voltage level can be rotated so that

each dc source and bridge share the same load [3]. Because the switches do not share the

same load when generating the multilevel waveform, they must be rotated to actively

share the duty cycle.

The advantages and disadvantages of a cascade multilevel H-bridge inverter with

s separate dc sources per phase is as follows [4]:

Advantages:

•  The series structure allows a scalable, modularized circuit layout and

packaging since each bridge has the same structure.

• Requires the least number of components considering there are no extra

clamping diodes or voltage balancing capacitors.

•  Switching redundancy for inner voltage levels is possible because the phase

voltage output is the sum of each bridge's output.

•  Potential of electrical shock is reduced due to the separate dc sources.

Disadvantages:

•  Limited to certain applications where separate dc sources are available.
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The goal of an HEV drive system is to perform highly efficient power conversion,

sustain ease and flexibility in the control method, and maintain reliability and

performance. This is critical for large HEV applications. The cascade multilevel inverter

has several advantages well suited for large HEV applications (e.g., transit industry,

military applications). Some additional advantages of HEV drive systems using the

cascade inverter are as follows: (1) redundant switching operation to balance battery use,

(2) limp home capability which operates using a minimal number of levels, and (3) worst

case operability which maintains operation at reduced performance. The separate dc

sources (batteries) can be switched on various ways to synthesize the output voltage,

thus, enhancing HEV drive system operability, and systems management flexibility.

In summary, a minimal number of sources may be used to operate the drive

system at reduced performance, which would default to a limp home or worst case mode.

The advantageous cascaded multilevel inverter is preferred for large HEV drive systems

over PWM and conventional variations thereof.

2.2 Waveform Generation using Separate Ideal dc Sources

This section introduces the staircase waveform of a cascade inverter, or any other

topology discussed, using separate ideal dc sources. In section 2.2.1, analysis of the

waveform using different levels of sinusoid approximation and its significant reduction of

the total harmonic distortion of the voltage waveform (THDv) as the number of levels

increased is illustrated. Following, section 2.2.2 presents the Fourier analysis of the

staircase waveform for 5 steps and the importance of selecting the proper switching times

to combine the dc sources.
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2.2.1 Waveform Synthesis

A five-, ten-, fifteen-, and twenty-step multilevel waveform eomparison is shown

in Figure 2-8. Notice that the staircase waveform better approximates the desired

sinusoid as the number of steps increased. As this approximation improved, due to the

increased resolution, the total harmonic distortion of the waveform decreased; that is, the

inverter's voltage waveform improved. The switching times were chosen to minimize

the THDv, which is defined by (2-4), and discussed in section 2.2.2.2. The THDv for the

five- and ten-step multilevel waveform, displayed in Figure 2-8(a) and (b), was found to

be 7.26% and 3.79% respectively. Thus, using twice the number of steps resulted in a

47.8% reduction in the THDy. Similarly, for a five- and fifteen-step THDv of 7.26% and

2.57%, a 64.6% reduction in the THDv was found. Increasing the step size to twenty

produced a THDv of 1.94%, which was a 74.6% reduction in the total harmonic distortion

by using four times as many steps to synthesize the sinusoidal voltage.

To briefly summarize, increasing the number of steps from 5 to 10, 15, and 20

resulted in a decrease to 0.522, 0.354, and 0.268 of the THDv of the five-step inverter,

respectively. One may assume an even larger number of steps would essentially

eliminate the total harmonic distortion, but also requires increased hardware and control

requirements. Thus, a "significant" reduction in the THDv also implies a "significant"

tradeoff between the number of hardware devices, control or performance requirements,

and the THDv allowed. In Figure 2-9, the THDv was plotted versus the number of steps.

Increasing the number of steps obviously decreased the THDv, but at 40 steps the THDv

was found to be less than 1%. In addition, at 8 and 13 steps the THDv was less than 5%
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Figure 2-9: Illustration of increased number of steps used versus the THDy.

and 3%, respectively. The switching angles were found to minimize the total harmonic

distortion of the waveform without any filtering, as discussed in section 2.2.2.2.

2.2.2 Fourier Analysis

The Fourier analysis of a multilevel waveform allows the frequeney spectra of the

waveform to be determined, in partieular the unwanted harmonics. In this section, the

fundamental equations that describe the multilevel waveform using Fourier analysis are

presented [3, 6]. In the two subsections that follow, two methods that determine the

switching angles are compared: (1) eliminating the lower dominant harmonics, and (2)

minimizing the total harmonie distortion.

The Fourier series of a caseade multilevel waveform with separate equal dc

sources may be expressed as
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/(O - /e, (0 + /e, (0 + /e, (0 + • • • + /e, (0

_  ̂ [cos(/z0i) + COS(/Z02 ) + COS(/?03 ) + h COS(/j0_y (2-1)
^  /,=! h

odd

CO

odd

w,dc ^cosim^)
.'t=i

sin(/ifflf)

where,

h-is the odd harmonic order (1, 3, 5,1,9,...).

5 - is the number of dc sources, or steps.

A:-is an integer > 0 (1,2, 3,..., s)

Qk - is the A;"' switching angle.

and /0^ Q) is the Fourier series for 0^.

The total rms value for the multilevel waveform with s steps was found by

integrating the multilevel waveform over one cycle. Because the waveform has s discrete

steps over one-quarter of a cycle, the integration consisted of separating the s intervals

into s separate integrals using the odd quarter-wave symmetry of the waveform. The

root-mean-square of the cascaded multilevel waveform with s steps is

l/(')U = y.dc. (2-2)

The fundamental rms value is

l/l(')L='^^^Ecos(et) (2-3)
k=\

From (2-2) and (2-3), the THD% was determined as
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1/(0].J/JMJ -1 (2-4)
\ i,[/l(0].MS /

The quality of a multilevel waveform depends on the choice of switching angles;

varying the switching angles to control the magnitude of the rms waveform also affects

the THDv. Ideally, one desires only the fundamental component of the multilevel

waveform, and to eliminate or filter the residual frequencies. However, choosing the

proper switching angles can be an exhaustive task. Assuming the dc sources are constant

and are equal, the analysis may be simplified.

2.2.2.1 Eliminating Selected Lower Dominant Harmonics

The most popular technique to reduce the harmonic distortion is to eliminate the

lower dominant harmonics and filter the higher residual frequencies [3, 6]. Typically,

this method is preferred because a system of equations may be developed using (2-1)

which can be solved for the switching angles that eliminate selected harmonics, and

retain a single degree of freedom to control the magnitude of the fundamental-frequency

component [3, 6]. For example, the switching angles for a three-phase five-step (11-

level) multilevel inverter can be determined using (2-5), where the lower dominant

harmonics are eliminated and control over the fundamental-frequency component is

retained. Note that for a three-phase system, the lower dominant harmonics are the S"',

7"*, ll"', and 13"". Using (2-1) to write the equations for the lower dominant harmonics

and normalizing with respect to Vjc, a system of nonlinear transcendental equations was

determined as
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cos(0i) + cos(02) + cos(03) + cos(04) + COS(05) =K

cos(50i) + eos(502) + cos(503) + eos(504) + cos(505) =0

cos(70i) + cos(702) + cos(703) + cos(704) + cos(705) = 0 (2-5)

C0S(1101) + C0S(1102) + C0s(l 103) + C0S(1104) + C0S(1105 ) = 0

C0S(13 01) + C0S(130 2 ) + C0S(1303 ) + C0S(130 4 ) + C0S(13 0 5 ) = 0

K = —^ (2-6)

Vp is defined by

A c

Vmin<Vp«— (2-7)
7t

and

Vp-is the desired peak magnitude of the phase voltage's fundamental frequency.

Vmin- is a minimum value determined by discretion where an advantage is

gained by reducing the number of steps.

- is the number of steps (for this example s = 5).

Note that K may be defined several different ways depending on the application

and control method. Tolbert defines K as sMi, where Mi is the modulation index [6]. The

modulation index is VL^Lmax where Vl* is the amplitude command of the output phase

voltage, and VLmax is the maximum attainable amplitude of the inverter [6]. The

fundamental-frequency component of the waveform is controlled by the switching angles

that correspond to M,-. Also, the maximum Vp in (2-7) occurs when (2-5) has no solution

for the switching angles as Vp approaches 4s/ti. The multilevel inverter can operate in the
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square wave mode (when Vp = 4s/ii), however, (2-5) is only valid over a selected range

that was not determined in this study.

Using this technique to solve for the angles is computationally intensive and

requires an iterative technique [3, 6]. For Vp = 5.00 and using step-sizes of unity

magnitude, the angles were determined to be

01=7.86°, 02 =19.37°, 03 =29.65°, 04 =47.68°, 05 =63.21°.,

The angles were determined such that the peak magnitude of the fundamental-frequency

voltage component was 5.00 volts, and the lower dominant harmonics (5"^, 7"^, ll"^, and

tVi

13 ) for three-phase systems equal zero. Theoretically, for three-phase systems, a filter

that eliminates the upper harmonics above the 15'^ would yield a THD of zero in the line

voltage.

2.2.2.2 Minimizing the Total Harmonic Distortion

The switching angles may also he solved to minimize the total harmonic

distortion. Equation (2-4) was squared to yield

[/(oLTHD^ IRMS= -1 (2-8)
, L/l (OlflMS

To minimize (2-8), the partial derivative of (2-8) was taken with respect to each

switching angle and set equal to zero. A generalized formula was developed, by

substituting (2-3) and (2-4) into (2-8) and differentiating (2-8) to determine the partial

derivatives. This was a time consuming process, but saved considerable time because the

s system of equations could be written. It can be shown that the simplified general

formula is
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dTHD^
lY= (2«-l)^cos(0^) +

k=l

^{2k-\)Qk -71^'
. k=\

sin(0„)=O (2-9)

where n is the n switching angle. Using (2-9) for a five-step waveform produced five

nonlinear transcendental equations with five variables whose solutions are the angles that

minimize the total harmonic distortion (2-8).

The optimal angles for a five-step multilevel waveform were determined to be

01=5.49°, 02 =16.68°, 03 =28.58°, 04 =42.06°, 05 =59.46°.

Again in (2-9), the peak magnitude of the fundamental-frequency component cannot be

selected, as it was in (2-5), to yield a set of optimum angles. However, a more

complicated method can be used, but it requires one to determine the optimum angles

subject to a constraint on the magnitude of the fundamental-frequency component.

The angles from (2-5) were determined by adjusting the value of K to have the

same magnitude as the fundamental component from (2-9), Fp = 5.1973 V. The angles

from (2-5), elimination of the lower dominant harmonics, were determined as:

01=5.30°, 02 =18.65°, 03 =24.53°, 04 =42.20°, 05 =60.80°.

The angles from (2-9), minimizing the total harmonic distortion, were determined

to be:

01=5.49°, 02 =16.68°, 03 =28.58°, 04 =42.06°, 05 =59.46°.

Thus, the difference was slight (< 5 degrees for all of the angles). The total harmonic

distortion of the two methods was 7.26% and 8.19% without filtering, the larger was

from the elimination method. Thus, using the elimination method and a filter to reduce

the upper harmonics is the method of choice because the magnitude of the fundamental
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frequency component can be controlled. The magnitude and frequency of the sinusoidal

waveform is the prime mover of the ac induction machine and must be controlled in real

time. The ideal case was assumed where the dc sources are invariant and equal in

magnitude. Typical batteries in HEV drive systems are not ideal; they vary with time,

and generally, are not equal.

2.3 Switching Angles when dc Sources Vary

In the next chapter, the switching angles are determined for variant dc sources

using the harmonic elimination method. This method was chosen because, it can reduce

the THDv of the waveform to near zero when used with a filter, and retains control over

the fundamental frequency component.
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3 Switching Angles with Variant dc Sources

This chapter investigates variant dc voltage sources when used in a cascade

multilevel inverter. A method to determine how to properly arrange the dc voltage

sources to minimize the THDv and balance their usage while maintaining control over the

fundamental-frequency component is developed, and the tradeoffs between operating at

optimal and near-optimal positions are examined for real-time deployment.

3.1 The Lead-Acid Battery as a dc Source

In many HEV applications, the primary energy storage component is the lead-acid

battery. In this thesis, the separate dc sources were assumed to behave similar to the

lead-acid battery, furthermore, its nominal voltage of 12.0 V was normalized to 1.0 V to

simplify the calculations and discussion.

In the cascade multilevel inverter, as was shown in Chapter 2 (Figure 2-7), the

batteries are separated and independently connected to an H-bridge. Thus, in a real

application, the duty cycle for each voltage level must be rotated to ensure that the

batteries discharge equally [3, 4, 6]. In the simplest case, the duty cycle can be rotated

using a set pattern if the batteries have equal magnitudes. However, several independent

batteries do not have equal magnitudes, and vary with time and load, therefore, rotating

the duty cycle must consider the voltage variation from the lowest to the highest dc

voltage source. Ideally, the lowest battery voltage is assigned the lowest duty cycle,

meaning that it is on the least amount of time, and the highest battery voltage is assigned

the highest duty cycle.
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In general, lead-acid batteries have slightly different voltages due to their

individual load imbalance and nonlinear characteristics, where the nominal voltage of a

standard lead-acid battery is 12.0 V and was assumed to vary from 10.8 to 13.2 V when

discharged or charged, respectively. Several definitions are used to define the terminal

voltage which classifies the state of a lead-acid cell, however, for this discussion,

assuming 10.8 V as the discharged state and 13.2 V as the charged state is reasonable [9,

10]. Therefore, the normalized battery voltage is 0.90 to 1.10 for the discharged and

charged state, respectively. Although, most of the batteries may vary by less than 2%

from the mean battery voltage, for analysis, the worst case assumes a 10% variation, that

is, one battery is mostly discharged (0.90 V), another is mostly charged (1.10 V), and the

remaining batteries are evenly distributed in between.

The analysis will be discussed using a 5-step multilevel waveform to determine

the proper method to sort the independent voltage sources. One may assume that

arranging the dc voltage sources from the highest battery voltage with the longest duty

cycle to the lowest battery voltage with the shortest duty cycle is the ideal order.

However, the order in which the independent batteries are used to generate the multilevel

waveform changes the harmonic content and the switching angles must be properly

determined for the voltage source pattem.

3.2 Sorting dc Voltage Sources

In Chapter 2, the separate dc sources were considered constant with unity

magnitude and the angles were found to eliminate the S"', 7"^, 11"', and 13"^ harmonics. In

this chapter, the THDv and harmonic content is examined using the harmonic elimination
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method. This method was chosen as the primary tool for calculating the switching angles

when the dc sources vary for several reasons. First, the general equation (modified from

(2-1) and introduced in section 3.3.4) is simpler to program and modify than the optimal

equation (2-9), and the Jacobian matrix can be calculated which aids in solving the

system of nonlinear equations. Second, it yields a greater reduction in the THDy when

combined with a filter to remove the higher harmonics because it eliminates selected

lower dominant harmonics. Finally, a single degree of freedom can be used to control the

magnitude of the fundamental-frequency component.

Two variations of the harmonic elimination method are examined. The first uses

fixed switching angles with perturbed dc sources, and the second case calculates the

switching angles using different voltage magnitudes for the dc sources. The THDv of the

multilevel waveform will be different for the two cases because varying either the battery

voltage or the switching angles affects the harmonic content. The first case is similar to

using ideal batteries whose unity magnitudes are perturbed, however, the order that the

batteries are switched on to synthesize the multilevel waveform is unique. In addition,

the batteries' voltage must be balanced to ensure that they are within a safe operating

range and to avoid damage due to over discharging. Using this technique also functions

as a battery management system, where the duty cycle of the individual batteries can be

controlled, or skipped in case of failure. In the second case, the switching angles are

solved for a selected order of the dc voltage sources.
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3.3 Multilevel Waveform Analysis of Variant dc Voltage Sources

In this section, the Fourier series of the multilevel waveform using variant dc

sources will be introduced. In section 3.3.1, the switching order is investigated using

perturbed dc sources, and in section 3.3.2, the switching angles are calculated using the

harmonic elimination method with variant dc sources. Then, a discussion and summary

of the two methods is presented in section 3.3.3. Also, the equations that were used to

simplify the analysis are presented in a vector and matrix-based form in section 3.3.4.

The vector representation is included for completeness and allows the equations to

be expressed in a condensed form using matrices, which can be programmed for

computer simulation or implemented with a DSP chip. There was also a motivation to

use a DSP chip to calculate the switching angles in real-time for minimal total harmonic

distortion using the harmonic elimination method and a filter to remove the higher

frequencies; also, the vector and matrix environment is ideal for programming and data

manipulation. However, solving the s nonlinear transcendental systems of equations is

computational intensive because the process requires an iterative approach. The speed by

which the solution must converge is in the microsecond range, determined by the desired

switching frequency, which is not attractive for DSP chips (modem computers with a

450MHz processor can solve a system of 5 nonlinear transcendental equations within a

second). In addition, a good initial guess to the solution is required for convergence.

A multilevel waveform with variant dc sources, as shown in Figure 3-1, may be

expressed as
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/(O = /gi (0+/02 (0 + • n •+/e^ (0

= - S[^1 cos(/;9i) + V2 cos(/;92) + • • • + cos(/z9^)]
odd

where vi, V2, etc. are the magnitudes of the dc voltage sources. Equation 3-1 was

modified from (2-1) by allowing the magnitudes of each step to vary. Note that in

Chapter 2, the dc sources were assumed constant with unity magnitudes.

Let the s separate dc voltage sources for phase a of a cascade multilevel inverter

be defined as

V.=[^;,, r„2 - r„T (3-2)

where the individual voltage sources can be switched at various times and duty cycles to

produce the multilevel waveform, as shown in Figure 3-2. The individual voltage source

Vai will be used to identify a particular battery, for example, Vai, and Fa2, denote their

permanent physical location and can be used in the synthesized waveform anywhere by

controlling the switching patterns. Also, let the magnitude of the voltage of each battery

be variable with a range

^min — ̂ nom — ̂ max (3"3)

where the nominal voltage is 1.0 V, normalized to represent 12.0 V. The selected

minimum and maximum values are 0.90 V and 1.10 V. For example, the voltage source

Vi can have a value anywhere between 0.90 and 1.10 V, V2 can also have the same range,

and so on for the s dc sources. Let the individual steps of the multilevel waveform have

measured values, defined by

~ b'al ^a2 ^as] • (^"4)
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Each voltage source is independent and
may be connected at various times and
duty cycles to produce the multilevel
waveform. For example, if the individual
voltages are measured to be

v=[f, Vz V, VsY

= [0.90 1.10 0.95 1.05 l.OO]^

the desired multilevel waveform can be

synthesized using the voltage sources as
shown below.

Illustration of

a half-cycle.

V5=F, = 0.90

v,= V, = 0.95

v,= V,= \.00

v,= V,= l.05

v,= V,= \AO

Till

The multilevel waveform can be synthesized 120 different
ways, however, one possible way is shown above where
the individual sources are sorted to help balance the
battery voltage over time.

n

Figure 3-2: Synthesis of a multilevel waveform.
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Now, the voltage magnitudes in Va correspond to the stepped waveform. The next step is

to sort the voltage sources Va in the proper order to synthesize the multilevel waveform.

In an application, the order of Va will be controlled and rotated based on duty cycle and

voltage. Let the duty cycle of each step of the multilevel waveform be defined as

di ••• d,] (3-5)

where =7r-20i, ̂ 2 =^"202, and =71-20^ represent the duty cycles (or the

pulse widths) of a half-cycle and depends only on the switching angles

0=[ei 0, - e.f. (3-6)

Initially, the analysis will be done using a single phase, however, the three-phase system

will be examined later because it becomes more complicated with three dependent

systems which contain three times as many dc sources and control requirements.

3.3.1 Switching Order with Perturbed dc Sources

In this section, the switching angles were determined from unity dc voltage sources

and fixed so that the effect of perturbing voltages can be examined. When batteries have

unlike voltages, combining them in a particular order is important because it changes the

harmonic content and qualities of the waveform (THDv, voltage ripple, and fundamental

frequency magnitude) and it also affects the voltage of the individual batteries. For

example, Vi can be turned on as the first step with the longest on time, or it can be turned

on as the last step with the shortest duty cycle. The other batteries can be switched in a

finite number of ways resulting in the overall multilevel waveform, however, the

different voltage-step patterns affect the THDy of the multilevel waveform and duty cycle
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of the batteries. Therefore, one desires a pattern that minimizes the THDy and optimizes

the duty cycle such that the batteries can be balanced with equal magnitudes.

For a ̂-step multilevel waveform there exists a finite number of ways to use the s

batteries. A three-step multilevel waveform can be combined using 2-3 = 6 different

switching patterns, and a five-step multilevel waveform can be combined using 2 • 3 • 4 •

5 = 120 different voltage-step patterns. The maximum possible voltage-step

permutations for a i'-step multilevel waveform can be determined by s'! = 2 n 3 • 4 n • n 5,

where 5 represents the number of steps of the multilevel waveform. Therefore,

considering that the switching angles are fixed, the THDy is investigated for each

switching pattern using a predetermined set of perturbed de voltage sources.

The THDv is calculated for each permutation and sorted in increasing order. For

example, a three-step waveform can have the following six voltage arrangements for Va:

(1)[r, F, V,] (3)[F2 F, V,] (5)[F3 Fi Fj]
(2)[F, Fj Fj] (4)[F2 Fj F,] (6)[F3 F, Fi]

The voltage sources in (3-7) can be switched in any order, however, to simplify the

discussion, the voltage of each individual step of the multilevel waveform is varied

instead of attempting to arrange the batteries in the proper order. The same result is

achieved by assuming that the batteries are arranged in a fixed order with only their

magnitudes determined from the permutations. For example, the 5-step waveform has

120 different possibilities, which means that each of the five batteries can have five

different values, but their order does not change. In aetuality, the H-bridges are switched

at selected times to produce the desired voltage-step pattern. Assuming the desired

voltages Va are known, the THDy can be calculated for each permutation of Va and sorted
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by increasing THDy. It should be pointed out that the fundamental's magnitude Vp is

dependent on the order, the voltages Vg, and the switehing angles. The desired operating

point for balaneing battery voltage is when the largest voltage has the longest duty eyele,

and the smallest voltage has the smallest duty cycle.

Let the dc voltage sources have the following magnitudes for a 5-step waveform

v„=V„=[l.lO 1.05 1.00 0.95 0.90f (3-8)

which is the desired voltage-step pattem because the duty eyele allows the batteries to be

balanced by assigning the smaller battery voltage to the shortest duty eyele and the higher

battery voltage to the longer duty eyele. Note that there are 120 different ways of

arranging the voltages in (3-8), and each permutation produces a partieular THDv and

fundamental frequency magnitude. A plot of the 120 permutations vs. the THDv for a

single-phase multilevel waveform is shown in Figure 3-3.

In Figure 3-3, the THDv was determined for each permutation of (3-8) and sorted

from lowest THDv to highest. The order in (3-8) was shown to oceur at the 2"^ sorted

permutation, which is the desired voltage pattem. The plot was determined using the

switching angles calculated for Vp = 5.00 V and using step-sizes of unity magnitude.

Therefore, by varying only the magnitudes and assuming that the angles were fixed, the

desired operating point occurred near the lower portion of the THDv curve for the

permutations. It should also be noted that the THDv was determined without any filtering

of the phase voltage. The first 20 of the 120 sorted permutations are shown in Table 3-1.
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Desired Arrangement
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Sorted Permutations

Figure 3-3: Illustration of the THDy vs. the permutations of Va.

Table 3-1

THDv and sorted permutations for the five-step waveform.

THD VI

7.8157 1.1000

7.8190 1.1000

7.8735 1.1000

7.8882 , , 1.1000

7.8992 1.0500

7.9154 /l.lOOO
7.9183 1. 0500

7.9219 1.1000

7.9517 ""l.'0500
7.9608" I'.IOOO
7.9788 1.1000

7.9995 1.0500

8.0049 1.0000

8.0123 1.0500

8.0123 1.0500

8.0272 1.0000

8.0551 1.1000

8.0941 1 1000

8.0963 1.1000

8.0995 1.0000

V2

1.0000

1.0500

1.0500

0.9500

1.1000

1.0000

1.0000

1.0500

1.1000

1.0000

0 . 9500

i.ioop
1.1000

0.9500

1.0000

1.0500

1.0500

1.0500

0 . 9500

1.1000

V3

1.0500

1.0000

0.9500

1.0500

1.0000

1.0500

1.1000

1.0000

0.9500

0.9500

1.0000

1.0000

1.0500

1.1000

1.1000

' 1.1000
0.9000

0.9500

1. 0500

1.0500

V4

0.9500

0.9500

1.0000

1.0000

0.9500

0.9000

0 . 9500

0.9000

1. 0000

1.0500 .
1.0500 '
0.9000

0.9500

1.0000

0.9000

0.9500

1.0000

0.9000"

0.9000

0.9000
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In Table 3-1, the order that the do sources are turned on to synthesize the sinusoid

affects the THDv of the waveform. Also, as discussed earlier to simplify the analysis, the

location and order of the voltage sources are assumed fixed, but the magnitude varies

depending on the particular permutation. The THDv of the voltage waveform was 7.82%

for the desired charge-balancing order.

In Chapter 2, the fundamental magnitude could not be adjusted for the optimal

case, which yielded a THDv of 7.26%, so for a proper comparison, the magnitude of the

fundamental for the harmonic elimination method was adjusted to be the same as the

optimal case, which yielded 8.19%. The THDv of the waveform using the harmonic

elimination method (previously determined in Chapter 2, where Vp = 5.0 V and using

unity magnitude voltage sources) was 8.48%, but using the order in (3-8) resulted in a

THDv of 7.82%. Therefore, properly sorting the perturbed voltage sources actually

decreased the THDv, but the switching angles were fixed (assuming equal dc sources).

Although, the THDv of the waveform decreased, the desired harmonics chosen to be

eliminated from the three-phase system were not equal to zero because the angles were

determined assuming the voltage sources were unity, but the unity voltage sources were

perturbed and replaced by (3-8). The magnitude of the fundamental component also

changed, it increased from Vp = 5.0 to 5.086 V.

The harmonics of the waveform with perturbed voltage sources and fixed

switching angles, determined from unity sources, is illustrated in Figure 3-4. The

fundamental component has a magnitude of 5.086 V and is off scale to emphasize the

harmonics. The 5"^, 7*, ll"', and 13"^ harmonics are not eliminated because the voltage
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Figure 3-4: Harmonics of the multilevel waveform with different voltage sources.

sources are not unity. However, the next section determines the switehing angles to

eliminate the desired harmonies due to the different voltages.

3.3.2 Determining Switching Angles for Different Voltages

In this section, the switehing angles are determined to eliminate the S"', 7"^, ll"',

and is"' harmonies for the multilevel waveform using different voltage magnitudes,

given by (3-8), and using the control voltage Vp to control the peak magnitude of the

fundamental-frequeney eomponent. The switehing angles are determined by varying Vp

and keeping the desired voltage switehing order as in (3-8).
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3.3.2.1 Varying the Control Voltage

First, the switching angles are investigated as a function of the control voltage Fp

given the switching order defined by (3-8). The switching angles and THDy as a function

of Fp are shown in Figure 3-5 and 3-6. The switching angles are shown over a finite

region where the bottom curve is 0i, the curve above it is 02, and so on to the top curve

which is 05, in other words, 0i < 02 < 03 < 04 < 05- Note that near Fp = 4.85 and Fp = 5.45

V, the switching angles 0i and 02 converge to the same point, likewise for 04 and 05. This

causes the iterative routine to diverge and fail to return a valid solution; a solution outside

of this range requires a different starting guess to determine the switching angles, and Fp

Switching Angles vs. V

50

40

® 30

20

10

5.1 5.2 5.3 5.4 5.5 5.64.8 4.9

Figure 3-5: Switching angles versus the control voltage over a finite region.
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Figure 3-6: Total harmonic distortion of the waveform versus the control voltage.

outside of this range and may produce drastically different angles, that still satisfy the

system of equations. Also, an initial guess that is used to solve the system of nonlinear

equations may yield different switching angles within this range.

The minimum THDv in Figure 3-6 is 7.60% (Fp = 5.145 V), which was

determined by calculating the switching angles over a finite range of Vp to eliminate the

selected harmonics. The THDv at Vp = 5.0 V was 8.49% which is higher than before

(Table 3-1) when the switching angles were determined from unity voltage sources and

the voltage pattern selected based on (3.-8). Thus, the THDy increased from 7.82% to

8.49%, however, it varied slightly from the invariant unity case which yielded a THDy of

8.48%. The harmonics are shown in Figure 3-7 with Vp = 5.0 V.
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Figure 3-7: Harmonics of the multilevel waveform with selected harmonies eliminated.

The 5"^, 7"^, 11"', and IS"* harmonies are eliminated because the switehing angles

were chosen to eliminate them subject to the voltage order in (3-8). The fundamental-

frequency component magnitude is 5.00 V (off scale). The THDv was calculated from a

single phase, and it should be noted that the harmonics that are a multiple of 3 are

eliminated in a balaneed three-phase system, thus, the THD in the three-phase line

voltage would be much less than that calculated for phase voltage. Figure 3-6 (diseussed

in Ch. 4) shows the THDv as Vp varies using the switehing angles in Fig. 3-5.
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3.3.3 Comparison of the Two Methods

In this section, the two methods of section 3.2.1 and 3.2.2 are discussed.

Although there are several ways to minimize the THDv, the basic strategy was to compare

the THDv of the phase voltage for the two methods and consider their computational

requirements.

First, the simplest case was examined by perturbing only the magnitudes of the

multilevel steps and observing the THDy associated with each permutation. In this

method, the switching angles were determined in Chapter 2 and remained fixed during

the analysis. A decrease in the total harmonic distortion was observed due to sorting the

multilevel steps, and the S"', 7"*, ll"', and 13'^ harmonics had nonzero values of 6.5, 6.6,

9.1, 0.7 mV, respectively, as was illustrated in Figure 3-4. The partial harmonic

distortion of the 5"*, 7"^, 11"', and 13"^ harmonics was

V6.5^+6.6^+9.1^+0.7Vv(100%) = 0.26%.
5.086V

The batteries were perturbed to unequal values, where the most charged battery had the

highest duty cycle, and the battery with the least charge was assigned the lowest duty

cycle to help balance their voltage.

In the second case, the switching angles were solved for the different magnitudes

of the multilevel steps and the THDy was observed and compared to the previous case.

The desired magnitude of the fundamental-frequency component Fp was varied, and the

switching angles over a finite range were plotted as a function of the control voltage.

Also, the THDy of the waveform was plotted as a function of the control voltage to
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illustrate the minimum harmonic distortion. The harmonics were examined to verify that

the S"', 7"', 11"", and 13'^ harmonics had zero values.

In both cases, the computational requirement was exhaustive, but the first case,

using perturbed dc sources, exhibited the best scenario for real-time implementation

using a DSP chip. This was because the switching angles were not determined with each

variation, which allows a faster control time. The total harmonic distortion actually was

reduced using the desired voltage order in (3-8) (the 2"^ of 120 sorted combinations for

the THDv). The results are summarized in Table 3-2.

Table 3-2 shows the total harmonic distortion, peak magnitude of the fundamental

frequency component, and the switching angles for the 5-step multilevel waveforms

discussed in Chapters 2 and 3. The table compares five cases and is divided into two

sections by the double vertical line: Invariant (Ch. 2) and Variant (Ch. 3).

I. The optimal case was determined by solving for the angles that minimized the

THDv of the waveform without control over the fundamental frequency component. It

had the smallest total harmonic distortion of all the methods.

II. The Harmonic Elimination Method (HEM) was used to calculate the switching

angles eliminating the s"', 1^, II"', and 13"' harmonics with the same fundamental

magnitude as the optimal case. Although, the lower dominant harmonics were

eliminated, the THDv was higher than the optimal case for the phase voltage waveform.

III. The harmonic elimination method was repeated for a peak fundamental-

frequency magnitude of five volts. The switching angles increased and were within 5.48°
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Table 3-2

A comparison of the methods used from Chapters 2 and 3.

Im

wit)

variant dc sources

1 unity magnitude
Variant dc sources

I II III IV V

Variables
Optimal

(unity dcs)
HEM

(unity dcs)
HEM

(unity dcs)
Fixed

Angles
HEM

THDv 7.26% 8.19% 8.48% 7.82% 8.49%

5.1973 5.1973 5.00 5.086 5.00

01 5.49° 5.30° 7.86° 7.86° 8.82°

02 16.68° 18.65° 19.37° 19.37° 20.21°

03 25.58° 24.53° 29.65° 29.65° 32.19°

04 42.06° 42.20° 47.68° 47.68° 50.10°

05 59.46° 60.80° 63.21° 63.21° 63.68°

of the angles calculated from the previous case, however, the peak magnitude decreased

by 0.20 volts, which is reasonable for a small voltage change.

IV. The switching angles from II were fixed and the different voltages of (3-8)

were reordered, that is, permutated. This decreased the total harmonic distortion of the

waveform and increased the magnitude: of the fundamental frequency component. The

desired voltage pattern was the 2"*^ of 120 different patterns when arranged by increasing

THDv.

V. The switching angles were determined to eliminate the selected harmonics to

produce the desired 5.00 V magnitude of the fundamental frequency component for a
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direct comparison to III. This waveform had the highest harmonic distortion and was

similar to III, with the switching angles within approximately 2.5° of those in III.

3.3.4 Equations and Vector Matrix Notation

In this section, the equations that were used to solve for the switching angles for

variant dc sources are illustrated. Similar to (2-5), the system of nonlinear transcendental

equations to eliminate the 5"^, 1^, ll"', and IS"' harmonics for a 5-step multilevel

waveform is represented by

Vi COS( 0i) + V2 C0s( 02) + V3 COS( 03) + V4 COS( 04) + V5 COS(05) =K

Vj cos( 50i) + V2 cos( 502) +V3 cos( 503) +V4 cos( 504) +V5 cos( 505) = 0

VlCOS(70i) + V2COS(702)+V3COS(703) +V4COS(704) + V5COS(705) = O (3-9)

Vi C0S(110i) + V2 C0S(1102) + V3 C0S(1103) + V4 C0S(1104) + V5 C0S(1105) = 0

Vj cos(130i)-|-V2 COS(1302) + V3 COS(1303) + V4 COS(1304) + V5 COS(1305) = 0

where K was defined by (2-6). Note that the system in (3-9) may be written in a

generalized compact form as

Va cos(h0^) = K (3-10)

where Va, 0, h, and K are 5-vectors defined in (3-9) as

Vfl = [^ai ^a5 Y ~ independent dc voltage sources

0=[0I 02 03 04 05]^ = the switching angles

h = [l 5 7 11 13]^ = the fundamental and selected harmonics to eliminate

K = [at 0 0 0 O]^ = the parameter used to control the fundamental's magnitude and

eliminate selected harmonics (5"*, 7"^, ll'^ and n'*").
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4 Control Voltage and Three-Phase Analysis

In this chapter, the total harmonie distortion of the multilevel waveform is examined

over a wider range of control voltage Vp than that used in Chapter 3, and the total

harmonic distortion of the line-to-line voltage of a three-phase multilevel waveform is

determined.

4.1 Control Voltage

In Chapter 3, the control voltage was used to adjust the peak magnitude of the

fundamental frequency component and was varied over a finite range. Also in Chapter 3,

the switehing angles were solved to eliminate the S"', ll"', and 13"^ harmonies over a

finite range of the control voltage (whieh was illustrated in Figures 3-5 and 3-6), and the

total harmonie distortion was determined based on the switching angles and the control

voltage, which is shown again in Figure 4-1.

In Figure 4-1, the THDy was minimal at Fp = 5.145 V and increased as Fp varied.

At both endpoints, the THDy increased signifieantly, which appears that operating over a

finite range of Fp is less than desirable beeause of the increased THDy. However, it also

suggests that the five-step multilevel waveform can be reduced to a four-step waveform,

or a three-step waveform and so on depending on the specific control requirements. It is

intuitively obvious that reducing the number of steps to synthesize the waveform will

reduee the magnitude of the fundamental-frequeney component, however, it is not

obvious how the THDy varies by reducing the number of steps. Also, by choosing 4-of-5,

or 3-of-5, etc., of the available dc sourees allows more flexibility in combining the dc
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Figure 4-1: Total harmonic distortion of the waveform versus the control voltage

sources, whieh allows some to be skipped or used frequently depending on their battery

voltage.

In this section, the switching angles and the THDy of the multilevel waveform will

be investigated over a wider range of control voltage. Expanding the range of the control

voltage requires using less of the dc sources to synthesize the multilevel waveform, or

reducing the number of steps used to synthesize the multilevel waveform. Step dropping

is used to reduce the magnitude of the fundamental-frequency component while

maintaining minimal THDy and voltage balance of the individual dc sources.
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4.1.1 Sorting the dc Sources and Reducing the Number of Steps

When the number of steps are reduced in a multilevel waveform the number of dc

sources required also decrease. For example, in a five-step waveform there are 120

different ways to combine five dc sources to synthesize the multilevel waveform.

However, using only 2-of-5 dc sources yields 20 different ways to synthesize the

waveform and using l-of-5 dc sources yields five ways to generate a single alternating

pulse. This allows the dc sources to be rotated and combined in such a way to minimize

the THDv of the multilevel waveform. The THDv can be calculated for each permutation

as before to determine the best operating point and combination of dc sources. Although,

a desired method to regulate the battery voltage is to allow the battery with the highest

voltage be assigned the longest duty cycle and the battery with the lowest battery voltage

to be skipped. It should also be noted that the H-bridge can be used to charge a weak

battery at the expense of the other batteries, however, this is generally not preferred

because some of the energy is lost during the transfer and charging, resulting in a poor

efficiency.

Although, in addition to using conventional fiiction (brake pads) to slow down a

moving vehicle, the propulsion system may be operated as a generator. During

regeneration (regenerative braking), when the propulsion system operates as a generator

slowing the vehicle down, the weaker batteries can be charged by assigning them a

longer duty cycle. The energy transfer using this method is moderately conservative

because the energy required to slow the vehicle down goes through an energy

transformation where the kinetic energy is transferred to electrical energy and then
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converted to chemical energy in the batteries. This is also termed 'free energy' but it is

really a basic principle of conservation. A primary advantage of using a multilevel

inverter is that the weaker batteries (ones with the lowest voltage) can be charged using

the longest duty cycle and the batteries with the highest voltage can be charged with the

shortest duty cycle, or skipped if using less steps. Thus, it has the advantage of charging

and balancing the battery voltage independently, The control scheme can become quite

complex initiating the proper sequence of battery usage, switching angles, duty cycles,

the number of steps to use, and other drive system control requirements.

In the next section, the five sources will be analyzed using a 4-step waveform by

dropping a step and analyzing the dc sources taken 4 at a time. The THDy and switching

angles will be determined as a function of Fp, as in Chapter 3.

4.1.1.1 Using 4-of-5 dc Sources

In this section, only four dc sources from the original five are used to generate the

multilevel waveform. The total harmonic distortion, switching angles, and analysis of

sorting the different dc sources are investigated.

First, the dc sources are independent and have different voltages as given by

v„=[l.lO 1.05 1.00 0.95 0.90]^ (4-1)

which was originally defined by (3-8). Because any four of the five batteries available

can be used, they may be combined in several different ways to synthesize the voltage

waveform. The number of ways that the waveform can be synthesized is given by
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which represents the number of permutations of r batteries taken from the original set of

n batteries. In this example, n = 5 and r = 4 resulting in 120 different ways to synthesize

the four-step multilevel waveform. Thus, the batteries ean be arranged in 120 different

ways, which allows flexibility in synthesizing the multilevel waveform by managing the

batteries due to load imbalanee and thermal considerations. However, when a battery

failure occurs, it permanently reduces the five-step waveform to a four-step waveform

reducing both the number of dc sources available and the possible combinations.

For a five-step multilevel waveform, skipping a failed battery (only 4 de sourees

available) reduces the possible ways to synthesize the multilevel waveform from 120 to

24. Furthermore, battery failure disrupts a balaneed three-phase system because all

phases were assumed equal, therefore, battery failure in any one of the three phases

disrupts the balanced system. Allowing any phase to have a different number of steps

results in an unbalaneed system, therefore, introducing harmonic content into the line

voltage that was assumed to be zero by (1) superposition of the three phases, (2) adjusting

the switching angles to eliminate selected harmonics, and (3) using a low-pass filter to

retain the fundamental-frequeney component. One way to maintain a balanced three-

phase system is to reduce all of the phases evenly by the same number of steps. For

example, if a battery in phase a fails, then skipping a battery in phases b and c will help

to balance the system.

The plot in Figure 4-2 illustrates the total harmonic distortion of the four-step

multilevel waveform for the 120 permutations. The switching angles were ealculated

using constant unity dc sources, which remained fixed, and the THDv was determined for
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Figure 4-2: Illustration of the THDv vs. the sorted permutations of four dc sources.

every permutation of the different voltage sources. The permutations were then sorted

from the lowest to the highest THDv, where the desired dc voltage source pattern was

[1.10, 1.05, 1.00, 0.95], where 1.10 V was assigned the longest duty cycle and 0.95 V

was assigned the shortest duty cycle respectively. The desired pattern occurred at the lO"'

sorted permutation and is shown in Figure 4-2; it represents where the lO'*' permutation

occurred in relation to the other 120 possible ways to synthesize the waveform when

sorted from the lowest THDv to the highest.

The first 20 of the 120 sorted permutations are shown in Table 4-1. Although

only four dc sources were used to synthesize the multilevel waveform, they were chosen



Table 4-1

THDv and sorted permutations for the four-step waveform.

ORDER

1

2

THD

9.5119

9.5300

9.5518

9.5551

9 . 5741

9.5823

9.5891

9.6107

9.6181

9.6359

9.6731

9.6802

9.6876

9.6894

9.6982

9.7125

9.7151

9.7215

9.7373

0500 1.

,1000 0.

V2 V3

.0500 1.0000

.0500 0.9500

.0000 " 0.9500

.0000 1.0500

.1000 1.0000

.1000 0.9500

.9500 1.0000

.9500 - 1.0500

.0000 0.9500

.0500 1.0000

.1000 0.9500

.9500 1.0000

.0500 0.9500

.0500 0 9000

.0000 1.0500

.1000 1.0000

.0000 1.1000

.1000 1.0500

.0000 0.9000

.1000 ' 0.9000

V4

0.9000

0:9000

0.9000

0.9000

0.9000

0.9000

0 . 9000

0.9000

0.9000

0.9500

0.9000

0.9000

0.9000

0.9500

0.9500

0.9500

0.9000

0.9000

0.9500

0.9500

from five independent sources. The magnitudes of the independent voltage sources are

shown in Table 4-1 where a particular combination produced a specific THDy. It should

be noted that for analysis, the magnitudes of the multilevel steps were sorted based on the

voltage of the independent dc sources, however, the dc voltage sources were also

assumed to have any value in (4-1). This simplified the analysis by assuming that the dc

voltages can take on the values in Table 4-1, and do not need to be physically sorted

based on their voltage, but would be sorted in an actual implementation. For example, in

the first sorted order, Fi is 1.10 V and V2 is 1.05 V, however, in the 5"" order V] is 1.05 V

and F2 is 1.10 V. The voltage sources represent the steps in the multilevel waveform and

the magnitude of the voltage source specified by the order in Table 4-1. In an actual

implementation, the dc sources may have a different position within the multilevel
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waveform and a different voltage. Also, the desired voltage source pattern occurred at

the lO"^ permutation in Table 4-1. Although, other patterns achieve minimal THDv, in

addition to minimizing the THDy, one also desires to manage the batteries by balancing

the voltages and rotating the duty cycles. It was assumed that the dc sources could be

arranged in a pattern that would,balance the battery voltages, as illustrated in Table 4-1

by the 10 sorted permutation.

Next, the equations were solved for the switching angles to eliminate the 5"^, 7"*,

and 11 harmonics as shown by (4-3). Reducing the number of steps also reduced the

number of equations and variables required. Thus, a four-step multilevel waveform

required 4 equations to determine the 4 unknowns, and the same iterative process was

required to solve for the switching angles.

Vi cos(0i) + V2 cos(02) +V3COS(03) +V4COs(04) =K

Vj cos(50i)+ V2 COS(502) + V3 COS(503) + V4 COS(504) = 0
(4-3)

Vi cos(70i)+V2 COS(702) + V3 COS(703) +V4 COS(704) = 0

Vi C0S(1101) + V2 C0S(1102) + V3 C0S(1103 ) + V4 C0S(1104) = 0

where K = and is the peak magnitude of the fundamental-frequency component,

and Va = [1.10 1.05 1.00 0.95]^. It should be noted that less harmonics were eliminated

which increased the THDy of the waveform because the 13*'' harmonic was not

eliminated, as in (3-9).

The switching angles were solved over a varying range of Fp and are illustrated in

Figure 4-3. The switching angles were calculated over a finite range of Fp and the

corresponding THDy of the multilevel waveform is shown in Figure 4-4. In Figure 4-3,

the switching angles are such that 0i < 02 < 03 < 04- At the endpoints, the iterative
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Switching Angies vs. Vp for a 4-step waveform
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Figure 4-3: Switching angles vs. Fp for a four-step waveform.

solution converged to a single point and failed to render a solution outside of this range

without a different guess. The switching angles were determined by using an initial

guess that was close to a solution at the end of the boundary and then incrementing Fp

while using the previously determined switching angles as an initial guess. This allowed

the solution to converge quicker over the interval because the initial guess was the

previous switching angles before Fp was incremented.

The plot in Figure 4-4 allows the THDy of the multilevel waveform to be

observed and one can notice that the total harmonic distortion is minimal at

approximately 4.22 V. However, as illustrated in Figure 4-1, the total harmonic
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THD vs. Vp for a 4-step waveform

16

15

14

I 13
H

12

11

10

4.1 4.2 4.3 4.43.8 3.9

Figure 4-4: THDv vs. Vp for a four-step waveform.

distortion inereases near the endpoints. Thus, one may deduce, in order to obtain

minimal THDy and control Vp over the entire range, the number of dc sources used to

synthesize the multilevel waveform must be reduced to obtain a 4-step, 3-step, etc.

multilevel waveform. However, by decreasing the number of steps, the total harmonic

distortion increased because some of the lower dominant harmonics cannot be eliminated.

Only, a maximum of (j - 1) selected harmonics can be eliminated when using the

harmonic elimination method.

In the next sections, the original five-step multilevel waveform is dropped to a

three-step and two-step waveform. The three-step multilevel waveform is analyzed in
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section 4.1.1.2, and the two-step waveform is analyzed in section 4.1.1.3 by generating

plots similar to section 4.1.1.1. The de sources with the highest voltage are used for the

longest duty cycle and the lower voltage sources are skipped. Thus, maintaining battery

management was also considered a priority because HEV performance is strongly

dependent on the condition of the batteries. Properly managing the batteries extends the

cycle life and increases reliability; it also reduces operating cost. A detailed analysis of

the control scheme, specifically, investigating the tradeoffs between duty cycle and

voltage synthesis is required to optimize the parameters of the complete system, but is

beyond the scope of this thesis. Several other combinations of the discrete steps can be

favorable, which may yield a lower harmonic distortion than the pattern used in this

thesis. However, it was also assumed that the switching angles and harmonic distortion

was determined to balance the batteries using the pattern given by (4-1) over a wide

range of control voltage.

4.1.1.2 Using 3-of-5 dc Sources

In this section, the original five-step waveform was reduced to a three-step

waveform. The total harmonic distortion of the waveform was determined by varying

only the yoltage sources, and the switching angles remained fixed and were determined

using unity de sources, as shown in Figure 4-5.

In the plot of Figure 4-5, the desired arrangement was chosen as the first three

elements in (4-1) because the goal was to balance the dc voltage sources, and it occurred

at the 15"" permutation firom the lowest THDy to the highest. The first 20 of the total 60

permutations are shown in Table 4-2 to illustrate how the voltage sources can be used at
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Figure 4-5: Illustration of the THDy vs. the sorted permutations of three dc sources.

different levels to synthesize the multilevel waveform. One may observe from Table 4-2

that the synthesized waveform uses the largest voltage during the first step, and the

smallest voltage as the last step near the apex of the sinusoid. The same phenomena can

be observed in Tables 4-1 and 3-1. Therefore, the highest harmonic distortion resulted

when the lowest voltage step was used as the first step and the highest voltage was used

as the last step. However, this was determined by using angles for the unity dc sources

and then perturbing the dc sources to determine the overall effect on the waveform's total

harmonic distortion.



Table 4-2

THDv and sorted permutations for the three-step waveform.

ORDER THD VI V2 V3

1 12.2386 1.1000 1.0500 0.9000

2 12.2621'"" ■"'1,1000 * '  i.'dooo,;_7IO;90oq
3  " 12 .3104 1.1000 ""*0.950 0 b!^9ooo
4 12.3707 1.0500 1.1000 ■ "0.9000"
5 12.3736 1.0500 1.0000 0.9000

6 12.3979 "" "1.1000 1.0500 "0.9'500'
7 12.4110 1.0500 0.9500 0.9000

8 12.4337 1.1000" "1.0000 "  0.9500'
9 12.5287 1.0000 1.0500 0.9000

10 12.5478 " 1.0500 1.1000 ' 0.9500
11 12 . 5482 1.0000 1.1000 0.9000

12 12.5585 1.0000 - - 0.9500 '  0.9000
13 12.5790 1.0500 1.0000 0 . 9500

14 12.5816 1.1000 0.9000 0.9500
15 12.5980 1.1000 1.0500 1.0000
16 12.7092 1.0500 0.9000 .0.9500
17 12 .7200 1.1000 0.9500 1.0000

18 12.7391':-.

0
0

ni
o\

0

,^i-oooo,:t'■^J).9Q0<S
19 12 .7454 0 . 9500 1.0500 0.9000

20 12.7521 i.oooo'-"' ""-'-'1.0500 0 .9500

Next, the switching angles are determined for the three-step case over a finite

range of control voltage by (4-4) and illustrated in Figure 4-6.

ViCOS(0i)+ V2COS(02) + V3COS(03) =K

Vi cos(50i) + V2 cos(502 ) + V3 cos(503 ) = 0 (4-4)

Vi COS(70i)-|-V2 COS(702) + V3 COS(703) = 0

The 5*'' and 7*'' lower dominant harmonics are eliminated and the switching angles were

determined using an iterative process to generate the plot in Figure 4-6.

The total harmonic distortion of the waveform was determined by varying the

control voltage and using the switching angles from Figure 4-6 to generate the plot in

Figure 4-7.
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Switching Angles vs. Vp for a 3-step waveform
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Figure 4-6: Switching angles vs. Vp for a three-step waveform.

THD vs. Vp for a 3-step waveform
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Figure 4-7: THDy vs. Vp for a three-step waveform.
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The THDv increased overall when compared to the four-step waveform in Figure

4-4 because less resolution was used to synthesize the three-step waveform; however,

when Vp was adjusted to less than 3 V, the THDv increased unreasonably, as in Figure 4-

7. One way to reduce the THDy when approaching 2 V is to drop the three-step

waveform and use a two-step synthesis method. Another way is to use pulse width

modulation (PWM) to generate the ac waveform.

4.1.1.3 Using 2-of-5 dc Sources

In this section, the same techniques are applied to the two-step waveform to

generate the relevant plots. The THDy due to perturbing the dc sources and combining

any two of the five are shown in Figure 4-8. The desired voltage pattern was selected as

21.5

21

20.5 -

Q
X
H

20 -

19.5 -

19 -

18.5 -

18

-| 1-

Desired Arrangement

_J I I 1_

0  2 4 6 8 10 12 14 16 18 20

Sorted Permutations taken 2 at a time

Figure 4-8: Illustration of the THDy vs. the sorted permutations of two dc sources.



the first two elements of (4-1) and occurred at the lO' permutation. The 20 different

combinations can be observed in Table 4-3 and it should be noted that the combination

that yielded the least THDv occurred when the largest voltage was used as the first step

and the smallest voltage was used as the last step. The combination that yielded the

largest THDv was the just the opposite, the smallest voltage was used as the first step, and

the largest voltage was used for the last step.

The switching angles were determined for the two-step case over a finite range of

control voltage by (4-5) and is illustrated in Figure 4-9.

Vi cos(0i) + V2 cos(02) =A'
(4-5)

Vj cos(501) + V2 COS(502 ) = 0

The 5 harmonic was eliminated and the two switching angles were determined using an

iterative process to generate the THDv of the waveform, as illustrated in Figure 4-10.

Table 4-3

THDv and sorted permutations for the two-step waveform.

ORDER

1

2

3 '

THD

.1109

.3066

.3425

.5597

. 5900

.6179

. 8785

.8973

. 9144

.9299

.6567

.6765

.6985

.7230

. 1040

.1501

.2015

.6205

.7003

.2133

VI

1.1000

1.0500

1.1000

1.0000

1.0500

1.1000

0.9500

1.0000

1.0500

1.1000

1. 0500

1.0000

0.9500

0.9000

1. 0000

0.9500

0.9000

0.9500

0 . 9000

OT9OOO

V2

0.9000

0.9000

0.9500

0.9000

0.9500

1.0000

0 . 9000

0.9500

1. 0000

1.0500

1.1000

1.0500

1.0000

0.9500

1.1000

1.0500

1. 0000

1.1000

1.0500

r.Yooo

44 18

18

6: 18

7  18

10, 18
11 19

12 19

13 " 19
14 19

15 ~'20
16 20

17 20

20

19" 20
21
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Switching Angles vs. Vp for a 2-step waveform
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Figure 4-9: Switching angles vs. Vp for a two-step waveform.

THD vs. Vp for a 2-step waveform

Q
X
H

30

25

20

1.8 2.2 2.4 2.6

Figure 4-10: THDv vs. Vp for a two-step waveform.



69

The plot in Figure 4-10 illustrates how the total harmonie distortion varies with

the control voltage. By dropping the number of steps used to synthesize the multilevel

waveform, the THDv can be reduced over a wider range of control voltage. For example,

when using three steps to synthesize the waveform the THDv increased when the control

voltage decreased below 2.6 volts (Figure 4-7). However, by using two steps to

synthesize the waveform, the control voltage was extended below 2.6 volts at a lower

THDv than that of the three-step waveform.

4.1.1.4 Using l-of-5 dc Sources

In this section, the single-step waveform is analyzed. First, the switching angle

and THDv are plotted against the control voltage (Fp = l.lOV) in Figures 4-11 and 4-12.

Second, the two graphs are combined to illustrate the variation of the THDv versus the

switching angle, as shown in Figure 4-13.

Switching Angles vs. Vp for a single step

50

M 40

a 30

20

10

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Figure 4-11: Switching angle vs. Fp for a one-step waveform.
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THD vs. Vp for a single step
120

110

100

90

80

X 70

60

50

40

30

20
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Figure 4-12: THDy vs. Vp for a one-step waveform.
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Figure 4-13: THDv vs. the switching angle for a one-step waveform.



71

The switching angle increased as the control voltage was reduced. The single step

was generated using the highest voltage of 1.10 V to balance the battery voltage.

However, as the control voltage was reduced, the total harmonic distortion significantly

increased to above 100%, as shown in Figure 4-12.

A noticeable trend that was introduced in Chapter 2 is that the total harmonic

dis lortion increased when fewer steps were used to synthesize the sinusoidal waveform;

hoyever, alternative switching schemes, such as PWM, can be used to reduce the THDy

for smaller voltage requirements. Using a cascade multilevel inverter for high power

applications reduces the switching voltage across the semiconductor device when

compared to PWM techniques, thus, PWM may be desirable only at lower control

voltages. Ideally, the combination of multilevel and PWM control techniques may be

integrated into the complete system allowing the drive system to be continuously variable

over its operating range.

Figure 4-13 illustrates the total harmonic distortion of a single altemating pulse of

various widths determined by the switching angle. For the majority of switching angles

the THDv was above 30% indicating an alternative scheme may be desirable.

In the next section, the reduced stepped waveforms are summarized and a plot of

the THDv vs. the control voltages is illustrated over a wide range of control voltage.

4.1.2 Summary

The main point of section 4.1.1 was that the THDy of the waveform increased by

reducing both the control voltage and the number of steps used to synthesize the

multilevel waveform. In addition, the battery voltages were balanced by choosing a
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desired pattern such that the highest voltage had the highest duty cycle and the lowest

voltage had the lowest duty cycle. For a reduced number of steps, the highest voltages

were used to synthesize the multilevel waveform and the lowest voltages were skipped.

In addition to multilevel switching strategies, PWM control techniques may be used at

lower control voltages, instead of reducing the number of steps, to minimize the total

harmonic distortion.

In Figure 4-14, the total harmonic distortion for all of the steps was superimposed on the

graph to illustrate the impact of reducing the number of steps over a wide range of control

voltage. The control voltage was varied from 0.5 V to 5.0 V, and the total harmonic

distortion was shown for 7 different regions. From this graph, one may determine the

transition point where the number of steps used to synthesize the waveform should he

used. The choice for the transition point was where the total harmonic distortion was the

least for any overlapping regions. For example, the 2-to-3-step transition point should be

at 2.6 V. So for a control voltage below 2.6 V, the two-step waveform would be used,

and for a control voltage above 2.6 V, the three-step waveform should be used. It should

also be noted that in Figure 4-14 there are two graphs that were not discussed previously.

These plots were used to maintain continuity over the variation of the control voltage by

arbitrarily choosing one of the angles and solving for the others. Additional transition

points are at 3.41, 3.90, 4.50, and 4.90 V. The alternative four-step curve was generated

in a similar way and exploration of using this technique to expand the control voltage is

beyond the scope of this thesis and may be investigated in future work.
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Figure 4-14: THDv vs. Fp over a wide range of control voltage.

Also, by perturbing only the magnitudes of the do sources to different values, the

total harmonic distortion naturally progressed to a minimal state when the highest voltage

was used as the first step and the lowest voltage was used as the last step. The extra

sources were distributed in between, however, a precedence of balancing the voltages at

the expense of a slightly higher harmonic distortion was used. In the next section, the

phase- and the line-voltages are analyzed for the three-phase multilevel waveform using

an ideal low-pass filter to illustrate the significance of eliminating selected harmonics.
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4.2 Three-Phase Analysis

The five-step multilevel waveform is used to illustrate the significance of

eliminating selected harmonics with an ideal filter. The ideal low-pass filter was

assumed to remove all the harmonics above its cutoff frequency _/c = hf^. In the previous

sections, the THDv was shown for the phase-voltages and in some cases it was

determined to be above 20%. However, even with a high THDv, it will be illustrated that

the THDv of the line-voltages when used with an ideal low-pass filter is zero. A balanced

three-phase system was assumed for analysis, and the switching angles were determined

by solving (3-10) to eliminate the 7'^, 11"', and IS"' harmonics for a control voltage of

Tp = 5.0 V.

Let the phase-to-neutral voltages of the cascade multilevel inverter in a three-

phase system be described by the Fourier Series for the multilevel waveform by

4

vJcoO = -E
7t

A=1
odd

£v^^cos(;ie„^)
A:=I

sin(Acof-/K|)^)

h
(4-6)

4

V6(®0 = -S
7t

h=\
odd

cosihQhk)
.k=i

sm(hG)t - h^lj)

h
(4-7)

4 .A

vc(®o=-X!
Ti:

h=\
odd

^Vck cosihQ^k)
./t=i

sin(/icor-/Kt)c)

h
(4-8)

where (t)a, <l)b, and (|)c are the phase angles 0, 27t/3, and 47r/3 respectively; n is the number

of harmonics to include in the analysis; Vak, Vbk, and Vck are the magnitudes of the 5 do
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sources for each phase [1.10, 1.05, 1.00, 0.95, 0.90]; and Oak, Obk, and 0ck are the

switching angles for each phase [7.86° 19.37° 29.65° 47.68° 63.21°].

The line-to-line voltages can be determined from equations (4-6) to (4-8) as the

difference Vab = Va - Vb; line voltages Vbc and Vca can be found similarly. However, the

THDv for the line voltage is significantly lower than the phase voltage because the 5"', 7"^,

ll"*, and 13"^ harmonics were eliminated from both the phase and line voltages. The

harmonics that are a multiple of three were eliminated from the line-to-line voltage

because those harmonics combine to zero due to superposition of all three phases.

4.2.1 Simulation Using an Ideal Low-Pass Filter

First, the best case scenario is illustrated showing that the THDy of the line-to-line

voltage for Vab is zero. In Figure 4-15, n was chosen to be 13 in (4-6) to (4-8), and the

line-to-line voltage of only Vab was shown because the others are identical, but displaced

by 27t/3 and 47t/3. Although the line-to-line voltage yielded a THDy of zero, the phase

voltages yielded a THDy of 4.54%, as shown in Figure 4-16. The ripple is the difference

between the actual and its fundamental waveform and was shown only for the phase-

voltages. Some of the triplin harmonics - harmonics that are a multiple of three - appear

in the line-neutral voltage, but these cancel in the line-to-line voltage in a three-phase

system. Therefore, voltage ripple does not appear in the line-to-line voltages when used

with an ideal low-pass filter. However, ideal low-pass filters are not practical for high

power applications, but they simplify the analysis because one can observe the harmonic

content by choosing the cutoff point at higher harmonics, thus, allowing the harmonic

content below the filters cutoff point to be determined.



76

Phase and Line Voltages with an Ideal Low-Pass Filter
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Figure 4-15: Phase- and line-voltages using an ideal low-pass filter with h > 13"*
completely filtered.
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Figure 4-16: Phase voltage ripple for n = 13.
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As n in (4-6) to (4-8) increases, the total harmonic distortion of the phase-to-

neutral voltages increases. When n > 15 the total harmonic distortion in the line-to-

neutral voltage increases, but for n < 15 the line THDy is zero, as illustrated in Table 4-4.

In Table 4-4, the THDv for the phase and line voltages are shown up to « = 99.

The harmonics that are a multiple of three are highlighted because they combine to zero

in the line-to-line voltages. Also, the line voltage has zero THDv when used with an ideal

low-pass filter to remove harmonics above the 15"^. Therefore, combining a low-pass

filter with the harmonic elimination method, the THDv can be minimized.

The THDv for the phase and line voltages is illustrated in Figure 4-17 for n = 2\

using (4-6) to (4-8), and from Table 4-4 the THDv was 5.24% for the phase-neutral

voltages and 2.36% for the line-neutral voltages. Assuming that an ideal low-pass filter

removed all of the harmonics greater than h = 21, the ripple for the phase voltages is

illustrated in Figure 4-18, and the ripple for the line voltages is shown in Figure 4-19.

The ripple is the difference between the actual and the desired waveform and was

observed to be the least in the line-to-line voltages because the triplin harmonics were

eliminated by superposition of the three phases, and the lower dominant harmonics were

eliminated using the harmonic elimination method.



Table 4-4

THDv for the phase and line voltage vs. harmonics

Harmonics Phase

THD

2 .7421

2.7421

2.7421
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Phase and Line Voltages with an Ideal Low-Pass Filter
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Figure 4,-17: Phase- and line-voltages using an ideal low-pass filter with h > 21®'
completely filtered.
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Figure 4-18: Phase voltage ripple for n = 21.
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Line Voltage Ripple
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Figure 4-19: Line voltage ripple for « = 21.
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5 Concluding Remarks

5.1 A Brief Summary

In summarizing the contributions of this research endeavor, the chief motivation

of this work was based on finding an alternative to conventional PWM techniques for use

in large hybrid-electric drivetrains. The cascade multilevel inverter topology allows

operation at a much higher voltage and power level than conventional PWM techniques

because the voltage across the semiconductor device is reduced by dividing the battery

pack into individual batteries that are switched at various times and duty cycles. Specific

advantages of the cascade multilevel inverter over using PWM in hybrid-electric

drivetrains was introduced in Chapters 1, and several other advantages of the multilevel

inverter topology were generally introduced in Chapter 2.

Additionally, previous research was reviewed and discussed in Chapter 2, and the

switching angles were determined using unity and equal dc sources. Originally, the

switching angles were desired to be calculated in real-time and implemented on a digital

signal processing chip, however, the switching angles were solved using an iterative

numerical optimization technique to render the solutions of the nonlinear transcendental

equations and stored in a look-up table. This was judiciously approached by examining

the present method used, which was the harmonic elimination method, and by also

introducing an alternative method to find the optimal switching angles. This method was

derived on the basis that all of the harmonics in the multilevel waveform were to be

minimized by finding the appropriate switching angles, that is, minimizing the ripple in
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the waveform. Without a filter, the alternative method produced the least amount of total

harmonic distortion and approximated the desired sinusoid the best with the least amoimt

of ripple. However, the harmonic method was preferred because the lower dominant

harmonics can be eliminated and the magnitude of the fundamental frequency component

could be controlled. Thus, with a low-pass filter, the harmonic elimination method was

used to determine the switching angles.

This led to the introduction of variant de sources meaning that the dc sources are

not unity or equal, but can have different values. For simplicity, the dc sources were

normalized about 1.0 V to represent 12.0 V and they varied by ±10% of their nominal

value of 1.0 V. The direct implication of variant de sources insinuated they must be

sorted because they cannot be chosen at random in the control scheme, and specific

combinations of the dc values improved the synthesis by reducing the total harmonic

distortion. First, the dc values were assumed unity and equal, but the magnitudes were

perturbed by ±10% and the total harmonic distortion of the phase voltage was determined

for each permutation. The total harmonic distortion was minimal when the de sources

were perturbed and sorted by the largest and smallest voltage having the longest and

shortest duty cycle, respectively, and the other voltage sources distributed in between.

The highest total harmonic distortion occurred when the dc sources were sorted in the

opposite order as the minimal case. Next, the dc sources were sorted to balance their

voltage and the switching angles were solved over a finite range of control voltage.

The switching angles and the total harmonic distortion of the phase voltage were

determined using the harmonic elimination method, where the dc sources were sorted in
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an order to achieve a balanced state, and investigated over a finite sweep of control

voltage. It was determined that the total harmonic distortion varied over the range of

control voltage and yielded a minimum operating point. However, with an ideal low-pass

filter, the line-to-line voltage yielded a total harmonic distortion of zero for the five-step

multilevel waveform when used with a cutoff frequency of 15_^ and 1.00% at 17^^.

Lastly, the total harmonic distortion was superimposed onto a single graph by

varying the control voltage from 0.5 volt using the one-step waveform to greater than

5.00 V using the five-step waveform to illustrate where the transition from increasing or

decreasing the number of steps may be used. This also illustrated that a reduced number

of steps increased the total harmonic distortion of the waveform significantly, however,

the multilevel inverter may be operated in a pulse width modulated mode at those lower

voltages reducing the total harmonic distortion and maintaining the control voltage.

5.2 Conclusion

In conclusion, a combination of using multilevel-pulse-width-modulated control

I

techniques is the method of choice for implementing the cascade multilevel inverter into

large hybrid-electric drivetrains. Using this combination increases the flexibility of

operation by adding control over each independent dc source in the cascade configuration

to double as a battery management system. On the other hand, a disadvantage of using a

multilevel inverter control scheme can become quite complex in initiating battery

management, switching algorithms for multilevel synthesis and pulse width modulation,

and integrating it into the infrastructure of the hybrid-electric vehicle's existing system

and components. However, planning the hybrid configuration around the multilevel
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topology maintains freedom in designing a complete propulsion system for large hybrid-

electric vehicles.

5.3 Future Research

The first suggestion for future research begins with analyzing the solution space for

the switching angles over the range of variant dc voltage sources. The switching angles

are difficult to solve using the nonlinear technique because a good initial guess is

required for convergence, and the solutions must be stored in a look-up table. The size of

the look-up table can become excessive for variant dc sources by storing the switching

angles for the reduced number of steps that are to be used, that is, switching angles for

the five-step, four-step, three-step, etc. waveforms.

Next, explore a real-time implementation of the multilevel-pulse-width-modulated

inverter. This includes using multilevel techniques for high-voltage and pulse-width-

modulated control for the lower voltages over a complete range of the control voltage. In

addition, determine the semiconductor's switching stress and other component stress for

high-power deployment of this mixed control scheme and compare the high-power

multilevel technique to the low voltage pulse-width-modulated technique.

Lastly, investigate an integrated control scheme to include a battery management

system. Incorporating a battery management system in this mixed topology increases the

systems flexibility and attractiveness for hybrid-electric vehicles because the electronic

package will continue to decrease in size over time resulting in a cheaper and more

reliable unit. Most battery management systems incorporate a warning indicator that

indicates a possible failure, but control over the independent dc source can not be
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integrated using conventional techniques. However, using the mixed multilevel and

pulse width modulated techniques, and the cascade topology, the battery management

system can be integrated with complete control over each independent dc source.
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