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ABSTRACT
PULSE-WIDTH-AMPLITUDE MODULATION (PWAM)

FOR REDUCING INVERTER SWITCHING LOSS
IN HEV/EV MOTOR OR GENERATOR SYSTEM

By
Xianhao Yu

Ideally the power converters are supposed to be lossless. However in the real world there are
many reasons that can cause power loss in the power converter system. Therefore minimizing the
power loss and operating system at high efficiency point is an essential step towards developing
optimized power conversion system.

This thesis introduces a novel PWM control strategy — “Pulse-Width-Amplitude Modulation
(PWAM)” method for HEV/EV motor or generator system. This modulation method is quite
different from other PWM methods that have been well researched or commonly used for the
inverter in HEV/EV system. By using this method, only one phase leg of the inverter is doing
switching action at any time. Therefore, the inverter total switching time is reduced to one third
comparing with conventional SPWM method and the total switching loss can be reduced by at
least 50% or even more depending on the load condition (power factor). In addition, the inverter
dc-link requires much smaller capacitor when PWAM method is applied, which makes the
system smaller size and lighter weight. Simulation and experimental results are provided to

verify inverter efficiency improvement.
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CHAPTER 1 Introduction

1.1 Background — PWM Inverters

An inverter is the type of power electronics system that converts direct current (DC) to
alternative current (AC). The input of it is connected to DC power source, such as batteries or
PV panels, and the out put of the inverter is designed to supply AC power at a desired voltage
and frequency.

One type of inverter is called voltage-fed inverter (VFI) or voltage-source inverter (VSI) if
the input voltage is fixed, while the other type is called current-fed inverter (CFI) or current-
source inverter (CSI) if the input current remains constant. Comparing with current-source
inverter, the voltage-source inverter is more popular and widely applied in both research field
and industry. For the voltage-source inverter whose input voltage is fixed, its output voltage level
can be controlled by varying the inverter’s gain and normally the approach is using pulse-width-
modulation (PWM) control [1].

There are two basic topologies for PWM voltage source inverter that are shown in figure 1.1.
One is single-phase inverter and the other is three-phase inverter. The single-phase inverter has
four switching devices and the AC current passes through the single load, while the three-phase
inverter consists of 6 switching devices that generate 3-phase AC currents. It is clear to see from
the topologies that the major components of inverters are those high-speed semiconductor

switching devices, which are denoted as S1, S2, S3 and S4 in the figure. Depending on different



power ratings and applications, different devices such as MOSFET and IGBT can be selected to

fulfill the functions.
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Figure 1.1 PWM voltage source inverter: (a) single-phase inverter, (b) 3-phase inverter.




1.1.1 Inverter Applications

Inverters are widely used in many different applications:
o DC power source utilization,
o Uninterruptable power supply,
o Electric motor drive
= VHDC transmission line
= Induction heating
= Air conditioning

The list only provides some of the examples of inverter application. The solar inverter system
and the electric vehicle motor drive system are introduced here in detail.

Solar power is one type of renewable energy that is considered as a really good replacement
of fossil fuel. The solar panel was invented and produced to accomplish the solar energy
conversion. It turns the optical energy into electric energy, which is in the form of the DC
electricity. Then the solar inverter system finishes the energy harvesting process and injects the
power into power grid. Figure 1.2 demonstrates the system configuration of this kind of system.
A DC-DC converter is needed here to control the power flow and also provide a stable voltage
for dc-link. The inverter is supposed to generate the 3-phase voltage following grid’s voltage

amplitude and frequency.
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Hybrid Electric Vehicle (HEV) and Electric Vehicle (EV) are playing more important role in
the auto industry nowadays. Instead of relying on the conventional fossil fuel powered vehicles,
these new types of vehicles offers people an alternative of using different energy sources to drive.
Moreover, the efficiency of energy utilization in HEV/EV system is much higher than
conventional vehicle. Figure 1.3 shows the power electronics parts and vehicle power train of the
Toyota Hybrid Prius, which is a parallel hybrid system. There are two inverter systems that drive
two motors separately. The inverters are designed for bidirectional power flow and the motors
could work as generators as well.

Since the internal combustion engine should only run under the most efficient operating point
and provide large power at high speed, it will not be activated all the time. The top inverter
controls the motor/generator 1 to drive the wheels directly for low speed navigation. When
engine is running at high speed, an extra part of power could be send back to battery through
motor/generator 2 and the bottom inverter. During breaking operation, the energy collected from

wheels is transferred back to battery through motor/generator 1 and the top inverter.

1.2 Topology

This thesis focus on a very simple but very wildly used topology for control method analysis.
Figure 1.4 shows the boost converter — inverter system, which consist of a DC/DC boost
converter and a simple three-phase PWM voltage source inverter. Generally, a large capacitor is
installed on the dc-link between boost converter and inverter. This is because an ideal dc source
is expected at the input side of inverter. If there is not a battery on the dc-link, the big capacitor is

required to store enough energy and absorb the current ripple.



Many applications that have been mentioned previously use this topology, including
HEV/EV system. In HEV/EV system, a battery is needed to provide and to restore the power.
The DC/AC inverter is used to convert dc power on the dc-link into AC power so that it can
drive the electric motor/traction motor. During regenerative mode, the motor could also run as a
generator and inverter should be able to transfer the power back from the AC to DC side. For
most of the time, a DC/DC converter is also installed in the system between battery and inverter

to boost battery voltage to match the dc-link voltage.
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Figure 1.4 The boost converter — inverter system topology for PIWAM method

(@l §eb)

1.3 PWM Method and Switching Loss

Since high efficiency is essential goal that HEV/EV pursuit, how to reduce power losses for
the whole system is always an important factor within design consideration. Switching loss is
one part of the major power losses from operation of the inverter system. Figure 1.5 shows the
device’s voltage and current waveforms during the switching transition, which explains how

switching and conduction losses generate.
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Figure 1.5 Switching transition and losses [2]
(For interpretation of the references to color in this and all other figures, the reader is

referred to the electronic version of this thesis)

To reduce switching loss, one method is to reduce to the area of the current-voltage integral.
From figure 1.5, the switching loss is calculated by integrated the instantaneous voltage across
the switching device and the current passing through it. The size of the area is can be reduced is
the switching transition is shortened. Moreover, the area can be completely removed if
instantaneous current or voltage is zero during transition, which is known as Zero
Voltage/Current Switching (ZVS/ZCS).

Another approach to reduce switching loss is preventing the switching action from happening.

In this case, the switching transition in figure 1.5 will not even occur. Therefore switching loss is



not an issue any more. Many different Pulse-Width-Modulation (PWM) methods have been
proposed to achieve switching loss reduction in this way.

For the inverter system in HEV/EV, there are many modulation methods that are developed
and analyzed to reduce switching loss. The conventional space vector PWM (SVPWM) strategy
was proposed in [3] in order to extend the linear modulation range. To generate the reference
voltage vector, as showed in figure 1.6, one can find any combination by utilizing the six active
switching states and two zero switching states. A good switching combination can reduce the
switching instance in each carrier cycle. Switching loss by using SVPWM is then reduced by
roughly 13% over conventional Sinusoidal PWM (SPWM) [11], while waveform quality
degrades at high modulation index [4]-[6]. Discontinuous PWM (DPWM) methods were
developed mainly for reducing the switching loss via completely stop switching action for a
certain period of time (commonly 60 or 120 degrees of the fundamental period). By injecting a
zero sequence signal, the new three phase references are clamped to the positive or negative dc
link instead of following sinusoidal waveform. Controller is not sending any PWM switching
signals for this period of time to turn on or turn off the devices. Consequently, the DPWM
method reduces the number of switching instances by up to one third of the fundamental period,
thus reducing switching loss. Also, switching loss reduced by DPWM methods depend on the
load power factor [7]-[10]. Six-step operation is another modulation method that fully uses the
dc voltage and requires very few switching instances. The switching loss can be reduced by half
compared to SPWM [12]. However, for six-step operation, the motor will experience great loss

and torque ripple due to bad output waveform quality.
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Figure 1.6 Space-Vector PWM (SVPWM) method

1.4 Resonant DC Link

The idea of “resonant dc-link” is also utilized for reducing converter’s switching loss [13].
Unlike the all the PWM control method mentioned in the last section, the number of times of
switching action is not changed or modified. Lossless switching is achieved by applied zero
voltage switching technique here [14].

The switching loss comes from the integration of product of voltage across the device and the
current pass through it during switching transient. If either the voltage or current decreases or
disappears, switching loss will decrease accordingly. In the case of resonant dc-link, the
converter does not have fixed dc-link voltage; instead it has dc-link voltage that varies with the
switching action. When the dc-link voltage is controlled to reach zero at switch turning-on /
turning-off transition, the voltage across device will be zero, integration of switching loss will

then be zero [15].



This thesis is trying to use novel PWM method to reduce switching loss. Although zero
voltage switching technique is not adopted to improve efficiency, another feature of resonant dc-
link has been noticed — the big dc-link capacitor in conventional inverter system is not needed

anymore with a fluctuated dc-link [16].

1.5 Outline of Thesis

This paper introduced a novel control strategy — Pulse-Width-Amplitude Modulation
(PWAM) method for HEV/EV motor drive system. The original idea is from single phase PWM
control method that was proposed in [17] and [18] for grid-connected inverter system. Unlike the
case in [17] and [18], however, PWAM method for motor drive has to consider the situations of
varied power factor and output frequency, which is more complicated. By using this method,
only one phase leg of the inverter is doing switching action for every PWM-carrier period.
Therefore, the inverter total switching time is reduced to one third comparing with conventional
SPWM method. and the total switching loss can be greatly reduced by at least 50% or even
more depending on the load power factor. In addition, the inverter dc-link requires much smaller
capacitor when PWAM method is applied, which makes the system smaller size and lighter
weight. A 1 KW boost converter inverter system prototype was built to test the system efficiency
with conventional SPWM method and PWAM method. Theoretical power loss analysis,

simulation and experimental results are provided to verify inverter efficiency improvement.
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CHAPTER 2 PWAM Control Method

In this chapter a new PWM control strategy is introduced. Unlike those conventional pulse-
width modulation control method that only modulate the pulse width of the control signals, the
new method also deals with the amplitude of control signals. So it can be named as “Pulse-

Width-Amplitude Modulation (PWAM)” method.

2.1 Background — Single-Phase PWM Method

To understand how PWAM method works, introducing Single-Phase PWM Method would
be a good start. Single-Phase PWM method was proposed by a Japanese researcher Hideaki
Fujita for the application of solar inverter system. It uses the same topology which consists of a
boost converter and a three phase inverter. The input of the system is connected to solar panels,
which generates dc voltage and current. After step up the dc voltage to a higher level by boost
converter, the inverter is installed to inject electric power into power grid in the form of three

phase ac voltage and ac current. Figure 2.1 shows the system configuration of Single-Phase

PWM method.
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Figure 2.1 Single-phase PWM system configuration
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Single-Phase PWM method was proposed to reduced inverter switching loss. There are
always two phase legs of the inverter that don’t need have any switching action (keep on or off)
for two third of the fundamental period, and only one phase leg operating PWM switching action
for any moment. The total switching time was then reduced by two third, therefore the switching
loss was greatly reduced.

There are a few points that needed to be noticed for this method. First, this is a grid
connected application, and the load of the inverter could be assumed as an idea load with 50-Hz
frequency and idea 200-V voltage. The dc link voltage of the inverter is clamped by the power
grid line-to-line voltage because the switches of inverter keep turning on and off for a long
period of time. The relationship of the dc link voltage and the three phase line-to-line voltage is

the same as the case of three phase diode rectifier, which is

32
Vde == Vii(rms)

The formula gives average dc link voltage value, but there is small voltage ripple on which has
the six times of fundamental frequency. With this expected ripple that appears on the inverter dc
link, it is not necessary to have really large capacitor to clamp voltage at a fixed value. This is
reason the Single-Phase PWM not only reduces inverter switching loss, but also reduces the dc-
link capacitance.

Another point is that the boost converter in Single-Phase PWM application was controlled
based on the power which would be transferred through this system. The reference of power
rating is the only thing important for controlling the boost converter. This is different from the

PWAM control method and will be explained in the later section.

12



2.2 Operating Principle

At steady state, the motor drive is running at a desired condition, so the inverter has to
generate output with expected voltage and frequency values. By setting the expected values as

references, PWAM method can be applied. Figure 2.2 shows the three phase output references

and the inverter switch pattern. S, Sp and S, represent the upper switches of three inverter phase

leg a, b, and c, respectively. Let the case “V53>V,>V,” be an example. When the phase a voltage

is larger than the other two phase voltages, upper switch in phase a leg is turned on all the time,
denoted as “1”. At the same time, phase ¢ voltage is the smallest. Upper switch in phase c leg is
set to be off all the time, denoted as “0”. This means the lower switch in phase c leg is turned on.
Only phase b leg in this case is doing PWM switching action, denoted as “*”. Therefore, using
this method, only one phase leg of the inverter is doing switching action for every PWM-carrier

period. Figure 2.3 shows the system equivalent circuit at this moment. It is easy to see that the

output line-to-line voltage Vjj(ac) equals to the dc-link voltage Vqc, and the line to line voltage

Vii(be) €quals to DinyVdc, where Djpy is the duty ratio function for phase b leg.

13
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In PWAM control, dc-link voltage has to vary with a voltage ripple whose frequency is six
times of output frequency. This kind of ripple is called 6w. The peaks of the ripple are
corresponding to the peaks of output three phase line-to-line voltage. In order to generate this
ripple, the boost converter needs to be controlled. The equation of voltage gain for boost

converter is

1
Vo =—— Vi,
out 1-D, in

Where Dy, is the duty ratio function of boost converter. Therefore, in the boost converter —

inverter system,
Vin Vi
Dp=1-—=1--10,
Vout Vdc
Since all the voltage values in above equations are already known or related to output voltage
references, the duty ratio function can be calculated and used as feed forward control information

for inverter and boost converter. Figure 2.4 and 2.5 shows simulation result for different power

factor values using PWAM method for the boost converter — inverter system.

15
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Figure 2.5 PWAM simulation (P.F.=0.87)
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CHAPTER 3 System Power Losses Analysis

The power losses of the whole system could be caused by several different factors.

1. For boost converter, there are device switching loss, conduction loss, the dc inductor

copper loss and core loss.

2. For the inverter, there are also device switching loss and conduction loss.

The PWAM only has effect on reducing inverter switching loss; theoretically the other parts
of system loss should stay the same. In this chapter, power loss analysis focus on the inverter
side of the system, and the calculation is based on one type of the IGBT integrated power module
(IPM) chip that is already chosen for building system prototype and running efficiency test.

More information of the IPM will be given in next chapter.

To show the advantage of PWAM method, power loss analysis is done with a comparison

between PWAM and the conventional Sinusoidal PWM (SPWM) method.

3.1 Inverter Switching Loss

According to the data sheet information from [], the switching loss per IGBT using

conventional SPWM method in the inverter system is

1
Psw—spwMm = fsw -5-16” (Esw(on) *+ Esw(off ))dWt.

Assuming switching energy loss Egy(on) and Egy(off) are variables that change linearly with the

product of drain-to-source voltage Vcg and drain current ic, which are

17



Eon _ Vce“ic
Eono VcEo!co

and

Eoff _ Vce'ic
Eoffo V CEO-1CO

Where
ic =l¢ -sin(wt).

So the switching loss of each IGBT can be represented as

P _VCE'IC'fSW_( Eono N Eoff 0 )
sw—SPWM — v N ' '
a CEO0O'CO VCEO-lICO
For the case of PWAM method, figure 2.4 shows the waveform of drain-to-source voltage
and collector current when the power factor equals to 1. The output voltage and current are in
phase. One of the inverter phase leg is doing PWM switching action while phase current is in the

small value region. Since the switching action only happens during the periods (-r/6, ©/6) and

(5n/6, 71/6), the switching loss can be calculated by

Psw — SPWM
_ Tzl | 1 7716
- (Esw(on) + Esw(off)) [EJ_”/6|sm(wt)|dwt +Ej5ﬂ/6|sm(wt)|dwt]
_2=v8 Veelcfow  Eono Eoff 0 )
2 7 Vee *lco V cEO-1CO

Therefore, the switching loss of PWAM method is only

P _
sw—PWAM _2-+3 _ 5 0
Psw - SPWM

18



comparing with the conventional SPWM method.
For the inductive load such as a motor, the power factor is not equal to 1 as shown in figure

2.5. Each IGBT switching loss should be expressed as

Psw — SPWM

1 . 1 :
= (Esw(on) + ESW(Off)) [Z jf!ﬁdsm(wt - 9)|th + ZJgg/gSIn(Wt - (9)|th]

(P.F.=co0sé)

In figure 2.5, relatively larger currents flow through the IGBT when the switching action
takes place. Switching loss will then increase as the load power factor decreases from 1. This
means the most efficient running point for the inverter is at the unit power factor, and the worst
case happens when power factor equals to 0. At the point of worst case, switching power loss of

PWAM method reaches 50% of the switching loss of SPWM method. That still reduces half of
the switching loss for inverter. Figure 3.1 shows the relationship between Pgy-pwam/Psw-sPwm

and power factor.

___________________________________

——————————————————————————————————————————————————————

Psw-PWAM/Psw-SPWM

1 -0.5 0 0.5 1
Power Factor

Figure 3.1 The relationship between power loss and load power factor
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In addition, the diode recovery loss should be considered in the inverter switching loss

calculation as well. During each switching action, the recovery loss per diode can be written as
PD =y tyr VeE  Tsw =Qrr "VeE * fsw
Because each phase leg only switches for one third of fundamental period, the recovery loss

should be only Pp/3.

Figure 3.2 shows the switching loss of inverter in terms of different system power rating
using PWAM method and SPWM method. All the values regarding to the inverter for loss
calculation are from the datasheet. Inverter conduction loss for both control strategies should not
have much difference, since the conduction loss is generated from either IGBT switch or the
freewheeling diode all the time. On the other hand, switching loss is significantly reduced from

15W (SPWM) to 3W (PWAM).

20
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Figure 3.2 Switching loss comparison between PWAM and SPWM
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3.2 Inverter Conduction Loss

The switching duty ratio D(t) in PWAM method is quite different from the one in SPWM

method. If take phase leg “a” as an example, the function of D(t) can be written as:

cos(wt —z/3)
cos(wt)
Lwt e[x/6,57/6]
cos(wt + 7z /3)
cos(wt)
Owt e[77/611x/6]

Wt e[-7/6,716]

D(t) =

Wt €[57/6,77/6]

From the DIP IPM data sheet,

1
VcE 5 Ilc +1=Rcg -Ic +VcEo

It can be found

Vego =V, Reg =1/120

Then the conduction loss per switching IGBT can be calculated by

v R
Veond =S 187 lic ) - DO)lwt + —CE- [27ic2()- DOJawt

Since the up switch and the bottom switch in each phase leg always operate at complimentary
condition, the inverter conduction loss would be generated all the time either from the up switch
or the bottom switch, so there is not a significant difference or change on conduction loss when

the PWAM method is applied in the system.
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CHAPTER 4 Experiment Setup/Result and

Efficiency Test

This chapter describes all the hardware work that has been done. A 1-kKW experiment
prototype of boost converter — inverter system was built. System efficiency was tested with both
SPWM and PWAM control method. The advantage of PWAM method on power loss reduction

is verified. Some other modifications have also been made to improve system performance.

4.1 Experiment Setup and Result

To test system efficiency, a boost converter — inverter prototype was built shown in figure
4.1. The “DSP TMS320F28335” board is a product bought from Texas Instruments. It generates
all PWM control signals and sends them to the boost converter — inverter system. The PCB board
of the boost converter — inverter system includes every major component except for the dc input
inductor, which is placed at the right corner in the picture. “Powerex” 600-V DIPIPM chips were
used for both boost converter and inverter. There are 6 IGBT switch devices in each DIPIPM
chip module. The current rating for inverter side is 10A, and for boost converter side is 30A. For
the dc-link capacitor, two different capacitors was installed specially for different control method,
since a fixed dc-link voltage needs to be remained in SPWM, while a fluctuated dc-link voltage

is expected in PWAM. Table I lists the system specification for the system.
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Figure 4.1 Boost converter —inverter system prototype
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Table 1. System specification for experiment

Output Power 1 kw

Input battery voltage Vi, 100~150 V

DC-link voltage V 300V

Output voltage Vj(yrms) 208 V

Input current |, 7~10 A

Output current 3A

Switching frequency 20 kHz (boost/inverter)

Output frequency 60 Hz or higher

Input inductor L, 600 uH

DC-link capacitor Cy 3 uF (PWAM) / 40 uF (SPWM)

Before taking efficiency test, PWAM method was realized in the system prototype. The
working condition of the PWAM method followed the expectation and matched the simulation
results shown in chapter 2. Figure 4.2 illustrates voltage VCE of the three lower IGBTS in the
three phase leg, and figure 4.3 shows the three phase output voltage and dc-link voltage

waveform when system is running at 1kW power level.
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Figure 4.2 DC-link waveform and IGBT voltage waveforms in three phase legs
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Figure 4.3 DC-link waveform and 3-phase output line-to-line voltage using PWAM at 1 kW
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The efficiency tests have been done. Figure 4.4 shows two efficiency curves. The upper
curve represents system efficiency for PWAM method. Power loss reduction is obvious. System
efficiency could not improve too much because the inverter switching loss is less than 20 W,
while inverter conduction loss (about 10 W), power losses in boost converter and input inductor

are still not changed.
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Figure 4.4 Efficiency curves of PWAM and SPWM

4.2 System Modifications

The system modifications have been done mainly on two aspects: PCB layout improvement

and IGBT IPM chip thermal design.

4.2.1 PCB Layout
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The system PCB board design and performance was assessed from the beginning when

components was soldered on to the board to the end of efficiency tests. The problems that were

found out from the first version of PCB layout are very helpful for design improvement of the

second version PCB layout. Figure 4.5 illustrates the system board layout. The DC-DC converter

and the DC-AC inverter blocks in the figures represent IPM chips. (a) is the first version and (b)

is the second version. A few problems are listed for the (a) and the corresponding modification

could be found in (b).

o

The shape of (a) is rectangular ( 27.5 cm by 7.5 cm), it is not strong enough on structure.
The body of the board got bent after several months. One the other hand, shape of (b) is
close to a square (12.5 cm by 9 cm), it is smaller and stronger. Components on the board
are more compact.

The traces distance of PWM control signals are too long on board (a). It is really
important to get clear control signals for the system, this can be achieved by shortening
the signals’ traces.

The dc-link capacitor is placed between two IPM chips on the board (a). This is not a
good arrangement for thermal design because it is hard to install heat sink for the IPM.
On board (b), dc-link capacitor is located by the side of two IPM chips, the room for heat
sink has been reserved.

Some other minor improvements are also considered, for example, small component

(values of resistors, capacitors) selection and trace width.

Figure 4.6 is the picture that shows the two versions of design of the real PCB boards.
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Figure 4.5 System PCB layout modification: (a) first version; (b) second version
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Version 2 (125 cm x 9 cm)

Figure 4.6 Version comparison picture
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CHAPTER 5 Conclusion and future work

5.1 Conclusion

In this thesis, a novel control strategy for HEV/EV motor/generator system was introduced.
This modulation method requires only one out of three inverter phase legs to do switching action
for every PWM carrier period. Switching times thus was greatly reduced by 2/3. According to
theoretical analysis, inverter switching loss using PWAM can be as low as 13.4% of the
switching loss using SPWM. However, the switching loss reduction of PWAM method varies
with different load power factor. To drive electric motor, PWAM method will reduce switching
loss by at least 50%, comparing with SPWM.

Unlike the conventional inverter system, which requires relatively larger dc-link capacitor to
absorb ripple and keep voltage stable, the system dc-link voltage appears to be fluctuating when
PWAM is applied. This is a special feature of PWAM method. Hence, system does not need

large dc-link capacitor any more.

5.2 Future Work

Lots of work could be planed and executed in the future. First, the system prototype can be
further optimized to get even higher efficiency or reducing even more switching loss. The major
device in the boost converter — inverter system is the IGBT IPM, but this switching device is not
the best option for PIWAM method because its switching loss is not dominant part of the total

power loss. In this case, there was not a significant power loss reduction or efficiency
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improvement for this system. This means PWAM should be applied in a system where the most
part of power loss is from switching loss.

In addition, the input dc inductor was not well designed to operate under high efficiency.
Beside the loss from switching devices, this inductor could be another source where loss comes
from. If all the other system components including the input inductor are well designed, system
efficiency also would increase.

Finally, after all the analysis and experiments, limitation of PWAM method is also
recognized. As mentioned in previous chapter, the dc-link voltage ripple is needed to be
controlled at 6 times of output fundamental frequency, when motor/generator is running at high
speed, controlling the dc-link ripple would be much difficult. More investigation could be done

about this concern.
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