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Abstract

Inverters synthesizing output voltages consisting of two levels, commonly
known as two-level inverters, have dominated the global market for a long
time. Today, further emphasis is being put on inverter efficiency and power
quality. One way of improving these aspects is to use an inverter synthesizing
a staircase voltage waveform consisting of three or more levels. Such inverters
are known as multi-level inverters.

The thesis begins by pointing out key differences as well as advantages and
disadvantages of two-level and multi-level inverters. The different multi-level
inverter topologies are presented and the decision to further investigate the
diode clamped inverter motivated. The diode clamped multi-level inverter and
its related control circuit are discussed in detail.

Then, simulations containing the two-level inverter and the diode clamped
inverter are explained, carried out and eventually used to confirm the alleged
advantages and disadvantages, and to show that the diode clamped inverter is
more flexible, yielding both better inverter efficiency and power quality.
Finally, cost, weight and space requirements of the two inverters are compared
to provide a full comparison.

Keywords: Multi-level, Inverter, Converter, Low voltage, IGBT, Loss-
estimation



Sammanfattning

Omvandlare som syntetiserar spanningar bestaende av tva nivaer, vanligen
benamnda tvanivaomvandlare, har dominerat den globala marknaden lange. |
dagsléaget finns en okande efterfragan pa forhojd verkningsgrad och elkvalitet,
och ett satt att i ett system forbattra dessa egenskaper kan vara att anvénda en
omvandlare som syntetiserar trappstegsformade spanningar bestaende av tre
eller flera nivaer. Denna typ av omvandlare kallas flernivaomvandlare.

Uppsatsen borjar med att peka ut fundamentala skillnader samt for- och
nackdelar mellan tva- och flernivaomvandlare. De olika
flernivaiomvandlartopologierna presenteras och valet att vidare undersoka
diode clamped-omvandlaren motiveras. Ddrefter diskuteras den valda
omvandlaren och dess kontrollkrets i detalj.

Efter det beskrivs och anvands simuleringar innehallande bada typer av
omvandlare for att visa pa de i borjan av uppsatsen pastadda for- och
nackdelarna med flernivaomvandlaren. Simuleringarna anvéands ocksa for att
visa pa att flernivaomvandlaren ar en mer flexibel I6sning som bade ger battre
verkningsgrad och elkvalitet. | slutet av uppsatsen gors dven en jamforelse
med avseende pa kostnad-, vikt- och platskrav for att ge en helhetsjamforelse.

Nyckelord: Flerniva, Véxelriktare, Omvandlare, Lagspanning, IGBT,
Forlustuppskattning
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1 Introduction

1.1 Background

Recent studies have shown that, globally, electric motor-driven systems,
EMDS, consume more than half of all electricity generated. In Swedish
industry, EMDS account for around two thirds of the total consumption.
EMDS are thus by far the largest source of electricity consumption and it is
therefore of interest to ensure that these are operated efficiently [1, 2].

One way to improve efficiency is the use of variable speed drives, VSD. These
drives match the speed and torque of the motor to that of the load, controlling
the amount of power fed into the machine [1, 2].

CG Drives & Automation has over the last decades been successful in the field
of control and monitoring of electrical motors. VSD for induction motors for
voltages up to 690 VAC, low voltage, in the power range up to several MW
have been developed in house. The topology used in these drives is a voltage
source inverter, VSI, in which each leg can have two output voltage levels.
This topology is, and has been, the dominating topology in the market for a
very long time. A simplified two-level inverter circuit is shown below.

1

Vo — 0 Vour

1
—3Vbe
Fig 1.1 Simplified two-level inverter circuit.

When the switch is up, the output voltage (V,,,; — V) is +%VDC. In the same
way, when the switch is down, the output voltage is —%VDC. By alternating



between these two switch states, an AC output voltage is synthesized. Clearly,
since only two output voltages are allowed, the quality of the output waveform
Is determined by the switching frequency.

Fig 1.2 Output voltage waveform of a two-level inverter

Today, as mentioned above, more emphasis is being put on efficiency and
power quality. A possible means of improvement could be the use of a VVSI
built on a multi-level topology, in which each leg can have three or more
output voltage levels.
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Fig 1.3 Simplified N-level inverter circuit

In an N-level inverter, N-1 capacitors split the dc bus voltage into N levels in
incremental steps of % A combination of capacitor voltages are selected by

the switch and thus form the output voltage. Again, by alternating between
switch states, an AC output voltage is synthesized, but this time with N levels
instead of just two. This means that the quality no longer is uniquely
determined by the frequency, but also by amplitude.
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Fig 1.4 Output voltage waveform of a five-level inverter

The staircase waveform output by a multi-level inverter better approximates a
sine wave, bringing a number of advantages.

Less total harmonic distortion

Closer approximation of a sine wave means less harmonic content. This
makes possible a reduction (and in some cases even elimination) of the
filter. If the reduction is significant, a smaller, lighter and cheaper end
product which requires less space may be possible.

Lower switching frequency

For the same output power, a lower switching frequency is required. Less
switching means less switching losses, giving a direct increase in
efficiency.

Less stress

In a two-level inverter where each leg outputs either +%VDC or —%VDC,

each switching action means a change in voltage of V. For high voltages
and high switching frequencies, often needed when operating two-level

. . . d . .
inverters, this means high % stresses on components. With a staircase
waveform each step is much smaller, stressing each component less.

Less voltage per component

The way multi-level inverters are designed, there is less voltage across
each switch. Thus, it may be possible to choose semiconductor devices
with lower voltage ratings and thus better performance in other important
areas.



Unfortunately, multi-level inverters, by the way they are designed, require a
large number of semiconductor devices. This gives rise to a number of
drawbacks compared to a two-level inverter:

e Increased complexity

With additional semiconductor devices, a more advanced modulator will be
needed in order to operate the circuitry.

e Increased weight, cost and space

Each component added is associated with additional cost, weight and
space.

1.2 Objectives

The main objective of this thesis is to identify multi-level inverter topologies
suitable for use in low voltage drives and to evaluate the advantages and
drawbacks associated with each topology as compared to the standard two-
level voltage source inverter topology in terms of

e Efficiency

e Power quality
e Cost

o Weight

e Complexity
e Performance

A secondary objective is to analyse which topologies are suited for use as
active front-end units in back-to-back arrangements.

1.3 Methodology

The primary methods used to assess the qualities of the inverter circuits are

Literature studies
Interviews
Simulations



1.4 Expected Result

An orientation and recommendation on the possibilities of using multi-level
inverter topologies in low voltage drives.

1.5 Outline of Thesis

This chapter serves as a short introduction to the thesis and introduces the
concept of multi-level inverter topologies as well as their advantages and
drawbacks as compared to the standardized two-level inverter topology.

The different multi-level inverter topology families are discussed in chapter 2.
Provided is also motivation behind the choice to further investigate the diode
clamped multi-level inverter topology. The theory and working principle of
this particular topology is the topic of chapter 3.

In this thesis two systems are simulated. Common to both systems are the grid,
a three phase uncontrolled rectifier and an induction motor to pose as load.
The first system is a representation of the existing system and thus contains a
three phase two-level inverter. It serves as a reference point against which all
comparisons are to be made. The second system contains a three phase three-
level diode clamped inverter and constitutes the system to be investigated.
Chapter 4 introduces the systems and presents all simulation results.

Inverter cost and weight concerns are addressed in chapter 5.

The results are summarized and the thesis concluded in chapter 6.



2 Multi-level Inverters

Today, there are three main groups of multi-level inverters — diode clamped
inverters, flying capacitor inverters, and cascaded H-bridge inverters [3]. The
advantages and disadvantages of each group are considered.

2.1 Diode Clamped Multi-level Inverter

A five-level diode clamped inverter is shown below. Here, one dc voltage
source, Vpc, is used and split into five voltage levels (+ V% + % and 0) by

the series capacitors. Each level can then be connected to the output through
use of the switches.

A 4

I3
{}Q@{}m{}

out

d

Fig 2.1 One leg of a five-level diode clamped inverter



Fundamental to this topology are the clamping diodes used to clamp the
switches to the intermediate capacitors. This way, using the five-level inverter

: - : : Vpc
above as an example, no switch will experience voltages in excess of =

It should be pointed out that some of the clamping diodes for inverters with
more than three levels will experience voltages in excess of that experienced
by the main switches. Thus, if diodes with a voltage rating equal to that of the
transistors are to be used, series connection of multiple diodes is necessary.
While this solves the problem of the voltage ratings, it increases the number of
clamping diodes from 2(N — 2) per phase to that of (N — 1)(N — 2) per

phase [3].

Further, an N-level diode clamped inverter requires N — 1 capacitors to split
the voltage and 2(N — 1) switch pairs per phase. Table 2.1 below summarizes
the total number (three phases) of dc bus capacitors, clamping diodes and
switch pairs needed for inverters with 3, 5, 7 and 9 intermediate levels [3].

#levelsin V| # levels in V| # dc bus capacitors

3 5 9 2

5 9 17 4

7 13 25 6

9 17 33 8

# clamping diodes # switch pairs # switch states

3 6 12 27

5 36 24 125

7 90 36 343

9 168 48 729
Table 2.1

Note that all phase legs share a common dc bus and that no other capacitors
are used in this topology. This fact is a distinct advantage of the diode
clamped multi-level inverter as compared to the other topologies to be
discussed. It minimizes the total capacitance requirements of the inverter, it
allows the capacitors (since they are arranged in series) to be pre-charged as a
group, and it makes the topology very much suited to back-to-back

arrangements.

The fact that diode clamped multi-level inverters with more than three levels
require series connection of clamping diodes complicates the design and raises
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cost concerns. As such, diode clamped inverters with high number of levels
are, at present time, cumbersome and often impractical.

In addition to increased circuit complexity, the intermediate dc levels must be
maintained. This is a known problem for inverters of this kind with more than
three levels.

2.2 Flying Capacitor Multi-level Inverter

The flying capacitor multi-level inverter was proposed as an alternative to the
diode clamped inverter.

| o
G

+
1{:1_ Voo —_

1{:1_ Vo i::

V, + . +
bc 3.?:1. Voc = 1.;2 1’DC_ 1;"1_ Voe

out

1.Kr 4 Voc i::

1.;4. 1’,})6 t::

i
3

Fig 2.2 One leg of a five-level flying capacitor inverter

The structure of this inverter topology is very similar to that of the diode
clamped inverter, the main difference being that capacitors are used as a
replacement for clamping diodes.

One advantage of the flying capacitor topology as compared to the diode
clamped topology is the fact that while having an equal number of switch
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states, it has a much larger number of usable (and thus redundant) switch
states. For instance, while a five-level diode clamped inverter only has one

switch combination that outputs 1/ 4 Ve, a five-level flying capacitor inverter

has four switch combinations that does the same. Redundant switch states can
be incorporated in the control system in order to balance the intermediate dc
levels, a persisting problem of diode clamped inverters of higher orders.

An N-level flying capacitor inverter requires 1/2 (N —1)(N — 2) flying

capacitors per phase, and 2(N — 1) switch pairs per phase [3].

Table 2.2 below summarizes the total number (three phases) of dc bus
capacitors, flying capacitors and switch pairs needed for inverters with 3, 5, 7

and 9 intermediate levels [3].

# levelsin V.

# levels in V|

# dc bus capacitors

3 5 9 2

5 9 17 4

7 13 25 6

9 17 33 8

# flying capacitors # switch pairs # switch states

3 3 12 27

5 18 24 125

7 45 36 343

9 84 48 729
Table 2.2.

While the flying capacitors allow better and more flexible control of the
intermediate dc levels, they are hard to pre-charge and are also more
expensive and bulky (even though they are fewer) than clamping diodes. They
also make the topology unfit for back-to-back arrangements.




2.3 Cascaded H-bridge Multi-level Inverter
This topology is based on series connection of a number of H-bridges.

1
+~Vnc

1
--y
2 oc

VD:Jf

Fig 2.3 A single H-Bridge

An H-bridge can, through use of its switches, connect the output to + 1/2 Vb

or 0. By cascading a number of H-bridges, the total output voltage then
becomes the sum of the individual H-bridge output voltages.

This configuration shares many advantages with the flying capacitor topology.
For instance, since V,,,; equals the sum of the individual H-bridge output
voltages, V,,,, = +Vpc can, in a 5-level inverter, be achieved through two
different switch combinations. Similarly, V,,,, = —Vp can also be achieved
through two different switch combinations. Thus, redundant switch states may
be incorporated in the controller.

The fact that it is modular (constructed from a number of H-bridges) is also a
positive design feature.

10
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Fig 2.4 One leg of a 5-level cascaded H-bridge inverter

An N-level cascaded H-bridge inverter requires 1/2 (N — 1) isolated supplies

(capacitors or connections to secondary windings of a transformer) per phase.
The number of switches per leg is calculated as 2(N — 1) [3].

Table 2.3 below summarizes the total number (three phases) of dc bus
capacitors, isolated supplies and switch pairs needed for inverters with 3, 5, 7

and 9 intermediate levels [3].

#levelsin V| # levels in V| # isolated supplies
3 5 9 3
5 9 17 6
7 13 25 9
9 17 33 12
# switch pairs # switch states
3 12 27
5 24 125
7 36 343
9 48 729
Table 2.3.

The main disadvantage and limitation of this topology is the need for a large
number of isolated voltage sources. For inverters with many levels, both these

options are impractical for reasons already discussed.

11




2.4 Conclusions

Adding more levels to the output voltage of a voltage source inverter means
adding more semiconductor devices and complementary components. Taking
a flying capacitor multi-level inverter as an example, it is seen that the jump
between three and five levels is a rather large one, requiring an additional 15
capacitors, 12 switch pairs and 2 dc bus capacitors. Note that this is twice as
many switch pairs and dc bus capacitors, and six times as many capacitors
than that required by a three level inverter. In addition, a more advanced
controller is required. Because of these reasons — practicality, complexity, cost
and weight - multi-level inverters with more than three levels will not be
considered in this thesis.

With inverters of only three levels, many of the initial problems posed by the
diode clamped inverter topology, such as maintaining intermediate dc levels,
need not be solved. Since this problem is solved, and not without sacrifice, by
the flying capacitor and cascaded H-bridge topologies, the above
simplification greatly favors the diode clamped topology.

In addition, it was desirable to investigate multi-level topologies suitable for
active front-end units in back-to-back arrangements. This is also in support of
the diode clamped inverter topology.

The following chapter describes in detail the working principle and control of
the diode clamped multi-level inverter topology.

12



3 Diode Clamped Multi-level Inverters

In this chapter, the working principle and control of the diode clamped multi-
level inverter topology are explained.

1
+EVDC

by

out

out

1
-y
2 oc

Fig 3.1 One leg of a three phase three-level diode clamped inverter

3.1 Working Principle

For a three-level diode clamped inverter, three different output voltage levels
are possible, and for each either positive or negative output current is possible.
Therefore there are, in total, six output voltage and current combinations.

Figure 3.2 demonstrates the fact that switches T, and Ty, figure 3.1, are
complementary. That is, when T; is on, T; is off, and vice versa. Similarly,
switches T, and T, are complementary. Eliminating these switch
combinations, only three possible combinations are left which account for all
output voltage/current states shown below.

13



Fig 3.2 Output voltage/current combinations for three-level inverter

A. Switches T T, are on. The output voltage is + % V. and output current

positive, originating from the upper capacitor and reaching the output
through T; and T5,.

B. Switches T, T; are on. Here, the output voltage is 0. The current, which is
positive, runs from the midpoint of the dc bus to the output through the
upper clamp diode and collector of T;,.

C. Here, switches T; T, are on. The output voltage is — % V.. Current runs

from the lower capacitor, through the diodes paralleling T; and T, to the
output.

D. Just as in state A, switches T; T, are on. In this state, however, current runs
from the output through the upper freewheeling diodes, recharging the dc

bus capacitors. The output voltage is + % Ve

14



E. Switches T, T, are on. The output voltage is, like in state B, 0. Current
originating in the load runs through the collector of switch T; and the lower
clamp diode to the dc bus midpoint.

F. Current originating in the load runs through switches T; T, and reaches the
bottom capacitor. The output voltage is —%Vdc.

The switch states are summarized in table 3.1 [3].

Path
Vout Switches I >0 I <0
+ 1/ 2 Ve LT, A D
0 T,T, B E
~1/3 vy T, T, C F
Table 3.1.

3.2 Modulation

In this thesis, the inverters are controlled by pulse width modulators based on
the constant VVolts-per-Hertz, often abbreviated VHz, principle. Pulse width
modulation is explained in this section, and an explanation of the VHz
principle can be found appended to the thesis.

One of the most common modulation techniques used in two-level inverters
today is pulse width modulation with sinusoidal reference waveforms, often
called SPWM. This technique can be extended and used in multi-level
inverters.

In basic SPWM, a sine wave of desired output frequency is compared to a
high frequency triangular carrier wave. If the instantaneous value of reference
waveform is higher than the carrier wave, the upper transistor of the inverter
phase leg is on (and the lower transistor off). Else, the lower transistor is on
(and the upper transistor off).

15




V(i)

VT

< <

2

Fig 3.3 SPWM for 2-level inverter, low frequency used for clarity

Since the maximum attainable load voltage is %Vdc, the peak value of the

triangular carrier wave form should also be %Vdc. The modulation index can
then be defined as

vref _ vref
ﬁtri Vdc /2

m, =

It is clear that overmodulation, the condition when the reference waveform
exceeds the value necessary to produce maximum output, occurs for
sinusoidal reference waveforms at

vi,ref = Vdc /2, that iS, m, = 1

It is possible to achieve better dc bus utilization by using symmetrical
reference waveforms. Symmetrical reference waveforms are created by
calculating and subtracting a zero-sequence voltage from the sinusoidal
reference waveforms [4].

1
17Offset =5 (maX(va,ref ’ vb,ref ’ vc,ref) + min(va,ref ’ vb,ref ’ vc,ref ))
2

viz,ref = vi,ref - voffset

This allows for a greater peak value of the reference waveform before
overmodulation [4].

Vigref = % yielding m, = 1.15

16
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Fig 3.4 PWM with symmetrical reference waveforms for 2-level inverter

As stated above, this modulation scheme can easily be extended for use in
multi-level inverters. One triangular carrier wave can be used to control two
switches. Thus, for an N-level inverter, N-1 triangular carrier waves are
needed.

Vitri) V(i)

300V

WA

50v-|
100V
-150V
200V
250V W ] b tf
T ; T ; 7 ; T
0.4 0.6s 0.8s 1.0s 1.4s 1.6 1.8 2.0s

Fig 3.5 PWM with symmetrical reference waveforms for 3-level inverter

T T
0.0s 0.2s 1.2s
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4 Simulations

In this thesis, two systems are simulated in LTspice, a freeware SPICE
developed by semiconductor manufacturer Linear Technology [11]. The first
system is a representation of the existing system and thus contains a three
phase two-level inverter. It serves as a reference point against which all
comparisons were made. The second system contains a three phase three-level
diode clamped inverter and constitutes the system to be investigated. Shown
below is the general structure of the investigated systems.

g

f VHz CONTROLLER

L
Fig 4.1 Simulation overview in LTspice

In the following section, each part of each system is explained. Then, the
actual simulations are presented and the results explained.

4.1 System parts

The systems include a model of the grid, a three phase uncontrolled rectifier,
an inverter with VHz controller, and an induction motor load.

4.1.1 Rectifier
The grid voltages are input to and rectified by the uncontrolled bridge. The

bridge output terminals are connected to the dc bus via an intermediate
inductive filter.

18
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| » dc+
N £ VAN
12_in

13_in .

LT T4

Fig 4.2 Three phase diode rectifier in LTspice

An expected value for the resulting average dc bus voltage is calculated

_ 1 (¢
Vie = T_/6j V;; * cos(wt) dt

_r
6

6V,
= w—;,L (sin (g) — sin (— %))
_ 3v2

VLL RMS
7T )

which for V;, rys = 400 gives an average dc bus voltage

Vdc

2
* 400 = 540V

This result is verified by the simulations. Shown below are the grid voltages,
the rectified version (offset 50 Volts for clarity) and the resulting dc bus
voltage.

a30v V[n001) V[n006) ¥[n009) V[n003)+50 V(dct,dc)

540V~
450V
360V
270V
180V
90V
oV
-90v-
-180V—

-270V+

-360V

T T T T T
10ms 12ms 14ms 16ms 18ms 20ms

Fig 4.3 Grid voltages, rectified voltage (with offset) and dc bus voltage
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The voltage across the rectifier diodes each period reaches a peak value of
approximately 560V, figure 4.4.

SO0V V[N003,N002)

540V
480V
420V
360V

300v+

240V

180V

120V
60V
oV

-60V

Oms s 5 1Ums 12m5 14ms

Fig 4.4. Three phase uncontrolled rectifier diode voltage

For safety reasons and practicality, d4ph50u, a diode with a voltage rating of
1200V, is chosen.

4.1.2 Inverters

The working principle of the two-level inverter circuit was briefly covered in
the introductory chapter. In this section, LTspice schematics of the inverter
circuit and its related driver circuit are shown.

dc+

g

[ [ b

dec-

Fig 4.5 Three phase two-level inverter in LTspice
The IGBTS are controlled by a PWM modulator. A simple driver circuit is

implemented by a behavioral voltage source, taking on a scaled value of the
PWM signal, connecting the gate and source terminals.

20
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V=15*"V(pwm_u1)

T
[~
L1

o

Fig 4.6 Simple IGBT driver circuit

Figure 4.7. shows that the IGBT on-state voltage is approximately 540V, that
IS, the dc bus voltage.

V[dct,u)

GO0V

540V N N e T T T W W [T T T T T O T e e ey
480V
420V
360V
300V
240V
180V
120V

60V

oy LILJ od

6oV T T T T T T T T T
Oms 2ms Ams 6ms 8ms 10ms 12ms 14ms 16ms 18ms 20ms

Fig 4.7 IGBT voltage for two-level inverter

Taking into account transients and possible voltage spikes, a 600V IGBT is
not a safe choice and therefore a 1200V IGBT must be used.

Shown below are the three-level inverter LTspice schematics.

S

RER P

b

L
A
%

Fig 4.8 Three phase three-level inverter in LTspice
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It is evident that this inverter, having more switches to control, needs a more
advanced modulator than that required by a two-level inverter.

From figure 4.9, it is clear that the peak voltage is approximately 270V, half
the dc bus voltage, as predicted by the theoretical model. Thus, an IGBT with
lower voltage rating can be chosen.

330v V[dc+,X2:NDDB)

300v+

IO L LA e Y N iy

240V

210V

180V

150V

120V

90V

60V
30V

oV Uy LU

-30v

T T T T T T
Oms 2ms 10ms 12ms T14ms 16ms 18ms

Fig 4.9 IGBT voltage for three-level inverter

It has in this section been shown that, for the two-level inverter, an IGBT with
a voltage rating of 1200V must be selected and that, for the three-level
inverter, an IGBT with a reduced voltage rating of 600V can be selected. The
chosen IGBTs must, however, in order to conduct a fair comparison, be
comparable in key aspects such as practical continuous collector current and
optimum switching frequency.

Unfortunately, no 1200V IGBTs optimized for the desired switching
frequency, 1-3 kHz, have accompanying SPICE models and, as a result,
IGBTSs optimized for switching frequencies of 8-40 kHz must be selected.
Further, meeting the above constraint, only one pair of IGBTs with an
approximately equal peak collector current of around 20 A has available
SPICE models.

For the two-level inverter IRG4PH50U, a 1200V IGBT with accompanying
anti-parallel diode D4PH50U, is selected [5].

IRG4PC40U is a 600V IGBT comparable with IRG4PH50U. It is selected for
use in the three-level inverter circuit. DAPC50F is used as anti-parallel diode

[6].
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4.1.3 Modulators

The dc bus capacitor voltage and the desired motor speed are input to the VHz
controller through sample-and-hold circuitry. The desired motor speed, n,..¢,
is used to calculate the amplitude and angular velocity of the symmetrical
reference waveforms to be created.

n
f
Vref =( = )Vrated
Nyated
n
f
C‘)ref =( = )wrated
rated
Yielding

vi'ref = \EVM Sil’l((l)ref t— lz?n), fori = 0, 1, 2

The symmetrical waveforms are then created, as explained in section 3.2, by
the subtraction of a zero sequence component.

Note that since these waveforms are to be compared to a triangular waveform
(two for the three-level inverter) having a particular relationship to the dc bus
voltage, the symmetrical reference waveforms have to be scaled by the input
dc bus capacitor voltage. All of this is done with behavioral voltage sources.

The final reference waveforms are then, with the help of digital circuitry,
compared to the triangular carrier waves in order to create the signals
controlling the IGBT inverters.

Shown below is the digital circuit used to control one phase leg of the inverter.
Here, the scaled u-phase symmetrical reference waveform is compared to the
triangular wave carrier in a Schmitt trigger yielding high output usable in the
subsequent AND-gates if the triangular wave carrier is higher than the
reference and vice versa. The buffer circuit is used for the generation of
deadtime.
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Fig 4.10 Digital circuitry used in two-level inverter modulator
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As explained in section 3.2, the modulator technique can be extended for use

in multi-level inverters. Extended digital circuitry is shown below.
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Fig 4.11 Extension of digital circuitry, for use with three-level inverters
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4.1.4

Induction Motor

All simulations are made under the assumption of steady state operation. A
simplified equivalent circuit is derived in appendix A, using parameters
extracted from a real life machine. Below are the LTspice schematics.

R1

{Rs}

R3

{Rs}

R5

{Rs}

L2 R2
{Lr} {Rr} R4
L1 {Rrs}
{Lm}
L4 R6
1R
{Lr} {Rr} R7
L3 {Rrs}
{Lm}
L6 R8
SIh
{Lr} {Rn} R9
L5 {Rrs}
{Lm}

Fig 4.12 Induction motor model

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

.param Rs = 0.671
.param Lm = 0.254
.param Lr = 0.00665
.param Rr = 0.7409
.param slip = 0.03
.param Rrs = {Rr/slip-Rr}

_________________________________________________
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4.2 SPICE model testing

Ideally, measurements made in the simulation program on the SPICE models
would equal the measurements made on real life components. Generally,
however, SPICE models are made for and linearised around one operating
point and therefore has certain limitations regarding accuracy. As such, the
SPICE models of the chosen semiconductor devices had to be validated
against their corresponding datasheets. The following test circuit is
implemented in LTspice.

[

O h

- —(—=—P
AN
v

Fig 4.13 IGBT test circuit

In this circuit, current of constant magnitude must flow through either the
device under test or through the diode. Measuring the collector-emitter on-
state voltage allows calculation of the IGBT conduction losses.

Pcond = VCE,ON * Ic * 6
The energy associated with each switching action can be found through the

use of an extremely low duty cycle. This value can then be used to calculate
the switching losses.

PSW = ETOT * f:sw

These values can then be compared to those specified in the datasheet and
eventually, if they turn out to be accurate, be used to calculate the total power
dissipated in the IGBT.

z Pioss =Vegon * 1o * 6 + Eror * fo,
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4.2.1 IRG4PC40U

For IRG4PC40U, the datasheet is specified for a collector current of 20 A, a
collector-emitter voltage of 480V and a 10Q gate resistor [6].

Shown below are the collector-emitter voltage and collector current for a duty
cycle of 50%.

V[N0O2.NDOS) IR2)

20A
F18A
164
F14A
124
104
F 8A
F 6A
- 4A
- 2A
F DA

T
500)s 750ps

collector-emitter voltage and collector current

i

Fig 4.14 IRG4PCA40U

The collector-emitter on-state voltage are simulated to be Vpg oy = 1.9V
while expecting a value of Vg oy = 1.7 V based on the information given in
the datasheet. As a result, conduction losses will for this IGBT model, under
these conditions, be approximately 12% higher than expected in a real life
situation.

11KW— BEOV- VINOD2,NOO5"I(R2) VIND02,N005) I[R2)

-2A

10KW—500v-|
KW 540V
BKW 150

244
F21A
F18A

TKW
BKW—
SKW—
AKW—
IKW—
2KW—
1K 120V

F15A
F124
- 9A
- BA
F 3A

0A

okw— 60V
KW OV
-2kw-

- -34

Fig 4.15 IRG4PC40U turn-on and turn-off losses

Integration of the above power waveform yields the energy associated with
each turn-on and turn-off.

Eror = Eon + Eopp = 842.73 1

This value is, contrary to the collector-emitter on-voltage, lower than expected

and seems to coincide with the value specified for a junction temperature of
25°C which is likely to be the temperature used for extracting model
parameters for this particular device. This is not realistic and, as a result, the
switching characteristics of this IGBT model are deemed inaccurate.

27

6oy T T T T T T T T T T T
5.2496ms 5.2498ms 5.2500ms 5.2502ms 5.2504ms 5.2506ms 5.2508ms 5.2510ms 5.2512ms 5.2514ms 5.2516ms 5.2518ms 5.252

-6A
Oms



The total power losses are predicted and measured using 6§ = 0.3 and f;,, =

4 kHz as an example.

Z Pss =1.9%20% 0.3 +827.2+107°%4x10% = 14.77 W

B.BKW- ¥[NOD2.ND05)*I[R2)

B.0KW
7.2KW~
B.4KW~
5.6KW~
4.8KW~
4.0K%—
3.2KW
2.4Kv—
1.6K¥—
08K~
00K ——
-0.8KW-

T T T T T T T T T
0.0ms 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms

Fig 4.16 Total power loss for IRG4PC40U

The simulation yielded ) P, =14.76 W. As such, it can be concluded that

while the SPICE model very much behaves like an IGBT, it does so with
Inaccurate switching characteristics.

4.2.2 IRG4PH50U

The datasheet for IRG4PH50U was specified for a collector current of 24 A, a

collector-emitter voltage of 960 V and a 5 Q gate resistor. Below are the
results for the simulations made under these conditions [5].

V[ND02,N00S5) IR?)

1.0KY 26A
0.9KY— 24
224
0.8Kv 208
0.7Kv— 184
16A
0.6Kv 148
0.5Kv 124
0.4KY- 104
A
0.3Kv-] 5A
0.2Kv-| 4A
o ] ] -
0.1Kv o
0.0KV- T -2A
ops 250ps 500ps 750ps
Fig 4.17 IRG4PH50U collector-emitter voltage and collector current
P V(ND02.N0O5)*I{R2) V[NOO2.NOO5) IR2) -
21k 1.0KV-] |24
18Kw-| 0-9KV- La1a
0.8KY—
15Kw- r18a
0.7Kv Lisa
12KW- 0.6KY-]
N F12A
9KW- 05KV 9
BKw - 0.4Kv—
i 03KV r6a
- 3A
02KV~
0Kw-|
0.1KY- roA
KW g.0kv -3
BKW-g.1kv— LY
-9KW--0.2KY T T T T T T 94
333.0ps 333.6ps 134.28 134.8)s 135.4)5 136.0ps 336.6ps

Fig 4.18 IRG4PH50U turn-on and turn-off losses

The following values are simulated.
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VCE,ON = 195 V

ETOT = 7.398 m]

Here, the collector-emitter on-state voltage is expected to be Vg oy = 2.54 V
and, whereas the previous IGBT model, IRG4PC40U, partially matched the
switching characteristics specified for an operating junction temperature of
25°C, the power losses measured for this IGBT are about twice as high as
those specified for 150°C [5].

Using, as above, § = 0.3 and f;,, = 4 kHz as an example, the total power
losses are predicted.

Z P =1.95%24 % 0.3 4+ 7.66 x 1073 x 4 » 103 = 44.68 W

V(NDOZ,NDO5JIRZ)

18KW-
TEKW—
14KW~
12KW~
T0KW
BKW
BKW
AKW

2KW

DKW

Fig 4.19 Total power loss for IRG4PH50U

This value is confirmed by the simulations, shown in fig 4.19 above. As such,
it can be concluded that while the SPICE model very much behaves like an
IGBT, it does so with inaccurate switching characteristics.

4.2.3 Conclusions

These simulations have shown that while the IGBT SPICE models behave
very much like IGBTS, they do so with inaccurate switching characteristics.
As a result, simulated values for power and hence efficiency may not be
trusted. It is, however, still possible to make a comparison regarding inverter
efficiency.

Comparison of conduction losses

To compare inverter conduction losses during similar conditions, both the
600V and 1200V IGBTs were simulated in the three-level inverter system.
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Z Pioss =Vegon * 1 6 + Eror * fo,

Here, both Vg o and E7or depend on the collector current. Used is a high
switching frequency in the range of 15-20 kHz and, therefore, the IGBT
collector current can be assumed to be equal between simulations. This
assumption is justified in figures 4.20 and 4.21.

1x2:R13)

224+

184+

164+

124+

Fig 4.20 Collector current using f;,, = 20000 Hz

5 1x2:R13)

245+

214
1581
124 M\M

A+

34+

0] Wil sl

Fig 4.21 Collector current using f;,, = 15000 Hz

It is here possible to use the results of two separate simulations to calculate an
average value for the energy loss associated with each turn-on and turn-off.

F _XP-XP
N

This value can in turn be used to separate the conduction losses from the
switching losses.

Pcond = z Ploss - ETOT * fsw

The following values are simulated for the uppermost IGBT of the three-level
inverter.
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Peong 31200 = 11.863 W
Peond 3,600 — 6.226 W

These values are then, by calculating the duty cycles of the respective IGBTS,
used as a basis for comparison.

Viinteg2)Vifull) Viinteg)Vifull] Viinteg 1V {full)+Vinteg2)¥(full)

1.1

1.0
0.9~
0.8
0.7+
0.6- ﬂVAWvWVWWWM“W—m
0.5-
0.4+
0.3
0.2

0.1-

0.0

Fig 4.22 IGBT duty cycles

As stated above, all calculations were made on the uppermost IGBT of the
three-level inverter. It is seen in fig 4.22 that this IGBT has a duty cycle
(shown in blue) converging towards 0.4. As such, the conduction losses of the
uppermost IGBT in the two-level inverter, having a duty cycle (shown in
green) converging towards 0.5, will be slightly higher than those simulated
above.

The losses of the two uppermost IGBTs in the three-level inverter are
calculated as

Poonda 3 =Veeont *Ica *61 + Vegon o * g2 * 62

Assuming the average and RMS values of I ; and I , to be equal, this
expression takes the form

Peond 3 = Vegon * Ic * (61 + 62)

Since the sum of the duty cycles is approximately twice of that used for the
calculations above, the conduction losses will also be approximately twice the
value of that calculated above. It is also seen that this value nearly equals the
value calculated for the two-level inverter. As a result, it is possible make a
comparison regarding efficiency based entirely on switching losses.
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It should here be pointed out that, in reality, the conduction losses are
expected to be in favor of the three-level inverter. This is partially due to a
higher than expected on-state voltage for the 600V IGBT, and a lower than
expected on-state voltage for the 1200V IGBT. In addition, it was for
simplicity assumed that I ; was equal to I , when, in reality, I ; is smaller.

Comparison of switching losses
Switching losses are proportional to the switching frequency and also have an
almost linear relationship with collector current and collector-emitter voltage.

Using datasheet specifics, one can find the following relationship [5, 6]

Erors 1

ETOT,Z 3

Yielding the following expression

2Psw3  2+%Eror* fowg3
2 Py 2 Erorz * fsw,2

_2/,. ;:Z = {faws = faw2} = %3

As such, the three-level inverter, using the same switching frequency as the
two-level inverter, is expected to outperform the two-level inverter concerning
both efficiency and power quality.

It is here possible to first establish a baseline THD using the two-level inverter
system and then, in the three-level inverter system, by reducing switching
frequency, aim for the same THD, yielding an increase in inverter efficiency.
It is also possible to instead use the two-level inverter efficiency as a baseline
and increase switching frequency, yielding an increase in THD. These
possibilities are explored further in the subsequent sections.
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4.3 Simulations

As previously discussed, the main objective of this thesis is to evaluate the
advantages and drawbacks of the diode clamped multi-level inverter topology
in terms of efficiency, power quality, cost, weight and complexity.

The purpose of this part of the thesis, which presents the inverter system
simulation results, is to get an understanding of the situation regarding
efficiency and power quality.

Efficiency will be calculated by simulating inverter input power and power
losses in IGBTSs and diodes

Pin - Ploss
Pin

The quantity chosen for power quality is the total harmonic distortion in the
stator current, defined as

12, —I2
_ V2ra(Ugmsy) N RMS T IRMS

THD
Irms 1 Irms 1

Furthermore, all simulations are done under the assumption of steady state
operation. Thus, at the beginning of each simulation, the capacitors are already
precharged and the motor is assumed to be running.

First, the two-level inverter system will be simulated in order to establish a

baseline against which the simulation results of the three-level inverter system
can be compared.
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4.3.1 Simulations of the two-level inverter system

Shown below is the output current of one of the phases. Clearly, the peak
value of the output current is lower than the current rating of the IGBT.

184 I[R5)

154+
124+
9A-
BA-
3A
DA
3
-6+
_9A-]
2

T T T T T T
8ms 10ms 12ms 14ms 16ms 18ms 20ms

Fig 4.23 Output current using f;,, = 3000 Hz

As stated above, the quantity chosen for power quality is the total harmonic
distortion, defined as

12, — 2
_ \/Zzozz(IRMs,h) N RMS TRMS1

THD
Irms 1 Irms 1

The RMS value of the current is calculated by a behavioral voltage source in
LTspice as

The fundamental component of the current can then be extracted from its
harmonic spectrum.

9.9 I{R5)

9.0A

8.1A4
7.2
B.3A~
5.48+
458+
3.6A
2.78+
1.8A
0.9A+
0.0

T T T
100Hz 1KHz 10KHz

Fig 4.24 Harmonic spectrum of output current using f;,, = 3000 Hz
Ipmsy = 94894 A
This now allows for a calculation of the total harmonic distortion
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THD =

Th

v9.5162 — 9.48942

— 0
9.4894 7:49 %

is value will serve as a baseline for subsequent simulations. Shown below

are the power input to the inverter and the power dissipated in the inverter.

VRC2INODT, U Ixe2:U T Cl+V[u, de]*IxPe2:U2:C) V(dct.de]HIiLl)

TBKWY
T6KW-|
14KW
12KW-
10KW
BKW—
KW
AKW
ZKW
[IKW

2K

m ldms 1Ems

Flg 4.25 Input power and dISSIpa'[éd power usmg few = 3000 Hz

Th

e values for average power are calculated with the use of behavioral voltage

sources and are shown to be

P, =6217 kW

Pioss =3 %7698 W = 230.94 W

Yi

6217 %10% — 230.94

elding an efficiency of

=96.3%

6.217 * 103

Taking into account the fact that in reality lower switching losses, as shown in
the previous section, would be attained as well as the fact that an IGBT

op
co

timized for a lower switching frequency would be used, thereby reducing
nduction losses, a higher real-life efficiency is to be expected.

4.3.2 Simulations of the three-level inverter system

Shown below is the output current for one of the phases in the three-level
inverter system. The peak value of this current is well under the rated current

of
on

the IGBT. It is also immediately seen that this current is smoother than the
e produced by the two-level inverter.
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Flg 4.26 Output current usmg fsw = 3000 Hz
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Fig 4.27 Harmonic spectrum of output current using f;,, = 3000 Hz

The RMS values of the output current and its fundamental component were,
following the above outlined procedure, calculated

Inus.1 = 9.4045 A

These calculations verify that the quality of the output current produced by the
three-level inverter is indeed better than that of the two-level inverter.

_ V9.4120% — 9.40452
- 9.4045

= 3.983%

Shown below are the power input to the inverter and the power dissipated in
the inverter.
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Flg 4.28 Tshree IeveI mverter mput and dissipated power using f;,, = 3000 Hz
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P, =5.9622 kW
P =3%25972W =77916 W

| 59622+ 10° —77.916
n= 59622 * 103

= 98.69 %

It is seen that both better efficiency and total harmonic distortion compared to
that of the two-level inverter have been achieved. Below, the switching
frequency will first be decreased, in order to further increase efficiency.

The switching frequency of the three-level inverter transistors is reduced until
a THD approximating that of the two-level inverter system is attained. Shown
below are the output current and corresponding harmonic spectrum after the
switching frequency is halved.
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Fig 4.29 Output current using f;,, = 1500 Hz
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Fig 4.30 Harmonic spectrum for output current using f;,, = 1500 Hz

Inys = \/%f(i(t))z dt = 9.444 A

Ipus1 = 9419 A

 V9.4447 — 9.419?

= — 0
THD 9.419 7.29 %
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This value for total harmonic distortion approximates that of the two-level
inverter and, as a result, since the switching frequency was halved, switching
losses have been halved.

Shown below are the input power and dissipated power using halved
switching frequency.

V{det,dolfI(L1)
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Flg 4.31 Three Ievel mverter mput and dissipated power using f;,, = 1500 Hz
P, =6kW
Pioss = 325956 W = 77.868 W

B 6*103—77.868_9870/
n= 6+103 o7

It is seen that the increase in efficiency is insignificant.

Integrating the power of the uppermost IGBT shows that each switching
action, shown as spikes in fig 4.32, contribute very little to the total losses.
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F|g 4.32 Iﬁtegratlon of d|SS|pateEi power

This is explained by the fact that the IGBTs used in these simulations have
been optimized for switching frequencies between 8-40 kHz. This means that
the manufacturer, expecting a high operating frequency, has aimed for lower
switching losses at the expense of conduction losses. In this thesis, however, a
relatively low operating frequency of only 3 kHz is used and, as a result,
switching losses account for only a fraction of the total losses.
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Above, the switching frequency was decreased in order to decrease switching
losses. Now, the switching frequency is increased to improve the total
harmonic distortion.

The switching loss comparison expression, repeated below, suggests that an
increase in THD is possible at the cost of increased switching losses.

ZPSW,3 — 2/ " fsw,3
Z PSW,Z fsw,Z

In the following simulation, equal switching losses were aimed for and thus
the switching frequency increased by a factor 3/2. The simulation results are
shown below.
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Fig 4.34 Harmonic spectrum of output current using f;,, = 4500 Hz

Trys = \/%f(i(t))z dt = 9.4059 A

Ipus1 = 9.4045 A

_ V/9.4059% — 9.4045?

— 0
9.4045 L71%

This value for total harmonic distortion is almost four and a half times lower
than that simulated with the two-level inverter. This improvement, as
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suggested in the introductory chapter, may prove very advantageous in active
front-end configurations. This is explained further in the forthcoming chapter.

The efficiency was, as expected due to above reasoning, practically static.
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5 Inverter Comparisons

It has been shown that, using the standard switching frequency of 3 kHz, the
three-level inverter outperforms the two-level inverter regarding both
efficiency and total harmonic distortion. It has also been shown that it is
possible, by altering the switching frequency, to improve further either the
efficiency or the total harmonic distortion.

This flexibility, however, is at the cost of requiring additional semiconductor
devices and a more advanced modulator. This chapter provides a comparison
by taking into account the results of the previous chapter as well as
determinants such as cost, weight and space requirements.

Note that it is very difficult to make a true comparison seeing that, in reality,
one must consider gquantities to purchase, availability, discounts and more. As
a result, in order to have a basis for comparison, all pricing information will be
taken from the manufacturer website [7] with the assumption that only one
inverter will be built and that no discounts are applicable.

Two-level inverter

As shown in fig 4.5, the two-level inverter requires six IGBTs and
accompanying diodes. The IGBT used in the two-level inverter, IRG4PH50U,
is available with anti-parallel diode at the cost of $6.828, yielding a total
inverter cost of 6.828 x 6 ~ $41.

The weight of the components (IGBT and diode) is 6 grams, giving a total
weight of 36 grams.

Three-level inverter
The three-level inverter, shown in fig 4.8, requires twelve IGBTs and
accompanying diodes.IRG4PC40U is available with accompanying diode at

the cost of $4.3, yielding a total inverter cost of 4.3 * 12 = $52.

The weight of the components is also 6 grams, giving a total weight of 72
grams.
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Comparison

As expected, the three-level inverter, requiring more semiconductor devices, is
more expensive than the two-level inverter. Note, however, that the
semiconductor devices used in the above calculations and the conditions posed
for the comparison are unrealistic. Performing the above calculations using
pricing and quantities obtained at CG Drives & Automation yields a
relationship showing, taking into account only the cost of the semiconductor
devices, that the three-level inverter will be approximately 60% more
expensive than the two-level inverter [8].

It is also of importance to consider the practical modulator differences.
Concentration has in this thesis been on the purely theoretical aspects of
inverter modulators and they were in all simulations largely emulated by
behavioral voltage sources. In practice, however, additional hardware will be
required to extend the principle to work with multi-level inverters.

Additional costs will, of course, also come in the form of the work required to
develop working and practical modulator and inverter circuits.

While differences in weight and space requirements regarding the actual
inverter have been shown to negligibly small, it is with the three-level inverter
possible to increase switching frequency while attaining, as compared to the
two-level inverter, equal efficiency in order to improve total harmonic
distortion. This, as has been suggested, may be very interesting when used in
active front-end configurations.

£

THREE-LEVEL NPC THREE-LEVEL NPC

Fig 5.1 Active Front-End Configuration with L-C-L filter

In such a set-up, an L-C-L filter is necessary in order to decrease the total
harmonic distortion. This filter is in practice very cumbersome, and it would
therefore be very interesting if, by replacing the inverter, the THD could be
decreased enough to use a reduced filter. This may in turn prove to be very
advantageous regarding both cost, weight and space requirements.
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6 Conclusions

This thesis investigates the viability of multi-level inverter topologies as a way
to improve efficiency and power quality. For the conditions specified, the
diode clamped multi-level inverter topology is found to be best suited and
selected for further investigation.

The SPICE models selected and used to build the inverter circuits are shown
to be inaccurate and therefore not trustworthy. A method to estimate inverter
efficiency using datasheets is presented and used to show that the multi-level
inverter outperforms the two-level inverter regarding both efficiency and
power quality.

The estimation method is further used to calculate a specific interval in which
switching frequency can be altered. Decreasing the switching frequency yields
a further increase in efficiency while increasing the switching frequency
betters the total harmonic distortion and hence power quality. It is also shown
that improved power quality may be very attractive for active front-end units.
Hence, the simulations conclusively confirm the advantages proposed in the
introductory chapter.

The drawbacks of multi-level inverter topologies are also confirmed and
somewhat quantified through calculations using values from the manufacturer
website.

It is, however, using the results of this thesis only, impossible to conclude
whether or not the use of multi-level inverter topologies will be a worthwhile
pursuit. Each application has its specific needs and requirements and only
through separate simulations and practical tests will it be possible to determine
the status of the multi-level inverter as compared to the already existing two-
level inverter.
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Appendix A - Nomenclature

Abbreviations

AC Alternating current

DC Direct current

EMDS Electric motor driven systems
IGBT Insulated gate bipolar transistor
NPC Neutral point clamp

PWM Pulse width modulation

RMS Root mean square

SPICE Simulation program with integrated circuit emphasis
THD Total harmonic distortion

VHz Volts per hertz

VSD Variable speed drive

VSI Voltage source inverter
Symbols

B, gted Rated value of motor flux density
Eoff Energy associated with IGBT turn-off
E,, Energy associated with IGBT turn-on
Etot Eon + Eoff

Irps 1 RMS value of current fundamental
Ipuys RMS value of current

I. IGBT collector current

Lout Output current

L, Magnetizing inductance

L, Rotor inductance

P.ond IGBT conduction losses

P;, Inverter input power

P Inverter losses

P., IGBT switching losses

R, Rotor resistance

R, Stator resistance

Vee on Ve when IGBT is conducting

Veg Collector-emitter voltage of IGBT
Vierms ~ RMSvalue of 1

Vi Line-to-Line voltage
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Line-to-Neutral voltage
Motor armature voltage
DC bus voltage

i:th (=0, 1, 2) symmetrical reference waveform

Midpoint voltage

Zero sequence voltage used in creating symmetrical references

Output voltage

Motor rated armature voltage

Motor u-phase voltage

Motor v-phase voltage

Motor w-phase voltage

Electrical frequency

Motor rated electrical frequency
Switching frequency

Modulation index

i:th (1 =0, 1, 2) sinusoidal reference waveform
Modulator reference voltage

Modulator triangular carrier voltage
Electrical angular velocity

Electrical angular velocity reference
Motor angular velocity

Motor flux density

Number of levels for multi-level inverter
Current instantaneous value

Motor slip

Efficiency



Appendix B - Induction Motors

This appendix is streamlined version of a derivation found in [9].

The dynamic behavior of an induction motor is described by the following set
of equations

¥, .
it = U, — R,
v,
dt = ]wqu _err

In this thesis a symmetrical grid with constant frequency is assumed. Under
these conditions, an equivalent steady state circuit model can be derived.

All of the above equations are written in stator coordinates (af coordinates).
They are transformed to rotor coordinates (dq coordinates) through
multiplication with e /% | @ being the angle between the rotating coordinate
system (dq) and the stationary coordinate system (af).

dl{lS —d - . =d —d ->d . ->d -
dt = usq _Rslsq _](‘)sl‘Us 1= usq - Rslsq _]ws(lesq + Lmqu)
Ay _

. —d dg . =d . d d d
P =jo¥ —R.4L" — jo, ¥ = j(w — ws)(LpTs? + L, 5") — R0

In addition, assuming steady state operation, the derivatives of the flux
linkages are zero, reducing the equations to

_d g d d
Ug! — RyTe! — jog (LgTy! + Ly 3t1) =0
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, ) ->d >
](w - ws)(l‘mlsq + Lrqu) - errq =0

The constant vectors in the equations above are recognized as phasors. Hence,
in the following discussion, all vectors are replaced by phasors and the phasor
u is chosen as a reference.Note that u is the RMS value of the phase voltage.

Ws—w

The slip is defined as s =

- and the frequency of the input as w;. Then,
beginning with the rotor equation, it is seen that

0 =j(w— ) (L,Efs — L, )+ ferir = —jsw; (Lis — Lpiy) + Ry,
= —jswsLy, (is — iy) + jswgL, iy + R, 1,

Here the equation can be divided by s andw,replaced with w;

. n n . n RT .
0=—jwL, (ls — lr) +jwiL,, 0, + ?lr

This is known as the rotor equation in steady state operation. Finally, the
steady state stator equation is attained by replacing w, with w;

ﬂs = RSZS +jw1(Lszs - Lmzr) = Rszs +jw1LsAzs +Jjwi L (Zs - zr)

The stator and rotor equations can now be combined to form the equivalent
circuit.

R,
R 5 Lsﬁl LT.?[ ?
+ [ +—Gin T —

=

. 2 L

Fig B.1 Equivalent circuit for one phase of an induction motor
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Appendix C - VHz Control

This appendix is streamlined version of a derivation found in [10].

In an induction motor, the synchronous angular velocity is proportional to the
electrical frequency of the applied armature voltage.

ws = ( ) We

# poles

It is clear that one can control the induction motor speed by varying the
frequency of the applied armature voltage. As discussed in the modulation
section above, this is done by varying the frequency of the reference
waveforms.

Faraday’s law can be used to show that the applied armature voltage is directly
proportional to the peak flux density and the electrical frequency.

~

B
) ( Wrated
f rated Brated rate

0 = (L

Thus, if the amplitude of the voltage is kept at its rated value and vary the

electrical frequency, the following is found

= (frated
B = (%) Brated
e

This means that if the electrical frequency is lowered, the flux density will
increase, leading to additional core loss and increased currents, possibly
damaging the motor. Hence, induction motors should operate a constant flux
density.

- f
Va = (f—e) Vrated
rated

this expression can be rewritten as

Va _ Viated

fe frated
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Hence, constant flux density is attained when a constant ratio of armature
voltage and electrical frequency is maintained. Therefore, this type of
controlled is often referred to as Volts-per-Hertz control, or VHz.
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