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1

Summary

The multicell inverter, being a widely used multilevel converter, has received much
attention in recent years due to problems associated with cell capacitor voltage. In this
dissertation we study the balancing problem with a focus on steady-state unbalance. This
is achieved by systematic and mathematically rigorous study of the natural balancing
mechanisms of the three-phase 2-cell and 3-cell multicell converter, undertaken by using
dynamic modelling of the multicell converter, Bennet’s geometric model, steady-state and
time constant analysis. Space vector analysis is also performed for the three-phase 2-cell
multicell converter. The theory is verified by comparing theoretical results with simula-

tion results.
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Opsomming

Die multisel omkeerder as algemeen-gebruikte meervlakkige omsetter het die
afgelope jare groot belangstelling gewek op grond van die probleme wat met selkapasitor
stroomspanning geassosieer word. In hierdie proefskrif word die balanseringsprobleem met
die klem op die ewewigswanbalans bestudeer. Dit is verrig deur 'n sistematiese en streng
wiskundige studie van die natuurlike balanseringsmeganismes van die drie-fase 2-sel en 3-
sel multisel omsetter te maak. Dit is gedoen deur die gebruik van dinamiese modellering
van die multisel omsetter, Bennet se geometriese model, ewewigtoestand tydkonstante
analises, en ruimtevektoranalise is vir die drie-fase 2-sel multisel omsetter gedoen. Die

teorie word bevestig deur die teoretiese resultate met die simuleringsresultate te vergelyk.
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Chapter 1
Introduction

This chapter introduces the reader to what motivated the present research into natural
balancing of three-phase multicell converters. We begin this chapter by giving an overview
of the development of multicell converters. However work done on natural balancing
of multicell converters is treated separately in chapter 2. Furthermore we provide the

research objective and the outline for achieving this objective.

1.1 Multilevel Converters

The need for high power ratings and reduction of harmonic content of generated voltage
and current waveforms led to the design of different multilevel converter topologies. These
converters use voltage clamps to equally share the input voltage between the series con-
nected devices and supply a multilevel output voltage [1], [13], [14], [15], [16], [50]. The
multilevel converter structure was introduced as a means of eliminating the need for the
step-up transformer in high-voltage drives and reducing the output waveform harmonic
content [17], [18].

The multilevel converter topology attempts to address some of the limitations of the
standard two level converter. Because of their modular and simple structure, they can be
stacked up to almost unlimited number of levels [51]. Motor damage and failure caused
by adjustable-speed drive converters’ high-voltage change rates(dv/dt)[16] was overcome
by multilevel converters because their individual devices have a much lower (dv/dt) per
switching and they operate at high efficiency because they can switch at a much lower
frequency than PWM-controlled converters.

Increasing the output voltage meant raising the DC-bus voltage, which leads to significant
problems with voltage sharing among switching devices connected in series during turn-on
and turn-off [52],[53], thus limiting the number of devices to a maximum of five. This
problem is avoided by employing multilevel converters because as the DC-bus voltage is

raised, the voltage stress on each switching device can be held constant by adding more
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levels to the converter. This helps in reducing the harmonics, because the increase in
voltage levels leads to improved harmonic performance without increased switching loss
and also reduces the filter size. Multilevel converters are used extensively in high-power
applications with medium-voltage levels. Applications include laminators, mills, convey-
ors, pumps, fans, blowers and compressors [15]. The three most often used topologies for

multilevel converters are briefly discussed in the following subsections.

1.1.1 Cascaded multicell

Cascaded multicell was not fully realised until Lai and Peng patented and presented its
advantages in 1997. The interest in its research development ranges from small-power ap-
plications such as hybrid electric vehicles to very-high-power applications such as STAT-
COM and FACTS controllers. A cascaded multicell with separate DC source consists
of half-bridge converter units connected in series as shown in Figure 1.1 [16], [70], [54].

Figure 1.1 depicts a cascaded multicell converter.

| |
|

— | — — | — | —
vy}

Figure 1.1: Cascaded multicell

1.1.2 Diode-clamped converters

This converter appeared in several papers including the study of vector control [19], [20]
and of PWM strategy [55]. The topology consists of two capacitors that divide the DC-

bus in half. Each phase leg consists of a number of switches in series connected via diode
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to the tap points, which are connected to the neutral point between the two DC-bus
capacitors as shown in Figure 1.2. Advantages of this converter include the improved
quality of the output waveform and higher DC-bus voltage. Though initially intended
for use in the reduction of current harmonics caused by nonsinusoidal voltage feeding
that caused power losses, electromagnetic interferences and pulsating torques in ac motor
drives [21], its applications now include a static var compensation system [22], [53], a
high-voltage direct-current(HVDC) transmission system [23], [1], active filtering [23] and
power conditioning systems for superconductive magnetic energy storage [23]. Figure 1.2

shows a five level diode-clamp converter.

N <

Vi
2
Figure 1.2: Five level diode-clamp converter

1.1.3 Capacitor-clamped converter

This converter, also known as a flying capacitor and multicell converter [50],[14],[24],
consists of independent capacitors clamping the device voltage to one capacitor voltage
level, allow an increase in the commutation voltage as well as the apparent frequency and

having application in high-voltage DC transmission. Figure 1.3 shows a 2-cell 3-phase
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multicell converter.

Sax S
o
* J}Ica i L + Voo -
VaTC = R,
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Figure 1.3: 2-cell 3-phase multicell converter

1.2 Research Objective

Natural balancing has been successfully applied in a series-stacked converter [71], a three-
level NPC converter [25], [72], [56] and a single-phase p-cell multicell converter [73].
Though work has been done in the natural balancing of three-phase multicell converters
[57], it has not been proved that their capacitor voltages naturally balance. This dis-
sertation provides an insight into natural balancing of capacitor voltages of three-phase
multicell converters. The work is divided into the following chapters:

Chapter 2 Literature Review

This chapter briefly reviews the work done by other authors in the natural balancing of
capacitor voltages of multicell converters.

Chapter 3 Circuit and Spectral Analysis

This chapter analyses the switching functions of 2-cell and 3-cell three phase multicell
converters using interleaved switching. It uses Bennet’s geometric technique and Bowe’s
double Fourier series method to calculate the coefficients of the switching functions. The-

oretical results are then verified with simulation results.
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Chapter 4 Steady State Analysis
This chapter derives steady-state equations and uses them to describe the balancing of
the cell capacitor voltages. This is done by mathematically modelling the coefficients
of the switching functions to obtain the steady-state behaviour of the 2-cell and 3-cell
three-phase multicell converter.
Chapter 5 Time Constant Analysis
This chapter calculates the time constants associated with the rebalancing of the DC-
bus voltages. These time constants are then used to plot the exponential decay of the
capacitor voltages. The results are then verified with simulations.
Chapter 6 Space Vector Analysis
This chapter studies the natural balancing of a 2-cell multicell converter under space
vector modulation. It computes the switch combination sequences of 2-cell multicell and
plots the waveform of the reference vector when in different regions of the six sectors. It
then proves, using simulations, that a 2-cell multicell converter naturally balances under
space-vector modulation.
Chapter 7 Conclusion

This chapter provides a summary and describes the contribution of this dissertation.



Chapter 2
Literature Review

In this chapter we review the work carried out on natural balancing of the cell capacitor
voltages of multicell converters. Though progress has been made in the natural balancing

of capacitor voltages, there is still opportunity for further investigation.

2.1 Meynard et al.’s Model

This model represents the self-balancing property of the imbricated cells of multilevel
converters [24]. It focuses on the harmonic content of the cell capacitor currents which

are modelled as functions of duty-cycles over the cells.

(Po®)  (Bwgs) (BL@) (Dus)  (Dug)
R S R
8 St 1,= Si+t t qs(i—l)t Si |
o 0 T A ui Le
Y ¥ ¢ 7
Spo Si+1p Sb S Sy

Figure 2.1: Commutation cell

Figure 2.1 consists floating interconnected capacitors and series connected switching
devices. These floating capacitors acts as DC-sources and thus have to be charged to the
correct voltage. The voltage across each capacitor is determined by the input voltage and
the number of cells. The sum of the instantaneous voltage across the switches is equal to
the voltage E. The equation that describes the voltage across each cell capacitor is given

by equation 2.1.

Ve =4-E/p, 1=0,--+,p. (2.1)
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The equivalent circuit is developed where each blocking switch is replaced with a
voltage source and each conducting switch is replaced with a current source. The following

assumptions were made:

e The switches are ideal; that is the on-state voltage, off-state currents, delays and

switching times are zero.
e Dead times are zero.

e The floating capacitors are designed to limit the variations of the voltage applied to

each commutation cell.

e The load has a time constant which is less than the switching period so that at each

switching period, the load current is the steady state current.

The nth harmonic of a zero to one square signal with phase ¢ and duty cycle D is
given by:
2 )
H, = —sin(nDm)e™? 2.2
e sin(nD)e (2.2)

The n'"* harmonic for the chopped voltage is given by:
p 2 )
V=3 ——sin(mDr)(Vy — Vei1)e!"" (2.3)
i=1 T
The n'"* harmonic for the load current is given by:

"= |1 "

The average current in the top " switch S;; generated by the n® harmonic of the load
current is given by:
I’I’L
I, = ucos(@Z)” — ne;)sin(nD;m) (2.4)
! nm
where 9" is the phase of the n'* harmonic of the load current.

The quantity G} is given by:

1 )
G" = ; D; Jng; 2.5
P= sin(nD;m)e (2.5)
Since i, = C d;;c it follows that:
Ve = & le (2.6)

where Vc? is the variation of the cell capacitor voltage over one switching period and I¢,
is the average cell capacitor current over one switching period.

Rewriting I, = Ig

_Tn L
Suiry: — 18, results in:

yn = Cim o =arrm) (2.7)
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With " = % the above equation is rewritten as:

—ﬂ%“éﬁj7ﬂ§ﬂ@@-;@&ﬁﬁ+@m} (2.8)

Writing the above equation in the general form X = A- X + B - U with

X=v (2.9)

U=Y, (2.10)
1 41

A=Re { [aagﬂ - G;ﬂ G- ;?H...}} (2.11)
1 . /m 1 n

Taking r harmonics into account equation 2.8 becomes:

([-cr-ary ] va] +apvi) b (213)

[Vr] = 3 2Re2Re 1@I_T¥ -

n=1

This results in a model

Ve, = A(Di)VCZ. + B(Di)Vt, 1=1,...p—1 (2.14)
with
éi-¢ .. TG Gi-Gy ... Gi=Gjp
4 C1 Z1 zZ1
A= —2Re z - : : ; - ; (2.15)
Gp1=Gp R w B0
Cp_1 Cp1 zr zr
IR </ A
C1 Cl z1
B = 2%Re : s : o (2.16)
L Cp71 Cp 1 zr

The following are the conclusions reached by the model:

e A static and dynamic model of multicell converters must take into account phenom-

ena that occur within a switching period.

e Model techniques based on average values cannot represent the characteristics of a

multicell converter.

e The harmonic content of the current is used to calculate the DC current in the cell
capacitor currents which is used to construct an equivalent circuit that is used to

derive state-equations of the model representing the converter.

e The model can be used to determine the steady-state as well as the dynamic response

of the capacitor voltages.
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2.2 Barbi et al.’s Model

This model is focussed on the self-balancing property of the cell capacitor voltages in a
multicell converter [26]. The inverter is in a steady state in terms of cell capacitor voltages
as long as the DC component of the current flowing through the clamping capacitor
is zero. If this DC component deviates from zero, the cell capacitor will be charged
or discharged, leading to load voltage variation, load current variation and in turn DC
component variation in the cell-capacitor current. This model uses sub-harmonic PWM
modulation, also known as interleaved switching, and it was observed that DC component
variation will discharge or charge the cell capacitor until the DC component in the cell

capacitor current returns to zero. The spontaneous cell capacitor current control loop is

shown in Figure 2.2.

capacitor
current
DC component in\/"_

the clamping y
capacitor current in
steady state is zero

(charge balance)

Figure 2.2: Spontaneous cell capacitor current control loop

DC
component in
the clamping
_ clamping load
Charging or | yojtage switching | Voltage
discharging > . »
. functions
cell capacitors
A
DC component in
the clamping-
capacitor-current
load
switching | current load | _
functions | impedance |
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lem :(SN.L_S\NZ)
= Vt
o 1% |
-V 10 chl
Tl

Figure 2.3: Half-bridge three-level capacitor-clamping converter

Figure 2.3 shows the structure of a half-bridge three-level capacitor-clamping con-
verter. The switching functions generated using subharmonic modulation are expressed

in Fourier form as follows:

1 M > 1
s1 = =+ —sin(wat)+ Y. (=1) sin(mwet — E)
2 2 m=1,3,5,... 2
+oo QJT:ngWTr

Py Y

sm(g)cos[(mwct + nw,t) — mn|

m=1,3,5,... n=+2,+4,... 1T
o +oo mD7
2Jn 2 mm, .
+ > > - COS(T)SZTL[(mwct + nwpt) — mn| (2.17)
m=2,4,...n==21,+3
JmJQM'/r
1 o mt1 2
2 = 3 + —sin(wnt) — m:1235 ) (—1) N - sin(mw.t — 5)
oo +oo mMmn
2Jn 2
- > sm(m)cos[(mwct + nw,t) — mn|
m=1,35,..n=+2,+4,... 11T
oo +oo mMmn
2Jn ? mm., .
+ > > o COS(T)SZR[(met + nwpt) — mn| (2.18)

where M is the modulation index, w,, is the modulating angular frequency, w. is the

carrier angular frequency and J,, is the bessel function of the first kind.
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The load voltage variation in response to the deviation of the clamping-capacitor-

voltage away from its steady state value is given by:

A‘/AO = (‘/cm.steady - ‘/cm> { Z (_1)mT-H

oo +o0 mMmn
A4Jn *
+ Y Sin(%)cos[(mwct + nwmt) — mﬁ]} (2.19)

where Vi, stcaay is the steady state value of the cell capacitor voltage.

The load current variation resulting from the load voltage variation is given by:

mMm
s ma1 4Jn 2 T
A-oa = ‘/cmsea _‘/cm _1% 0 » ct___ mw,
itoad = (Vem.steady ) {mlz?):S( ) pr— sin(mw 5 B )
00 +oo 4(]%
+ Y = sin(m)cos[(mwct + nwmt) — MT — G, + MWy |
=135, netod,. MT(Zmw, + Nwp) 2

(2.20)
The corresponding cell capacitor current variation is given by:
Aicm = Aiload(sl — 82) (221)

Substituting 2.17, 2.18 and 2.20 into 2.21, the DC component in the cell capacitor current

variation is written as follows:

AZ-cm.alc = (‘/cm.steady - ‘/cm) G (222)
where
4Jm12w7r 2

1 >0 +1 1
G = = —1)7 20 -

2 [( et ] o)

00 +o0 4Jm]2MTr 2 1
+ > - S’m(m) ————OS[Pmw, T M)
m=135,. n=+2+4,. | MT 2 (Zmuw, + nwm)

(2.23)

Since the DC component in the cell capacitor current at steady state is zero, the cell

capacitor voltage transient is given by:

1

__mt

‘/cm = ‘/cm.steady + [‘/cm(o) - ‘/cm.steady] e ¢

(2.24)

where V,,,,(0) is the initial value of the cell capacitor voltage during transient, C,, is the

capacitance of the cell capacitor, and %” is the time constant of the transient.
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From the above equations except for the case of when the load is purely reactive, the
DC component in the cell capacitor current variation, caused by cell capacitor voltage
deviation, counteracts such deviation until the DC component in the cell capacitor current
variation becomes zero and the cell capacitor voltage returns to its steady state. This
phenomenon is called the self-balancing of the cell-capacitor voltage.

This model reached the following conclusions:

e cell capacitor voltage self-balances under sub-harmonic PWM modulation when the

load is not purely reactive.

e the time constant of the cell capacitor voltage transient increases with the capaci-
tance of the cell capacitor, the load impedance amplitude and angle, and decreases

with modulation index.

e to deal with small loads, reactive load and a low modulation index there is a need

for balance boosters to enhance self-balancing.

2.3 Ruderman et al.’s Model

This model uses switched systems to analyse the flying capacitor converter [58]. The
analysis is performed in the time domain, treating the flying capacitor converter as a
switched system. The subsystems are the various configurations obtained for each state
of the circuit switches, and the switching law is determined by the modulation. Consider

m continuous-time system described by:
(t) = fi(z(t), i=1,..m. (2.25)

where z(-)eR" is the state vector, and f;(-) : R"—R" describes the dynamics of system

1. A switched system is a mathematical model in the form:

:L'(t) = fa(t) (x(t))a (2.26)

where o(+) € {1,...,m} is the swtching law. The swtching-law determines which subsystem
is active at which time instant.

Switched systems provide suitable models for electric circuits that contain on and off
switches. Each possible configuration of the set of swtches induces a continuos time
dynamics of the state variables. The dynamics of the system changes every time a switch

opens or closes, that is, the modulation of the switches determines the switching law.
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Figure 2.4: Single-phase three-level Flying Capacitor Converter with an RL load
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-V,

con
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A\ 4
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Figure 2.5: DC modulation and corresponding switch states

Figure 2.4 shows a flying capacitor converter with the switching states determined by
equations 2.27 and 2.28.

S — { on ?f s(t) < Veon (2.97)
of f if s(t) < Veop

S, — { on ?f s(t) > —Vion (2.28)
of f if s(t) < —Vion

where Vi, (t) = Vi, is a constant signal compared to triangular signal s(¢) when using

DC-modulation strategy. The resulting modulation is periodic and the flying capacitor
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converter switches between the four possible phases P, P, P;, and P, as shown in
Figure 2.5. Now let T}, denote the time of one period and At; the time spent in phase
P; during one period such that T, = Z?Zl At;. In the AC-modulated case equations 2.27

and 2.28 are written as shown in equations 2.29 and 2.30.

— { on if s(t) < M sin(nt) (2.29)
of f if s(t) < M sin(nt)

- { on if s(t) > —M sin(nt) (2.30)
of f if s(t) < —M sin(nt)

From the perfomed simulations it was observed that the average value of the capacitor
voltage converges exponentially to the desired value %, and then the converter operates
as expected. This was found to be true for various initial conditions and for both DC and
AC modulations. The time domain approach was then used to analysize the converter
by combining the effects of the subsystems that correspond to the various switching
configurations. The analysis provided information on the circuit behaviour and natural

balancing property.

2.4 Holmes et al.’s Model

This model presents a strategy for the analytic determination of the natural voltage bal-
ancing dynamics for three phase flying capacitor converters [27], [28], [29], [57], [59]. It
uses a double Fourier series representation of the modulation process to construct a lin-

earized state-space model of the converter operation.

Figure 2.6: Three phase flying capacitor converter
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Using Figures 2.6 and 2.1 the capacitor current is given by:

dvg

dt
where the switching function S, x(t) € {0,1}, x € {a,b,c} and k =1,2...,p — 2
The phase leg output voltages are given by:

Ch

() = [Ser1(t) = Sop(t)] ia(t) (2.31)

p—2

e = 1280p100) = 1) [] = 3 [Suksa(9) = Sual®)] vaslt) (232

k=1
and v, x(t) is the capacitor voltage.

Using double Fourier series the difference switching functions in 2.31 becomes:

oo o0

(S r1(t) — Z Z [ 1 COS (wmn + 92,;”)] (2.33)

m=1n=—oo

[Sa:N 1 Z BOnCOS{ th + ¢z + Z Z Amnc0s u)mn + 7" )] (2'34)
m=1 m=1n=—o00

where

Wmn = MW, + MWy

A = 28in ( m7r1> Cinn

p—
2 T mMr
Cmn—%szn{(m—i—n)g}{]n( 5 >
Varsn’n:mqsp—l'f_nqsz
and
™ — ng —|—m[(2k—1) V
ok TR N—-1]2

Now, writing the capacitor voltage derivative in matrix form results in:

V.(t) = AV.(t) + BV, (2.35)
where
Aaa Aab Aac
) C_1 mn\* mn\T
A= Aba Abb Abc ) z :_Zm 1Zn—foo { 3‘(ZA,,zn|iJ1(anIn) }’
Aca Acb Acc

o C oy (apm)”
- — Zm 1 an—oo { 3|Zmn‘ejl(bmzil )
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Baa Bab Bac 1
00 0o C_ ;nn * ;nn
B=| Bw By B | Bee = =201 205w %e{ 3|ZE,/L\n|eJ')ngn }’
Bca Bcb Bcc

-1
_ v g0 C _apm-wpn
Ba}y - Zm:l Zn:—oo §R€ { 3| Zmn|ed¥mn }

o

am,n . am,mn .
and C = diag|C,..Cy_a], U™ = By, A" = Ay, [ %57 /%]

A root locus analysis strategy is used to illustrate the potential of the modelling technique.
The analysis investigates the capacitor voltage, balancing dependence on modulation in-
dex, carrier frequency and load resistance. This was done by plotting the loci of the
system poles using the eigenvalues of the state-space matrices and recalculating the coef-
ficients of the matrices at a number of points. The root-locus was plotted as a function

of modulation index, carrier frequency, load resistance and load inductance.
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2.5 Wilkinson et al.’s Model

Natural balancing was successfully studied for single phase p-cell converters [73], [30], [31].
The work used a mathematical model to derive equivalent circuits in d and t parameters
and then analysed the switching functions of single to p-cell cases of single phase multicell
under interleaved switching.

Now using Figure 2.1 and double Fourier analysis the following equation under steady

state conditions was derived:
Va,
Vi
Va,
Vi

2mi(p—2)

2R 90 11 ¢

Zf 11 6]

-

2R {s @ Fa]
{Zz re’ Pl)\l}

2R {07 A )

)\l} 2%{ . 11 eij%l( 3))\1}

ml(p—3)

2R

-1 —j&
116

R{I A

|
2% {Zl 1 Oél}
2%{21 L€ 5

jTOél

where
_ [Sa (&)
T
_ St (f)sdl (f)
= 0

and Vg, to Vg, _, are voltages difference in the cell capacitor, V; is DC-bus voltage, Sg,

is the difference switching function, S; is the total switching function and Z is the load
impedance.
It was found that under steady-state conditions natural balance was guaranteed under

the following conditions:

e When the switching frequency is sufficiently higher than the reference frequency

such that there is no overlapping of the harmonics.

e When the reference signal does not contain a high frequency which results in aliasing

of the harmonics.

e When the load impedance is reactive (ReZ(w) > 0).

(2.36)



CHAPTER 2 — LITERATURE REVIEW 18

2.6 Summary

This chapter offers a brief review of the work done on the natural balancing of multicell
converters. Natural balancing of capacitor voltages for single and three-phase converters
has been studied using different approaches. However, opportunities for further investi-

gation in both the single and three phase multicell still exists.



Chapter 3

Circuit and Spectral Analysis

3.1 Introduction

In this chapter we analyse the 2-cell and 3-cell three-phase multicell converter. This we do
by analysing the switching functions and deriving the equivalent circuits of the 2-cell and
3-cell three-phase multicell converters. These circuits make it easier for us to undertake
steady-state analysis in the next chapter. Furthermore we analyse the switching functions
of the three-phase multicell converter using interleaved switching strategies in order to

prove the natural balancing of cell-capacitor voltages.

We use Bennet’s geometric technique and Bowe’s double Fourier series method to cal-
culate the coefficients of the switching functions. We then employ the derived results
[73] of Fourier series expansions of the switching functions to plot the harmonics of the
switching functions using the Matlab and Maple packages. Newton Raphson simulations
and calculations of the switching functions are dealt with in detail in Appendices B and
C; in this chapter we only refer to the results. The theory developed will be used in
the next chapters to prove that the difference in cell-capacitor voltages vs decays to zero

under steady-state conditions.

19



CHAPTER 3 — CIRCUIT AND SPECTRAL ANALYSIS 20

3.2 Operation of Multicell Converter

Figure 3.1 shows the p-cell structure of a single phase multicell converter topology. The
switches of the it cell are arranged in pairs with the top switch denoted by S;; and the
bottom switch by S;. The top and bottom switches of a cell must never conduct nor

block simultaneously.

St _ o iy S Su S
* i'C(p—l) * i'ci t i )
N G Wi
V. =V
e - Sisap - So_ Sw - Sb
Spb S(p—l)b
cell i

Figure 3.1: Multilevel commutation cell

The cell capacitor is denoted by C;. The p** or last cell is directly connected to the

DC-bus.
The following assumptions are used when modelling the multicell converter circuit:

e Ideal switches are used, that is, on-state voltage, off-state current, dead-times, delays

and switching times are zero.
e All passive components are ideal and linear.

e The DC-bus is assumed to be infinitely stiff and connected to two equally split

voltage sources.

e | —=
+ . + V, =8y,
\V; S v, .
2 _ I, =Sl

Figure 3.2: Two-port circuit

Figure 3.2 shows the two-port switching circuit which was first introduced in [71]. We
will be using this two-port switching circuit in our analysis. The arrow points from port
1 to port 2. The relations between voltages v; and v, and the currents ¢; and 75 are given
by:

vy = SU; (3.1)

’il = S’ig (32)
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where s is the switching function and assumes the values —1 and 1.
The two-port circuit will be used in the next two sections for deriving the equivalent

circuits of 2-cell and 3-cell 3-phase multicell converters.

3.3 2-cell Multicell Converter

Figure 3.3 depicts a 2-cell multicell converter. It consists of the following:

e a DC-voltage V; split into two series DC-voltages of % each with the centre-point

grounded;
e two cells in each phase; and

e a low-pass filter and load resistor.

Sax S
N\ . N\
e G
+ M'“a i L v Vpa -
i
Siop T S +
gy - p!
AV bV C
. &2 . Swox Ve
Y/ o+ i,
fTE‘ iCb - L + Vg -
Tn Ve T Cy — R N
ﬁf& ]’ +  Va
R i
o o Vbc
Seapr . ~Sa
e + L _ . I_ + VpC —
J;llcc i R
Ve Cd -tim .
So | ]
S -
hv4 hv4

Figure 3.3: 2-cell 3-phase multicell converter

3.3.1 Circuit analysis

Let s,1 and s.9 represent the switching functions of phase A defined as follows:

1 if S,y is closed
Sal = (33)
—1 if S,1p is closed

_ 1 %f St i'S closed (3.4)
—1 if S,9p is closed
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The switching functions sy, sp2, Se1 and s.o of phases B and C are defined in a similar
manner. Now let us consider Figure 3.3, excluding the load for the moment, that is,

considering Figure 3.4 for phase A and similarly for the other phases.

Szt S
+ N . 7~
L e
2 i

nV Vel Cd .aii»
— S T S
L T 2 o - >H
- AV hV4

Figure 3.4: Phase A of 2-cell 3-phase multicell converter without load.

Expressing v, vp, and v, in terms of the a, b and ¢ switching functions results in

Van Sa2 V 1 Sal — Sa2 0 0 (a1

t
Ubn | = | S | g + 3 0 Sp1 — Sk2 0 Ve2 (3.5)
Ven Se2 0 0 Sc1l 7 Se2 Ve3

and the cell capacitor currents are given by:

Z-ca 1 Sa2 — Sal 0 0 Z-a
ley | = 3 0 Sp2 — Sp1 0 ip (3.6)
Z.cc 0 0 Se2 — Sel Z.c

The differential equations describing the system are given by equation 3.7:

dz)lgl 1 Sq2 — Sal 0 0 g

dUCQ _ O ) 3 7
= Sp2 — Sp1 0 1y .

ddt QCd ' ( )

% 0 0 Sc2 = Se1 (25

3.3.2 Equivalent circuit

We now define the differences between the required voltages of a cell capacitor and the
actual voltage across the cell capacitor. This is important for the study of the capacitor

voltage balance. We define the voltage difference for phases A, B and C by vs,, vs and

Vse-
v
Vg = é — Vo (3.8)
Vi
Vsp = Et — Voo (3.9)
V
Ve = — — Vg3 (3.10)
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We also define the difference switching functions sg,, Sg and sg. as a scaled difference

between the switching function of cell 2 and cell 1 of phases A, B and C respectively as

follows:
1
Sda = 5 {802 = Sar} (3.11)
1
Sdb = 5 {sb2 — su } (3.12)
1
Sde = 3 {Se2 — S1 } (3.13)

In the same way we define the total switching function as the scaled sum of the switching

function of cell 2 and cell 1 as follows:

1

Sta = 5 {Sal + SaQ} (314)
1

Sth = 5 {561 + sp2} (3.15)
1

Ste = 5 {801 + 8,32} (3.16)

We rewrite matrix equations 3.5, 3.6 and 3.7 in terms of d and t parameters as shown in

matrix equations 3.17, 3.18 and 3.19 respectively.

Van Sta% + SdaVsa

Vpn | = Stb% -+ SapUsh (317)
L Uen Stc% + SdcVse

Z-ca Sdaia

icb = Sdbib (318)
L Z.cc Sdcic
i d%tm Sdaia Z'ca

o IR N L (3.19)

é; Cd db -b Cd -cb :

dt Sdclec Lee

Using equations 3.17, 3.18, 3.19, and the two-port circuit shown in Figure 3.2, we obtain
the equivalent circuit of Figure 3.4 given by Figure 3.5. Figure 3.5 shows the two-port

circuits and their direction.



CHAPTER 3 — CIRCUIT AND SPECTRAL ANALYSIS 24

Ve c,
+| V5o =
Sa¥| . | Sab i
[ [laT [ .
n a

Figure 3.5: Equivalent circuit of Figure 3.4

We obtain similar equivalent circuits for phase B and C. Substituting these equivalent
circuits into Figure 3.3 we obtain the equivalent circuit to the 2-cell 3-phase multicell
converter, shown in Figure 3.3, as given by Figure 3.6. Z denotes the impedance of the
filter and load.

I\J|<

Z
+ vg /
Sda i L R

V 3 + Vg —H—
i L
n. v — +Vpb N
t C, &
e ww-
Sot] i | Ser] o L
] -5 c N +v_ -

Figure 3.6: Equivalent circuit for 2-cell 3-phase multicell converter
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3.4 Circuit Analysis of 3-Cell Multicell Converter

Figure 3.7 illustrates a 3-cell 3-phase multicell converter.

Saa Sazt Sa
» Cay (]
T ;
bcaZ ' l'cal . L + Vea -
1 na |
Vead T Cd Veal T Cd -a—a_;qu_._é
S S | Sw |
— - Ve c
ot S~ S Vab
sl 7S Sy Swm
—__—_t bcbz llcbl _ . L + Vpb -
2 | N |
n Vepz T Cd Vepr T Ca ibim—‘—é N
__—i +  Va |
1 > %gb _ b_ %h; =
bV hv4 AV
Sc e Ve
N &2 e
L + | ‘—K—'+ i 5__ R L + Vpc -
cc2 ccl I R
Vccz——cd Veer Cd '-C—m—‘—E
So | Sm | Sw I
O Van

Figure 3.7: 3-cell 3-phase multicell converter

3.4.1 Circuit analysis

The switching functions s,; and s, are defined the same way as in equations 3.3 and 3.4

whilst s,3 is defined as follows:

) 1 if S,3; is closed (3.20)
Saq = )
° —1 if S,3p is closed

The switching functions for phases B and C are defined in a similar way.

Expressing vy, vy, and v., in terms of the a, b and ¢ switching functions results in

Van Sa3 Vo1 Sa2 = Sa3 0 0 Va2
L I B O 0 Sb2 — Sb3 0 Veb2
Ven, Se3 0 0 Se2 = S¢3 Vee2
1 Sal — Sa2 0 0 Veal
—|—§ 0 Sp1 — Sp2 0 Veal (3.21)

0 0 Sel — Se2 Veal
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while the cell capacitor currents are given by 3.22

leal
Lebl

lecl ]

Lea2

Leb2

Lee2

_1 SQQ;Sal
2
I 0
_1 5@3;5(12
2
0

and 3.23:
0 0 iq
Sp2 — Sp1 0 iy
0 Sc2 — Sei 1L ic ]
0 0 iq
Sp3 — Sp2 0 1
0 Sc3 — Se2 1L ic ]

The differential equations describing the system are given by:

dVeal
dt
dvea2
dt
dv cbl
dt
dvcpo
dt
dveel
dt
dVec
dt

2Cy

Sa2 —

Sal

3.4.2 Equivalent circuit

0
Sa3 — Sa2

0

0
0
0

0
0
Sp2 — Sb1
0
0
0

0
0
0
Sb3 — Sb2
0
0

o O O

Se2 — Sel

0

Se3 —

26

(3.22)

(3.23)

Sc2

The difference between the required voltage of the cell capacitor and the actual voltage

across the cell capacitor is given by:

Vi

Va1 = 3 — Vcal
Vi

Vsb1 = g — Ucebl
Vi

Vse1 = § — Ucel
2V,

Va2 = 3 — Vca2
2V

Usp2 = ? — Uch2
2V

Vsc2 = 3 — Uec2

The difference switching functions are given by:

1

Sdal = 5 {SQZ - Sal}

lq
1
ip
le

(3.24)
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1
Sdb1 = 5 {Sb2 - 8b1}

1
Sdel = 5 {302 - Scl}

1
Sda2 = 5 {5a3 - SaZ}

1
Sdb2 = 5 {5b3 - 8b2}

1
Sde2 = 5 {303 - 502}

The total switching functions are given by:

1

Sta = 5 {Sal + Sq2 + Sa3}
1

Sth = 5 {sp1 + Sp2 + sp3}

1
Ste = 5 {Scl + Se2 + 303}

Thus equation 3.21 can be written as follows:

Vi
Sta? + Sda1Vsa1l + Sda2Vsa2

Uan

— Vi
Ubn = St + Sdb1Usb1 + Sab2Usb2
/UC’I’L

Vi
L Stc?t + Sdc1Vsel + Sdc2Usc2 ]

and equations 3.22 and 3.23 as follows:

Z-cal Sdal 0 0 ’ia
tpr | =1 0 sgp1 O ip
| et | 0 0 Sger | | te |
Z-ca2 Sda2 0 0 ia
teie | = 0 Sap2 O ip
| lec2 | 0 0 Sqcz | | tc |

27

(3.25)

(3.26)

(3.27)
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The differential equations in 3.24 are rewritten in terms of d and t parameters as follows:

dv . .
C?tal Sdalla leal

dvsqeo : :
dta Sda2%a Lea2

d'U . .
=k | St Leb1

_ _ (3.28)

dv . .
=2 Sap2tb Leb2

dvsct : :
dtc Sdc1lc Leel

dvs . .
dt 2 Sdc2lc Lec2

Using similar reasoning to that in section 3.3.2 we obtain the equivalent circuit to the

3-phase 3-cell multicell converter given by Figure 3.8.

% Gy o 7
+| V50— +| V|- /
Sa v Staz Sar¥ | L R
|Vt | | | | . a + Vg =
=y Gy o C
T Vol — +| Vg =
”‘4\4 S RS | GRS VN
3 Ca G C
*|V3eo|— +| Vo1 |-
Sc¥ Ejgﬂ EZEH B L R
- I L — v
C

Figure 3.8: Equivalent circuit for 3-cell 3-phase multicell converter
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3.5 Interleaved Switching

The main advantage of interleaved switching is that the switching frequency is effectively
multiplied by the number of cells. That is, it is doubled for 2-cell and tripled for 3-cell. In
order to analyze the behaviour of the three-phase multicell converter, it is important to
study the harmonics of the PWM switching functions. We use the double Fourier series
to study the harmonics of the switching functions. This approach was originally devised
by W.R. Bennet and H.S. Black [2], [32] and then adapted for use with power converter
systems by Bowes [60] and has been used in other application [25], [30], [33], [61], [72].
The harmonics of interleaved sinusoidal PWM were analyzed in [34] and the harmonic
cancellation for non-sinusoidal reference signal was verified using simulation in [35] . How-
ever the detailed theoretical analysis of the harmonics of interleaved switching for non-
sinusoidal reference signal was first applied in series-stacked converter [71]. In this study
we use the approach that is similar to the one used in [71], [73]. We will derive the Fourier
Coefficients using the switching functions of single-cell converter, followed by the study
of the switching functions of the 2-cell and 3-cell 3-phase multicell converter.

Throughout this section we assume that the frequency modulation ratio(my) is given by

oy
Jo

where

fs is the switching frequency; and

fo is the frequency of the reference signal.

We also assume that my is an integer.

Also, the angular switching frequency and fundamental frequency are respectively given

by ws = 27 fs and wg = 27 fy.

3.5.1 Switching functions of a single-cell converter

In this subsection we summarise the switching functions of a single-cell (half-bridge)
converter since these were studied in [73]. The reason for this is that the sections which
will follow are based on the calculations of the coefficients of the single-cell.

Figure 3.9 depicts the pulsewidth modulation applied to a single-cell converter. The

reference signal f,.(¢) is periodic along the t-axis and can be written as follows:
fr(t) = mg sin(wot) (3:29)

where m, is the modulation index.

The carrier signal f. as shown in Figure 3.9 (a) is written as follows:

fe(t) = %arcsin[sm(wst)] (3.30)
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Figure 3.9 (b) shows the resulting switching function s(t), defined by:

s(t) = ! ?ffr(t)>fc(t) (3.31)
—1 if f.(t) < f(¢)

—=0.

o

£

05

o 0.005 001 ?.015 002 0 0005 00l _ 0015 002

( a) Time(t)[s ( b) Time(t)[s]

Figure 3.9: Generation of interleaved switching for cell 1 of phase A of 2-cell multicell

converter

O R N W b O

‘2 05 EX \\
g =
(] ()
E ERY
= B 1
g ‘ ' ‘ ' g,
0 -3
-4
1 0.02 o 03 0.04 20 0.01 0.02 0.03 0.04

Time t (b) Time (t) [s]

Figure 3.10: Construction of the background function F(h,t)

Now from Figure 3.10 (a), the area below f,.(¢) is coloured blue and is located where
s(t) = 1 whereas the area above f,.(t) is coloured red and is situated where s(t) = —1

when viewed in three dimensions. That is:

s(t) = { 1 for the blue region (3.32)

—1 for the red region
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5] 5
4 4
— 3 ' ' ' ' ' =3
i 2 .E.2 /
SO <1
(B}
S o =
g - 3-1
< 2 -2
-3 -3
4 4
-50 0.01 0.02_ 0.03 0.04 -50 0.01 0.02_ 0.03 0.04
(a) Time(t)[s] (b) Time(t)[s]

Figure 3.11: Construction of the background function F(h,t)

Figures 3.10 and 3.11 illustrate the construction of a background function F'(h,t). In
Figure 3.10 (a) we have placed arrows on the carrier signal to indicate direction. In Figure
3.10 (b) we separate the carrier signal into quarters of a period and place them on top of
each other. Then we place the arrows in one direction to form a straight line by choosing
the "up’ direction as the correct direction. The resulting figure is shown in Figure 3.11 (b).
The alternative method is that of Figure 3.11 (a). Here we stretch the carrier by turning
it at the first corner from the origin. The resulting triangular carrier will occupy regions
between 1 and 3 above the zero reference and —1 and —3 below the zero reference. We
repeat the same procedure in such a way that the resulting triangular carrier will occupy
regions between 3 and 5 above the zero reference and —3 and —5 below the zero reference
as shown in the figure. Similarly this results in Figure 3.11 (b). Figure 3.11 (b) depicts
the background function F'(h,t) that is periodic in both the h and ¢ directions, which can
therefore be represented in a double Fourier series.

Figure 3.12 illustrates the top view of the three-dimensional background function, that
is a two dimensional function F(h,t).

We define the two-dimensional function F'(h,t) as follows:

1 if =5<f ()< —4+ f(t)
—1 if 4+ fi(t)<f()< =2 = f.(D)
Flht) = 1 if —2—f(t)< ( )< fr(t) (3.33)

fr
—1 i fi(t)<fe(t)<2 = fi(t)
1 if2—fr(t)<fc() +
—1 if 4+ fi(t)<fe(t)

fr(t)

<4
<5
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4}masin(abt)
B
=
e ZSrnasin(abt)
s )
£ m, sin(at)
F(ht)=1
X
—2—m, sin{ apt
m, sin(at)  (ht) =
=4+ m, sin( apt
' (ea) F(ht)=1
0 0.01 0.02 0.03 0.04
Time(t)[s]

Figure 3.12: Top view of the three-dimensional background function

We give the switching function of the cell the value of F(h,t) when following the line:

(h,t) = (2%’15, t) (3.34)

™

in the TOH-plane. This line is shown in Figure 3.12. The gradient of this line segment is

given by 2% Thus the expression of the switching function is as follows:

s(t) = F (2“%, t) (3.35)

™

From [2] the function F'(h,t) can be written as follows:

F(h,t) = %Aoo + > (Aon cos (nwot) + Boy, sin (nwot))

n=1
> h h
+ Z (Amo cos (mi> + B, sin (m))
ot 2 2
oo Foo
h h
+ Z Z (Amn coS (mTﬂ + nw0t> + B,,, sin (mTﬂ + nwot>> (3.36)
m=1n==%1
where the Fourier coefficient is given by:
2 3 - mm
A + j By = -2 / “0 / F(h, t)e! (5 4m0) qp (3.37)
A Jo  Ja1
when using the area of integration as shown in Figure 3.12. The area of integration is
given by:
: . 2m 8T
Area of integration = 4T, = 4 (—) =— (3.38)
Wo Wo
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2
ntegration

The term £2 is obtained by calculating ———- i
Substituting equation 3.35 into equation 3.36 we obtain the switching function of the

single cell as follows:

s(t) = F(Qwst t>

= —Aoo + Z (Apy, cos (nwot) + Boyp, sin (nwot))

n=1

+ Z m0 €08 (Mmwst) + By sin (mwgt))

oo:l:oo

+> Zi mn €OS (Mwgt 4+ nwot) + By, sin (mwst 4+ nwt)) (3.39)
m=1n==%x1

The first term %Aoo is the DC-component of s(t) which is zero. The second term Ag,,+7 By
is the Fourier coefficient of the reference signal f,.(t). The third term A,,o + jBo repre-
sents components at the switching frequency w,. The last term A,,, + jB,., represents
the harmonic side-bands around integer multiples of the switching frequency.

The coefficients for this switching function are calculated in appendix A.1 and are sum-

marised below:

e m # 0 and n odd:

, 27 MMy, —_
e m # 0 and n even:
2 mmm ;
Amn an = - Jn ! 1—em 3.41
+ Jgmm ( 2 ) ( ‘ ) ( )

e m=0and n=1:

Amn + ijn = Jm, (342)

e m=0andn#1:

Apn + §Byn = 0 (3.43)

where J, is the n’th order Bessel function of the first kind given by:

1 ™ . .
Jn(mﬂ-ma> — 2_ / e_j(mﬂ'ma)ejngde (344)
mwJ—7
or
1 T . .
Jn(mmm,) = 2—/ gl (mmmasin0) g=jnd g9 (3.45)
wJ—7

with J_,(—mmm,) = J,(mmm,) and J_,(mmm,) = (=1)"J,(mmrm,)
The properties of the above coefficients are shown in appendix A.2. They were initially
derived in [25] and then modified for the case of the single-cell in [73].



CHAPTER 3 — CIRCUIT AND SPECTRAL ANALYSIS 34

3.5.2 Switching functions of 2-cell converter

Phase A
— Reference — Reference
1 — Carrjer 1 A — Carrier
—_ — syt —_ — Syt
> >
o o
—=0.5 —=0.5
= =
[} <}
E E
£ 0 £ 0
& &
-0.5 -0.5
_l _1, L v

0 0.005 0.01 0.01E 002 O 0.00E 0.01 0.01¢ 0.02
(a) Time(t)[s] (b) Time(t)[s]

Figure 3.13: Generation of interleaved switching 2-cell multicell converter

T 1 T 1

0.5 #05

5 5

Q (5]

° o

2 0 20

=3 =3

< 3

-0.5 -0.5

-1 -1

0 0.00E 001  001E 002 O 0005 001 001 002
(a) Time (t)[9] (b) Time (t) [s]

Figure 3.14: Generation of interleaved switching 2-cell multicell converter

From the previous subsection we established that the equation for the switching func-
tion of a single cell is given by equation 3.39. The background function given in Figure
3.13 for s,1(t) is similar to the background function given in Figure 3.9 for f; = 150H 2.

Thus the value of h and the switching function equation for s(t) and s, (¢) will be the
same. That is:

1 o
Sa1(t) = 51400 + Z (Aop cos (nwot) + By, sin (nwyt))

n=1
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+ Z mo €OS (Mwst) 4+ By, sin (mwyt))
oo Foo

+> Zi mn COS (Mwgt + nwot) + By sin (mwgt + nwot)) (3.46)
m=1n==x1

Now, to obtain the value for h for the switching function suo(t) we follow the following

procedure:

e We establish the nearest point to zero where the carrier signal cuts the ¢ — axis.

This point will be our t — intercept.

We substitute our t —intercept into the line equation given by h = Q%HC to obtain

¢ where c is our h — intercept.

We substitute the value of A into the term 22,

° T2
e Then finally we substitute the value of anh into equation 3.36.
Following the above procedure for switching function s,(t) we obtain ¢ = —2 and h given
by:
2w,
h=25 9 (3.47)
T
and
h
% = mwt — mm (3.48)

Figure 3.15 illustrates the top view of the background function of s,1(¢) and s, (t).
Substituting equation 3.48 into equation 3.36 we obtain the switching function of the

second cell as follows:

Saa(t) = —Aoo + Z (Ao cos (nwot) + By, sin (nwt))

n=1

+ Z mo €08 (mwgt — mm) 4+ By, sin (mwgt — mm))

oo  Foo
+ 3 > {Anmn cos ((mw, + nwo) t — mm)
m=1n==%x1
+ By sin ((mws + nwo) t — mamr) } (3.49)

The trigonometric terms with —mn can be simplified as follows:

( ) cos(mwst) if m even (3.50)
cos(mws — mm) = :
— cos(muwst) if m odd
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4+m, sin(@t)
) ‘ 2w, _
Gradient=—2  F(ht)=1
AN n
2-m, sin(et)
m, sin(at)
F(ht)=1
v\ .
-2-m, sin(at)
-4+ m, sin(it)
s F(h,t):l
0 0.01 0.02 0.03 0.04
Time(t)[s]

Figure 3.15: Top view of the background function of s.1(t) and s.o(t)

, sin(mwgt) if m even
sin(mws —mm) = (3.51)
—sin(mwgt) if m odd
st t) if
cos((muw, + nug)t — ) = cos(mwst + nwot) if m even (3.52)
— cos(mwst + nwot) if m odd
i st t) if
sin((mis + nsn)f — mr) = s%n(mw + nwot) if m even (3.53)
— sin(mwst + nwet) if m odd

Now using the above trigonometric identities we rewrite equation 3.49 as follows:

1 o0
Saa(t) = §A00 + Z (Ao cos (nwot) + By, sin (nwot)) +

n=1

(Ao cos (mwst) + By sin (mwst)) —

3

Me Mz £Me

(Ao cos (mwgt — mm) + By sin (mwgt)) +

+oo

> { A cos (mwst + nwot) + Biny sin (mwst + nw,t)} —
m=24,---n==+1
00 +oo

> Y {Ann cos (mwst + nwot) + By, sin (mwt + nw,t) } (3.54)

m=1,3,-- n==%1
Using equations 3.46 and 3.49 we obtain the phasor representation for phase A of a 2-cell

converter shown in Figure 3.16.
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Switching functi%rg)s Su(w), S,z (w) Switching functi%r(w)s Su(w), Siz(w)

1
.8

270
(a) m=2k

270
(b) m=2k+1

Switching ftérbction Sta (@) Switching fuggtion Sia (@)

180

270 270
(c)m=2k (d)m=2k+1

Switching flércl)ction Sa(w) Switching ftérg)ction Sa (@)

Figure 3.16: Phasor representation for phase A of 2-cell converter
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Phase B

The equation for the reference signal for phase B is given by:

fr(t) = mqsin (wo (t - %)) (3.55)

We want to use the same background function as that used for the single-cell converter
so that we can employ the Fourier coefficients calculated for the single-cell. For us to do

this we use Figure 3.17 and follow the procedure below:

e Make substitution:

tlzt—?

This moves the zero-crossing of the reference waveform of phase B to the origin.

e Find the value of t, after shifting the background function to the left by %
e Substitute the value ¢, in the line equation to find ¢ and then h.
e Substitute the value of h into the term me
e Substitute the value of anh into equation 3.36. This will give us the Fourier series
expansion of the switching function in terms of ¢;.
e Finally substitute
Ti
t=t + 30

to rewrite the Fourier series in terms of ¢.

Figure 3.17 depicts the phase B background function after % phase-shift.
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fc(t):27w5t+c

/X t

Figure 3.17: Phase B background function after % phase-shift.

Example

To demonstrate the above procedure we employ the background function produced using
fo = 50Hz, f; = 200Hz and m, = 0.8 for s (t). This also demonstrates a situation
where the frequency modulation index m; = 3k + 1. Figures 3.18 (a) and (b) show the
background function before and after phase shifting by % respectively. From Figure 3.18

1 ‘ ; 1 . . ‘
fo (t) fe (t) fo (t) f ()

205 305
= =

m SN—
S o = :
: : )

-0.5¢ E-0.5

0 0.605 O.bl 0.615 0.02 -10 0.605 0.61 0.615 0.02
a Time(t)[s] (b) Time(t,) ]

Figure 3.18: Generation of interleaved switching 2-cell multicell converter my = 3k + 1

for sy

(a) we can observe that

1
t, = 27T, — =T
3
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1
= QTS — _mes
3
= 2T, — %TS
3
2
~ I7 3.56
: (3.56)

Now substituting the value of ¢, into equation f.(t) = Q%t + ¢ we obtain the h —intercept

which is given by ¢ = —%. Thus h will be given by:

2w 8
h="t — = 3.57
™ ! 3 ( )
and
mmh 4
= mwst, — gmw (3.58)

Now substituting equation 3.58 into equation 3.36 we obtain:

1 > .
sp(t1) = §A00 + Z (Aon cos (nwot1) + Boy, sin (nwot))

n=1

e 4 4
+ Z (Amo cos (mwstl - gmﬂ) + B, sin (mwstl - gmﬂ))
m=1

co +oo 4
+ Z Z {Amn cos ((mws + nwo) t; — —mw)
m=1n==%1 3
. 4
+B,,,,, sin ((mws + nwp) t; — gmw) } (3.59)

We now substitute t = t; + % back into equation 3.59 and obtain:

2T

1 > 2T .
sp(t) = 5AOO + nz::l (AOn coS (nwo (t — S—wO)) + By, sin (nwo (t — 3—%)))
s 2 4
+ Z (Amo Cos (mws (t T ) — gmﬂ)
m=1

"~ 3w

B (o (£ 37 ) = gor) )
mo S1I s -5 ] T 5
S mw 3w0 3m7r

+ i izozo {Amn cos ((mws + nwp) (t — Q—W) — %mw)

m=1n==%1 3w0

2 4
+ By sin ((mws + nwyp) (t - 3—50) - gmﬂ)} (3.60)

For the frequency modulation index m; = 3k + 1 the phasor representations for phase B

of a 2-cell converter are illustrated in Figures C.8, C.9 and C.10.
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Phase C

The equation for the reference signal for phase C is given by:

2T
fr(t) = mg sin (wo (t — %)) (3.61)
We follow the same procedure as for phase B except that we use Figure 3.19 and the
substitution for ¢ is as follows:

Figure 3.19: Phase C background function after % phase-shift

Example
Now we employ the background function produced using f, = 50Hz, f, = 250H 2z and
me = 0.8 for se(t). This also demonstrates a situation where the frequency modulation

index my = 3k + 2. Figures 3.20 (a) and (b) show the background function before and
ey
From Figure 3.20 (a) t, is calculated as follows:

after phase shifting by respectively.

2
t, = ZTS——TO
2 3
1
= =T 3.63
. (3.63)

Thus ¢ = —% and h will be given by:

vy, 2
ho= sy, 2 (3.64)
m

3

and
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42
1
f
() fo(t)
205 305
= =
= =
£ g
~0.5 1 205
5 0.005 001 0015 002 0 0.005 001 0015  0.02
a Time(t)[s] (b) Time (t; ) [s]

Figure 3.20: Generation of interleaved switching 2-cell multicell converter my = 3k + 2

for seo

mmh mm
5 = Mwsty — ——

3 (3.65)

Now substituting equation 3.58 into equation 3.36 we obtain:

1 > .
Sea(ta) = §A00 + Z (Aon cos (nwota) + By, sin (nwots))

n=1
+ Z (AmO cos (mwstg — %) + By, SIn (mwstg — %))
m=1
oo  *oo ma
+ Z Z {Amn cos ((mws + nwp) ty — —)
m=1n==%1 3
4 By sin <(mws + nwo) ty — %)} (3.66)

We now substitute ¢ = t5 + % back into equation 3.59 and obtain:

sea(t) = %Aoo + Z <A0n cos (nwo (t — ;—W)> + By, sin (nwo <t — 4_7T))>
n=1

wo 3UJO
s 4
+mz::1 (Amo cos (mws (t - 3—;) — %)
4
+B,,, sin <mws <t — —W> — m))
3w0 3
x© I 47 mm
+> > {Amn oS ((mws + nuwp) (t — —) — —)
m=1n==%1 3w0 3

4B,y sin ((mws + nwo) (t - 4—7T) - ?)} (3.67)

3w0
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For a frequency modulation index m; = 3k + 2 the phasor representations for phase C of
the 2-cell converter are shown in Figures C.17, C.18 and C.19.

Table 3.1 indicates the values of ¢, c and h for the background function of different
functions and for the case of my € {3k:k=1,2,3---}, my € {3k+1:k=1,2,3---}
and my € {3k+2:k=1,2,3---}.

Table 3.1: Values for t,, ¢ and h of background function for 2-cell multicell converter

mpr Sal Sa2 Sb1 Sb2 Sel Sc2
3k |te| O 5T, 0 5T, 0 1T,
c| 0 -2 0 -2 0 -2
ho| 2sp | Bap 2| Zepy | Bepy 9| Ry | ey, )
3k+1|t, | 0 1T, 2T, T, <7, —<T
o > [ § 1 3 5 T 3
IR R T A T
3k+2|t,| O :T, T, —iT, 2T, T,
clo = 48§ 3
h o2 [ [ [ 3

Figures 3.21 (a) and (b) depict the background functions for the cases of m; = 3k +1
and my = 3k + 2 respectively. The difference is in the values of the switching frequency

fs which affects the slope of h as can be seen in the two figures.

5 5

4 4+’/ma sin(agt) F(ht)=-1 4 4+m, sin(at) F(ht)=-1
3 267 ' po 2 267 Gr dient:L]aT)s F(ht)=1
= 3% ZV‘\maSin(w}t) = 1323 2=m, sin(t) )
2 0.67 : F(ht)=-1 N : F(ht)=-1
2 0 “"'af'”(a%t) 2 0 maﬁn(wrt)
g_— .67 F(h,t):l E_—O.67 F(h,t):l
Z -1.33 <,:—1_33

267 _2_%35”1(““) h . _2_%"‘Sin(@t) F(h,t)=—1
-4+, sin(t) ‘4% sin(at)
F(ht)=1 F(ht)=1
. 0.01 0.02 0.03 0.04
(a) Time (t)[s] (b) Time(t)(s]

Figure 3.21: Top view of the background functions for the case of (a) my =3k + 1 and
(b) my = 3k +2

The broad discussion of the switching functions for phases A, B and C with frequency
modulation index of my = 3k, my = 3k+1 and my = 3k+2 is undertaken in the Appendix
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chapter C section C.1 using Table 3.1. From the resulting phasor diagrams represented
in Figures C.1 to C.19 we make the following observations, shown in Tables 3.2, 3.3 and
3.4.

Table 3.2: Observation from phasor diagrams for Phase A

Sda(w) Sta(w) m n | ms
0 | Sta(w)] m=2k | Vn|Vmy
|Sga(w)] €™ 0 m=2k+1|Vn |Vms

Table 3.3: Observation from phasor diagrams for Phase B

Sap(w) Spp(w) m n my

0 |Sip(w)] m = 2k n=3porn=-—3p Vmy
|Sap(w)| ™ 0 m=2k+1 n=3porn=—3p Vmy
0 1Sp(@)|e 5 | m=2k |n=3p+lorn=—3p+2)|Vmy
|Sap(w)| €75 0 m=2k+1|n=3p+lorn=—-3p+2) | Vmy
0 |5 (w)] €15 m=2k |n=3p+2orn=—3p+1)|Vmy
|Sap(w)| €775 0 m=2k+1|n=3p+2orn=—-3Bp+1) | Vmy

Table 3.4: Observation from phasor diagrams for Phase C

Sae(w) Ste(w) m n my

0 |Sie(w)] m = 2k n=3porn=—3p Vmy
|Sge(w)| ™ 0 m=2k+1 n=3porn=—3p Vmy
0 |Sse(w)] 1% m=2k |n=3p+lorn=—(3p+2)|Vmy
|Sge(w)| 775 0 m=2k+1|n=3p+lorn=—3p+2) | Vmy
0 |Sse(w)| % m=2k |n=3p+2orn=—3p+1)|Vmy
|Sse(w)] €75 0 m=2k+1|n=3p+2orn=—C3p+1) | Vmy
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Simulations

In this section we depict the amplitude and phase spectra of the switching functions. These
spectra are developed using theory and verified using Simplorer and Newton-Raphson
simulations. Detailed derivation and plotting of spectra using Newton-Raphson simulation
is performed in the section B.2 of the Appendix chapter B. The simulation parameters

are given by Table 3.5.

Table 3.5: Simulation parameters

DC' — bus voltage Vi | 100V
DC — bus capacitance | Cq | 40 pF
Switching frequency | fs | 6 kHz
Modulation frequency | f1 | 50 Hz

Filter inductance L | 200 uH

Filter capacitance C | 50 pF

Load resistance R 10 ©
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(a) Freguency[kHz] (b) Freguency[kHz]

Figure 3.22: Amplitude spectrum of Sy, (w) generated using (a) Newton-Raphson
simulation and (b) Theory

Figures 3.22 (a) and (b) illustrate the amplitude spectrum of the switching function
Saa (w) generated using Newton-Raphson simulation and theory respectively, whilst Fig-
ures 3.23 (a) and (b) show the phase spectrum of the switching function Sy, (w) generated
employing Newton-Raphson simulation and theory respectively. Similarly Figures 3.24 (a)

and (b) depict the amplitude spectrum of the switching function Sy, (w) generated using
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spectrumof Sy,
L
o O o

Phase
® &
o O

6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48
(a) Frequency[kHz] (b) Frequency[kHz]

Figure 3.23: Phase spectrum of Sy, (w) generated using (a) Newton-Raphson
simulation and (b) Theory

Newton-Raphson simulation and theory respectively, whilst Figures 3.25 (a) and (b) show
the phase spectrum of the switching function Sy, (w) generated using Newton-Raphson

simulation and theory respectively.
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Figure 3.24: Amplitude spectrum of Sy, (w) generated using (a) Newton-Raphson
simulation and (b) Theory

The amplitude spectra for Sy, (w) and Sy, (w) are the same as the amplitude spectrum
for Sy, (w) while the amplitude spectra for Sy, (w) and Sy. (w) are the same as the ampli-
tude spectrum for S;,. The phase spectrum for Sy, (w) derived from simulation and theory
are given by Figures 3.26 (a) and (b) respectively, whilst the phase spectrum for Sy, (w)

derived from simulation and theory are given by Figures 3.27 (a) and (b) respectively.
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(a) Freguency[kHz] (b) Frequency[kHz]

Figure 3.25: Phase spectrum of Sy, (w) generated using (a) Newton-Raphson
simulation and (b) Theory

Similarly the phase spectrum for Sy. (w) derived from simulation and theory are given by
Figures 3.28 (a) and (b) respectively, whilst the phase spectrum for S;. (w) derived from
simulation and theory are given by Figures 3.29 (a) and (b) respectively.
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Figure 3.26: Phase spectrum of Sy, (w) generated using (a) Newton-Raphson
simulation and (b) Theory
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Figure 3.28: Phase spectrum of Sy. (w) generated using (a) Newton-Raphson

around odd multiples of the switching frequency.

e The total switching functions Sy, (w), Sy (w) and S (w) contain harmonics around
even multiples of the switching frequency.

From equations 3.40 to 3.43, and the spectra in Figures 3.22 to 3.29 and Tables 3.2,
e The difference switching functions Sy, (w), Sa (w) and Sy (w) contain harmonics

3.3 and 3.4, we observe the following:
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Figure 3.29: Phase spectrum of Sy. (w) generated using (a) Newton-Raphson

simulation and (b) Theory

The above observations have the following implications:

(3.68)

|Saa ()] |5ta (w)| = 0

(3.69)

|[Sap (W) S (w)| =0

(3.70)

[Sae (W)| [Sie (w)| = 0
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3.5.3 Switching functions of 3-cell converter

The difference switching functions sga1(t), Saa2(t), Sap1(t), Sap2(t), Sde1(t) and sqeo(t) and the
total switching functions s, (), su(t) and s..(t) are defined in section 3.4. For convenience

we define the switching functions s,1(t), s.o(t) and s.3(t) as follows:

o 1 if fo < fr
SM®_{—1ﬁm>ﬂ1 371)

. 1 if feo < fn
Sﬂ®_{—1ﬁm>ﬂ1 872)

NERRTI
Sﬁ@‘{—lﬁm>ﬁl 873)

Switching functions for phases B and C are defined in a similar way. The PWM is
generated by using three reference signals phase-shifted by %’r, given by equations 3.74,
3.75 and 3.76 and three carrier signals phase-shifted by %’r, given by equations 3.77, 3.78
and 3.79. For the reference signal we use a sinusoidal wave with an angular frequency of
wo and for the carrier signal we use a triangular wave with an angular frequency of ws. The
PWM of each cell is generated by comparing one carrier signal with the corresponding

reference signal.

fr1 = sinwot (3.74)
fro = sin <w0t — 2%) (3.75)
fr3 = sin <wot - 2%) (3.76)
fo = garcsinwot (3.77)
feo = %arcsin (wot - %ﬁ) (3.78)
fo = Zareoin (st - ) 79

Figure 3.30, 3.31 and 3.32 depict the generation of the switching functions of the 3-cell

multicell converter using interleaved switching.
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Figure 3.30: Generation of interleaved switching 3-cell multicell converter
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Figure 3.31: Generation of interleaved switching 3-cell multicell converter
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Figure 3.32: Generation of interleaved switching 3-cell multicell converter

Now using a similar approach to that in subsection 3.5.2 we obtain Tables 3.6 and 3.7
which show the values of t,, ¢ and h for the background function of different functions

and for the case of my € {3k:k=1,2,3---}, my € {3k+1:k=1,2,3---} and my €



CHAPTER 3 — CIRCUIT AND SPECTRAL ANALYSIS 54

(Bk+2:k=1,231}

Table 3.6: Values for t, and c of background function for 3-cell multicell converter

my Sal Sa2 Sa3 Sb1 Sb2 Sb3
3k |ty | O T, 2T, 0 T, T,
clo 41 % 0 4 -
72 et e e O e
3k+11]t,| 0O 5T, 2T, 2T, 0 sT,
clol -3 [ 51 % [ o |
AR TR TR T
3k+2|t,| O T, 2T, T, 2T, 0
clol 5 [ 5[ 4 5 0
ho|2et]| 2t — 3|22t —5 |22t -3 | 226§ | %2t

Table 3.7: Values for t, and c of background function for 3-cell multicell converter

myg Sec1 Se2 Se3
3k [t | o i, 27,
2 I I
| B || Bn-t
Bk+1[t,| 1T 27, 0
4 8
C -3 -3 0
ISR
3k+2|t, | 2T, 0 5T,
8 4
C —3 0 —3
2w 8 2w 2ws 4
h]Ft—5] Tt | Tl —3

Figures 3.33 (a) and (b) illustrate the background functions for the case of my = 3k
(fs =300) and my = 3k +1 (fs = 350) respectively. The difference is in the values of the

switching frequency f,, which affects the slope of h as can be seen in the two figures.
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Figure 3.33: Top view of the background functions for the case of (a) my = 3k and (b)

The broad discussion on the switching functions for phases A, B and C with frequency
modulation index of my = 3k, my = 3k +1 and my = 3k + 2 is to be found in the
Appendix, chapter C section C.2 using Tables 3.6 and 3.7. From the resulting phasor
diagrams represented in Figures C.20 to C.38 we make the following observations shown

in Tables 3.8, 3.9 and 3.10, 3.11 and 3.12, 3.13 and 3.14.

Table 3.8: Observation from phasor diagrams for Phase A

Sdaz(w) Sda1(w) Sta(w) m no| my

0 0 |Sta(w)| | m=3k |Vn|Vmy
1Ssa2(W)] €72 | |Sgar(w)| e % m=3k+1|Vn|Vmy
|Saaz(W)] €772 | [Sgar(w)|e?e m=3k+2|Vn|VYmy

0
0
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Table 3.9: Observation from phasor diagrams for Phase B with my = 3k

Sz (W) Sap1 (W) Sip(w) m n

0 0 | Sip(w)] m = 3k n=3porn=—3p

0 0 1Sp(w)|e 5 | m=3k |n=3p+lorn=—(3p+2)

0 0 S (w)] 7% m=3k |n=3p+2orn=—-3p+1)
|S a2 (w)] €72 |Sdb1(u))|e_]%r 0 m=3k+1 n=3porn=-—3p
|Saa(w)| €775 | [Sapr(w)]ei2 0 m=3k+1|n=3p+1lorn=—3p+2)
1Sz (w)| €% | |Sgpr(w)| €% 0 m=3k+1|n=3p+2orn=—3p+1)
|Sawa(w) €% | | Sy (w)]ele 0 m = 3k + 2 n=3porn=-—3p
|Sae(w)]| €6 | [Sgp(w)|e’s 0 m=3k+2|n=3p+1lorn=—3p+2)
|Saa(w)] €75 | |Sapr(w)|e72 0 m=3k+2|n=3p+2orn=—3p+1)

Sac2(w) Sae1(w) Ste(w) m n

0 0 |Ste(w)] m = 3k n=3porn=—3p

0 0 |Sse(w)] &5 m=3k |n=3p+lorn=—3p+2)

0 0 1Sie(w)| e 75 | m=3k |n=3p+20rn=—G3p+1)
Sae2(W)| €73 | [Syer(w)] e 0 m =3k +1 n=3porn=-3p
|Sue2(w)] €7 | |Syer(w)| e 7% 0 m=3k+1|n=3p+lorn=—3p+2)
|Saea(w) €75 | [Sger(w)| €2 0 m=3k+1|n=3p+20orn=—3p+1)
1Sae2(W)| €73 | [Syer(w)] eI 0 m = 3k + 2 n=3porn=-3p
|Suca (W) €75 | |Sger(w)] 92 0 m=3k+2|n=3p+lorn=—3p+2)
1Sae2 ()| € | [Suer(w)| ei% 0 m=3k+2|n=3p+2orn=—3p+1)
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Table 3.11: Observation from phasor diagrams for Phase B with my = 3k + 1

Sapz(w) Sip(w) m n

0 |Stb(w)| m = 3k n=3porn=-3p

0 |Sw(w)| e m=3k |n=3p+1lorn=—3p+2)

0 | S (w)] €7 m=3k |n=3p+2orn=—3p+1)
| Sapz(w)] €776 0 m=3k+1 n=3porn=-—3p
|Sape(w)| € 0 m=3k+1|n=3p+1lorn=—3p+2)
| Sapz(w)] e~ 0 m=3k+1|n=3p+2orn=—3p+1)
|Sapa(w)] €’ | Sap1 (w)| € 0 m = 3k + 2 n=3porn=—-3p
| Sapz (w)] €’ | Sap1(w)]| e 0 m=3k+2|n=3p+lorn=—(3p+2)
| Sapz(w)] e 0 m=3k+2|n=3p+2orn=—3p+1)

Saca(w) Ste(w) m n

0 |Ste(w)] m = 3k n=3porn=-3p

0 |Sse(w)] €7 m=3k |n=3p+lorn=—(3p+2)

0 |Ste(w)| e m = 3k n=3p+2orn=—3p+1)
|Saca(w)| e 2 0 m=3k+1 n=3porn=—3p
|Sgea(w)] €72 ki 0 m=3k+1|n=3p+1orn=—3p+2)
|Saea(w)] e 7% ki 0 m=3k+1|n=3p+20orn=—3p+1)
|Sqea(w)] €7 & 0 m = 3k + 2 n=3porn=—3p
[Sgeo(w)] €76 0 m=3k+2|n=3p+1orn=—3p+2)
|Sac2(w) €772 | |Sger(w)] €7 0 m=3k+2|n=3p+2orn=—3p+1)
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Table 3.13: Observation from phasor diagrams for Phase B with my = 3k + 2

Sz (W) Sap1 (W) Sip(w) m n

0 0 | Sip(w)] m = 3k n=3porn=—3p

0 0 1Sp(w)|e 5 | m=3k |n=3p+lorn=—(3p+2)

0 0 S (w)] 7% m=3k |n=3p+2orn=—(3p+1)
|Saa(w)| €775 | [Saqr(w)]el2 0 m=3k+1 n=3porn=-—3p
|Sapz (W) €% | Sy (w)| €% 0 m=3k+1|n=3p+lorn=—3p+2)
|Sa2 (W) €73 | [Sapr(w)| eI 0 m=3k+1|n=3p+2orn=—3p+1)
|Sap2(w)| €75 | |Sgpr(w)] e 0 m = 3k + 2 n=3porn=-—3p
|Sama(w) €% | |Sgp(w)]ele 0 m=3k+2|n=3p+1lorn=—(3p+2)
1S (W) €7E | Sy (w)] €75 0 m=3k+2|n=3p+2orn=—3p+1)

Sac2(w) Sae1(w) Ste(w) m n

0 0 |Ste(w)] m = 3k n=3porn=—3p

0 0 |Sse(w)] &5 m=3k |n=3p+lorn=—3p+2)

0 0 1Sie(w)| e 75 | m=3k |n=3p+20rn=—G3p+1)
|S4e2(w)] €% | |Sger(w)| €795 0 m=3k+1 n=3porn=-3p
|Saca(w) €775 | [Sger(w)|e’2 0 m=3k+1|n=3p+lorn=—3p+2)
|Ssea(w)| €72 | |Sger(w)] ™75 0 m=3k+1|n=3p+2orn=—3p+1)
Saea(W)| €7E | [Sger(w)] €75 0 m = 3k + 2 n=3porn=-3p
|Sae2(w)] €79 | |Sger(w)] e 0 m=3k+2|n=3p+lorn=—3p+2)
|Suca (W) €75 | [Sger(w)] e 92 0 m=3k+2|n=3p+2orn=—3p+1)
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Simulations

Figures 3.34 (a) and (b) illustrate the amplitude spectrum Sy, (w) derived from simulation
and theory respectively. The amplitude spectra of Sgue(w), S (w), Sae(w), Sae(w),
Sac2(w) are the same as that of Sgu (w).
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(a) f[kHz] (b) f[kHz)

Figure 3.34: (a)Harmonics of Sga1(w) derived from simulation (b)Harmonics of

Sda1(w) derived from theory

Figures 3.35 (a) and (b) depict the amplitude spectrum Sy, (w) derived from simulation

and theory respectively. The amplitude spectra of Sy (w) and S;.(w) are the same as that
of Sta (Cd)
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(a) f [kH2] (b) f [k

Figure 3.35: (a)Harmonics of Si.(w) derived from simulation (b)Harmonics of Si,(w)

derived from theory

Figures 3.36 (a) and (b) show the amplitude spectra [Sg1 (w)| |Sia(w)| derived from sim-
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ulation and theory respectively. The amplitude spectra of [Sga2(w)| |Sia(w)], |Sap1 (w)] | St (w)],
| Sap2 ()| |Si (W), |Saer(w)] |Sie(w)| and [Sgea(w)||Ste(w)] are the same as that of [Sga1(w)] | Ste(w)]-

21 B

S 3

m‘E ©

’@0.8 %0.8’

F =

%) %3

o 5

%0.4 §0.4—

- o

o ko)

%O.Z %O.Z*

= - —>>>-> S ()
6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48

(a f [kHZ] (b) f [kHz]

Figure 3.36: (a)Harmonics of |Sga1(w)| |Sia(w)| derived from simulation (b)Harmonics
of |Saa1 ()] |Sta(w)| derived from theory

The phase spectra for all the switching functions of 3-cell multicell are derived in
Appendix chapter B section B.3.
From equations 3.40 to 3.43, the spectra in Figures 3.34, 3.35 and 3.36 and Tables 3.8 to

3.14 we observe the following:

e The difference switching functions Sga1 (w), Saa2 (W), Sap1 (w), Sapz (w), Sae1 (w), and
Sae2 (W) contain harmonics around 3k + 1 and 3k + 2 multiples of the switching
frequency for integer k.

e The total switching functions Sy, (w), Sy (w) and Sy, (w) contains harmonics around

3k multiples of the switching frequency for integer k.

From the above observations we reach the following conclusions:

|Saa1 (W) [Sta (w)] = 0 (3.80)
|Saaz (W) |Sta (w)] = 0 (3.81)
[Sap1 ()] 5w ()] ~ 0 (3.82)
|Sapz ()] 5w ()] ~ 0 (3.83)
[Sacr ()] [Ste (w)] ~ 0 (3.84)

|Sac2 ()| [Ste (w)] = 0 (3.85)
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3.6 Summary

In this chapter we studied the switching functions of 2-cell and 3-phase multicell con-
verter under interleaved switching. The technique uses a geometric mathematical model
and double Fourier series to calculate the magnitude and phase of the harmonics of the
switched waveforms. The harmonics obtained were verified using both simplorer and
Newton-Raphson simulations. For a 2-cell 3-phase multicell inverter we observed the

following:

e The difference switching functions Sy, (w), Sa (w) and Sy (w) contain harmonics

around odd multiples of the switching frequency.

e The total switching functions Sy, (w), Sy (w) and S (w) contain harmonics around

even multiples of the switching frequency.
For a 3-cell multicell converter we observed the following:

e The difference switching functions Sga1 (w), Saa2 (W), Sap1 (w), Sapz (w), S (w), and
Sae2 (W) contain harmonics around 3k + 1 and 3k + 2 multiples of the switching

frequency for integer k.

e The total switching functions Sy, (w), Sy (w) and Sy (w) contain harmonics around

3k multiples of the switching frequency for integer k.



Chapter 4

Steady State Analysis

4.1 Introduction

In this chapter we study the 2-cell and 3-cell multicell converters under steady-state
conditions. We do this by mathematically modelling the coefficients of the switching
functions to obtain the steady-state behaviour of the 2-cell and 3-cell three-phase multicell
converter. The derived steady-state equations are used to describe the balancing of the
cell capacitor voltages. It will be found that as long as the switching frequency is chosen
to be sufficiently higher than the highest frequency component of the reference signal
and the impedance of the load is not purely inductive, then the cell capacitor voltages
will naturally balance. Although it is possible to force the cell capacitor voltages to
balance through active control, due to natural balancing this is not necessary in general.
Furthermore we assume that the cell capacitor is very large and that the cell capacitor

voltages change much slower compared to the rest of the system.

4.2 Steady State Balancing of 2-cell Converter

In this section we study the steady-state analysis of a 2-cell multicell converter. We derive
the equations that are important for describing the balancing of the cell capacitor voltages
under steady-state conditions.

The equivalent circuit of the 2-cell three-phase multicell converter was derived in section
3.3 in terms of d and ¢ parameters. For convenience we represent Figure 3.6 as Figure 4.1

below:

62
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Figure 4.1: FEquivalent circuit of 2-cell 3-phase multicell converter

The load in Figure 4.1 acts as an impedance divider and hence we have:

1
VNTL - g {V;m + ‘/bn + ‘/;n} (41)

Now applying the superposition principle and assuming that the cell capacitor voltages
change much slower than the rest of the system in such a way that the rest of the system
appears to be in a steady state. That is, the capacitor voltages can be viewed as constant
or DC capacitor voltages. Hence we only need to calculate the DC current. Now using
also equation 3.17 we write the DC current for phase A as follows:
Van — Vin

Z(w)
1 {Vtsm(w) + 2VsaSaa(w)  5Sw(w) + VepSan(w)
3 Z(w) Z(w)
U8 (w) + VieSalw) }
Z(w)

I(w) =

(4.2)

Similarly

‘/bn - VNn
Z(w)
1 QStb(w)% + 254 (w) Vi — Sta(w)% — Sga(w)Vsa
3 Z(w)
_Stc(w)% + Sdc(w>‘/z§c
Z(w)

Ib(w) =

and
‘/;n - VNTL
Z(w)
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1 {QStc(w)% + 284e(w)Vse — Sta(w) % — Sua(w)Via

3 Z(w)
_Stb(a})% + Sap(w) Vi (4.4)
Z(w) '
The phase A cell capacitor current /., which is the DC-component of i., is given by
I, (@) = —L() * Sua(w) (45)
Now substituting equation 4.2 into 4.5 we obtain the following equation
o 1 ‘/tSta(w) QWana(w>
I, (w) = 3 {{ 7() % Sgo(w) + Z(@) % Sga(w)
1
S (w) VipSap(w)
_ 72 _ oo
{ 7() * Sga(w) Z(0) * Sga(w)
1
+Ss(w) VseSae(w)
)27/ _llecrmaci )
{ 7@) } * Sgq(w) { 7(@) * Sgq(w) (4.6)
Now applying the definition of the convolution integral; we have
_ 1 Sua(1) * Sunlu)
I, (w) = —3 {V} Z() Saa(w — u)du + 2V, e Z(0) Sda(w — u)du
Vi Sulw) ¢ oo Sap(u)
B 7 Sda(w — u)du V;;b © Z(0) ———Sga(w — )
‘/t Stc( ) Sdc( )

2 Z( >Sda( _U>du—‘/:$c - Z( )Sda( u)du} (47>

Since the average value of i, is equal to zero amperes at steady state, we have

I, (@)|uo. Thus equation 4.7 can be written as follows
0 = —% {Vt o:o SZt(S”;)S (@)du +2VM/Oo |S§<<z))‘ du
_% °:O Sth(%) Saa(u)du — Vs, o; 55’(%) Saa(u)du
5 [ st vi [~ S (15)
Similarly for I,,, ()] we have
0 = S{V; S’*”(( ))Sdb( )du+2v;;,,/ |S;”((Z))|2du
Y s - v [ 2 g
— N SZ“(%) Sa(wdu ~ Vi [ SZd(S;) Sdb(u)du} (4.9)
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and similarly for ., (w)],—o we have

™ S | Suc(w)[?
0 = —3 {Vt T Sdc(u)du+mc/_oo %du
o S i, [ ) S
Vi [ Sp(u) oo Sap(u)
5 - Z(u) Sdc(u)d V:;b o Z(u) Sdc(u)du}

Writing equations 4.8, 4.9 and 5.5 in the matrix form we obtain

Vsa
Vo | =
| Vee |
2%, Belay -y SIS, Gy — %, 505, (u)d
— | S Sawde 2% P — %, S udu
| e wydu — %, S, ()de 2 %, el gy
%% 55 Sua () — 3 2% S S (u)du — § [, S, (u)du
X |2 SRS (u)du — § 2%, S (u)du — § 22, S8 Sy, (u)du
% S (w)du — § %5, S S (w)du — % [, S () du

65

(4.10)

Vi

(4.11)
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Since the above functions are periodic and the analysis is in steady state (which implies

u = lwy where [ is the harmonic number) we have

Vsa
Vo | =
| Ve |
_ [ 4 —1
2 foolsdza(%o‘dlw — Sgbgj;m)S o(lwo)dlwy  — [, Sgc§jf°>s o (lwp ) dlwy
— | e Sl g G)dlwy 2 [, el gy, poo Swlleag G dlwg
— %2, Sl g, g)diwy  — [, S S, Twg)dlwy 2[5, Baellenll g,
I 7o Saallwn) — 3 /%5 %Sda(lwo)dlwo 1 %%Sda(lwo)dlwo
X |25, S S (o)l — § 25, S Sy (I dlwy — § 25, S8 Sy (g )dlwy | Ve
| S S S T — & 175, Sl (Tl — % 5, S0, (o |
(4.12)

From chapter 3 the phase-b switching functions are the same as those for phase-a but

T
3
but delayed by

delayed by

and that the phase-c switching functions are the same as those for phase-a

where T is the period of the switching function. Since the functions in

the matrix equation 4.12 are periodic we write it in terms of exponential fourier series as

shown in matrix equation 4.13.

L
Vo | =
[ Ve |
Came B pe B g ok |
- | —or o FehetE ov o Lul oy | Dl
| -Sr . Pule i —wr Pule¥  2xE b
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DDA

x| X e

P

BalD_al _l
Ziw) |1~ 2€

D.; j]2m s
M{l_%eﬂg —le Jlg} Vi

Z (lwo)

BalD_al _l
Ziwg L 2¢

l27r

N o
3 26 3

—jiEE %ejl%”}

67

(4.13)

To simplify analyses of matrix equation 4.13 we write e/% and e9'% in terms of three

classes as shown in Table 4.1. The harmonic number [ is written as follows:

fs

l=m—+n=

Jo

mmy +n

where f, is the switching frequency and fy is the fundamental frequency.

Table 4.1: Different classes of harmonics

my m n Class
3k vm n=3porn=—3p Class 1
3k vm n=3p+1lorn=—3p+2)| Class 2
3k vm n=3p+2orn=—3p+1)| Class 3
3k+1 m = 3k n=3porn=-—3p Class 1
3k+1|m=3k+1|n=3p+2orn=—-C3p+1)| Class 1
3k+1|m=3k+2|n=3p+lorn=—-3p+2)| Class 1
3k+1 m = 3k n=3p+1lorn=—3p+2)| Class 2
3k+1|m=3k+1 n=3porn=-—3p Class 2
3k+1|m=3k+2|n=3p+20orn=—3p+1)| Class 2
3k+1 m = 3k =3p+2orn=—3p+1)| Class 3
3k+1|m=3k+1|n=3p+lorn=—3p+2)| Class 3
3k+1|m=3k+2 n=3porn=-—3p Class 3
3k + 2 m = 3k n=3porn=-—3p Class 1
3k+2|m=3k+1|n=3p+lorn=—-C3p+2)| Class 1
3k+2|m=3k+2|n=3p+2orn=—3p+1)| Class 1
3k+2| m=3k =3p+lorn=—Bp+2)| Class 2
3k+2|m=3k+1|n=3p+20orn=—3p+1)| Class 2
3k+2|m=3k+2 n=3porn=-—3p Class 2
3k +2 m = 3k n=3p+2orn=—3p+1)| Class 3
3k+2 | m=3k+1 n=3porn=-—3p Class 3
3k+2|m=3k+2|n=3p+lorn=—3p+2)| Class 3

(4.14)
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where for
Class 1

727 .
€]l3 263277:1

_j]2m i
6]13 263277:1

Class 2

for k = 0...00 and p = —00...00

68

Since the switching functions are real valued, and knowing that D, = Dgy—yy and B, =

Ba(—1y, we write the following functions as follows:

i |Dal|2 0 |Dal|2 + = |Dal|2
I——o0 Z(lu)()) I 50 Z(lu)()) =0 Z(lu}o)
2 2
_ i ‘Da(—l)‘ i ‘Da(—l)‘
=0 Z(—ZWO) =0 Z(-l(ﬂo)
2
> Dal > Da 2
S SHLZINE
iz Z(lwo) i Z (lwo)
- |Dal|2
= 2Re
; Z(lu)())
and
< BuDa Y. B,D, > BuD,
Z [ [ _ Z [ l_l_z l [
I——o0 Z(lu)()) I——o0 Z(lu)()) =0 Z(lu}o)

(4.15)

(4.16)
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Now for convenience we define the following variables:

A= 2§Re{ > %} (4.17)

class 1

Ay = 2§Re{ 3 %ZJOQ)} (4.18)

class 2

A3 = 28%6{ > %} (4.19)

class 3

BalDal
P2 = 2%6{ } (4.20)
cl%Q Z(lujo)
BalD—al
¢3 = 2%(3{ } (4.21)
cl%?» Z(lujo)
Substituting Ay, Ao, A3, ¢ and ¢3 into equation 4.13 we obtain:
_ Vsa _ _ 2 A =M _ _ 2 —)\26_3‘2?7r —/\gej%r |
‘/(Sb - - —)\1 2)\1 —>\1 + —)\er% 2)\2 _)\267.]'2?‘”
[ .27 or ] —1
2)\3 —)\3€JT —/\36ij
+ —)\367]'2T7T 2)\3 —)\363'2%
N I W s
i ¢2 + ¢3 |
3V,
d2tn | S (4.22)
L ¢2 + ¢3 |




CHAPTER 4 — STEADY STATE ANALYSIS

We can write equation 4.22 as:

3V,
Vs = —{A}! @f

where

Vs = Vsb

Vse

2 —M =\

A - —)\1 2)\1 —)\1 +

A=A 2\

P 2m

2)\3 —)\36] 3

+ —/\36_]‘2TTr 2)\3

j2m _j2r
—)\3€J 3 —)\36 I73

—¢2+¢3_

¢ = G2 + @3

_¢2+¢3_

We rewrite equation 4.23 as follows:

Vs

3 -1
= —{A} O
Vi 2{ !

The determinant of A is given by:

2
j2m

_AQGJ 3

.2

.9 T

-2
_)\3€ij

23

det(A) = 27 ()\2 + )\3) (/\2 + /\1) ()\3 + /\1)

—)\ge_j%r
2

.2
_)\263?”

j2m

2
_)\267.] 3

29

70

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)
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which implies that the inverse of A exists and has a unique solution provided that
()\2 + )\3) 7£ 0, ()\2 + )\1) 7£ 0 and ()\3 + )\1) 7£ 0.

By direct computation the inverse of A is given by:

An NI + X3e0F — A2 MeIF + NeIF + A
AU = | 20T 4 A2 F 4 N2 Ag Ne T + N3l % - 22
A2 IF 1 N2eI T — A2 NI T 4+ \ZeIT 4+ N2 Ass
{ ! } (4.29)
9 (A1 4 A2) (A1 + As) (A2 + A3) .
where
Mg = Agy = Az = AT+ A2+ A3+ 30 da + 30 A3 + 303 (4.30)

Substituting equation 4.29 into equation 4.27 we obtain the equation that gives us insight
into the balancing of cell capacitor voltages of a 2-cell three-phase multicell converter,

shown below:

Ve Ve Ve 1 {(¢2 +3) (A + e 7T + 23 F — 1) }

v, V., V 6 A1+ A2) (A1 + A3) (A2 + X3)

1 { (¢2 + @3) (AT 4 3A1 X + 3N A3 + 3Ao)3) }
6 (A1 4+ A2) (A1 4 As) (A2 + As)

Now using the definitions of A, Ay, A3, ¢ and ¢3 in equations 4.17 to 4.21 we can

(4.31)

conclude that equation 4.31 demonstrates that the steady state balancing of the cell

capacitor voltage is influenced by the following two factors:
1. The impedance of the output filter and load Z(lw).
2. The values of By D, and |Dal\2.

B, and D,; are Fourier coefficients A, + jB, of the switching functions s;,(t) and
Sqa(t) respectively. These coefficients where calculated in [73] using a single-cell single-
phase converter.

Example 3.1

For an interleaved switching with a switching frequency of f; = 6kH z, reference frequency
of fo = 50H z and modulation index m, = 0.8, we plot the amplitude spectra of | By| and
| D] as shown in Figures 4.2 (a) and (b) respectively. We let A, be the Fourier coefficient
of the switching function s, (t). Figures 4.3 (a) and (b) show amplitude spectra of |A,|
and |Bgy| |Dy| respectively.
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Figure 4.2: (a)Amplitude spectrum of |By| and (b)Amplitude spectrum of | D]
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Figure 4.3: (a)Amplitude spectrum of |Ay| and (b)Amplitude spectrum of |Dy||Ba|

Using the phasor diagrams in chapter 3 we observed that s;,(t) contains the frequency
components of s, (t) around the even multiples of the switching frequency whereas sq,(t)
contains the frequency components of s,;(¢) around the odd multiples of the switching
frequency. Similarly in Figure 4.2 we also observe that B, contains frequency components
around the even multiples of the switching frequency whereas D,; contains frequency
components around the odd multiples of the switching frequency. That is, B, and Dy
do not overlap as confirmed in Figure 4.3 (b), hence:

|Bal| |Dal| ~0 (432)

This property is one of the necessary condition to prove natural balance.
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Example 3.2
When the switching frequency is not suffiently high it causes the sidebands of different
multiples of the switching frequency groups to overlap. This will result in an overlap in
the spectra of B, and D,. We demonstrate this property for interleaved switching with a

switching frequency of f; = 350H z, a reference frequency of f, = 50H z and a modulation

index m, = 0.8.
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8 o
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g g
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O ...l{[:21[J[lllIIIIIIEEI.SI!III! O P -ZI‘{‘[!IIIIIIT;I!.!IEI!.!;I!
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Figure 4.4: (a)Amplitude spectrum of |Bu| and (b)Amplitude spectrum of |D|
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Figure 4.5: (a)Amplitude spectrum of |Aq| and (b)Amplitude spectrum of | Dyl |Ba|

The amplitude spectrum of |By| and |Dy| is shown in Figures 4.4 (a) and (b) respec-
tively. From these figures we observe the overlap of the sidebands of different switch-
ing frequency groups. Figures 4.5 (a) and (b) show the amplitude spectra of |A,| and
| Bai| | Dar] respectively. From Figure 4.5 (b) it is clear that |Dy||Ba| > 0. This property
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will imply that

Vi _ Vo _ Vie
Vi Vi Vi

0 (4.33)

This in turn will cause imbalance in the cell capacitor voltage.

Example 3.3
When the reference signal contains high frequency components the sidebands of multiples
of switching frequency groups overlap which results in the overlap of B, and D,. We
establish this property for interleaved switching with switching frequency of f; = 6300H z,

a reference frequency of fy = 900H z and modulation index m, = 0.8.

! ‘ | ‘ 1
308 —-038
fﬁo.e 50.6
o Y—
3 o
204} S 04}
0.2 2 0.2 1 ‘ :
0 :{{:zINIIIIIIIIIIIiin. Obe—s—s .:[‘{llzllllllfilz.in
0 1.26 2.52 3.78 5.04 0 1.26 2.52 3.78 5.04
(a) M 10° (b) fHe  y10°

Figure 4.6: (a)Amplitude spectrum of |By| and (b)Amplitude spectrum of | D]
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Figure 4.7: (a)Amplitude spectrum of |Aa| and (b)Amplitude spectrum of | Dyl |Ba|



CHAPTER 4 — STEADY STATE ANALYSIS 75

From Figures 4.6 and 4.7 we observe the overlap of the sidebands of different switching
frequency groups. This leads to the overlap of sidebands of switching frequency groups of
By and D,; as shown in Figure 4.7 (b). This result implies that there will be an imbalance

in the cell capacitor voltages of a 2-cell three-phase converter.

In this section we derived the theory which establishes the factors that influence the
balancing of the cell capacitor voltage of the 2-cell three-phase converter. We further

furnished examples of factors that cause imbalance in the cell capacitor voltages.
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4.3 Steady State Balancing of 3-Cell Multicell Con-

verter

In this section we study the steady-state analysis of a 3-cell multicell converter. We derive
the equations that are important for describing the balancing of the cell capacitor voltages
under steady-state conditions.

For convenience we represent Figure 3.8 as Figure 4.8 below:

W ]
+|Vsa0l— +| Vg = /
S’(al sdazl Sdall I L R
[ Sy S Ramil
- Cqy Cqy C
M\ +| Vs l—

Sfb¢ ﬁ;‘fgﬂ ﬁ;‘fﬂ in L R
”‘Jvt I I | - — +Vpp——N
3 G G C

*| V50| = +| Vs |-
I R b G b M vy
C

Figure 4.8: Fquivalent circuit of 3-cell 3-phase multicell converter

The load in Figure 4.8 acts as an impedance divider and hence we have:

1
VNTL - g {V;m + ‘/bn + ‘/;n} (434)

Following the same procedure as in section 4.2 we find that the cell capacitor current for
the first cell in phase A yield:

1 2‘/t o Sta(u) & Sdal (u)
I S i _ 2 _
Cdal (w) 3 { 3 oo Z(u) Sdal (w u>du _'_ ‘/zﬁa /_OO Z(u) Sdal (w U)du
Saaz(u Vi Sy (u
+2‘/6a /_ ;(215) ) Sdal (w - U)d - gt B th((u )Sdal (w u)du
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Vi [ S 50 - u)du} (4.35)

Since the average value of i.,; is equal to zero amperes at steady state, we have

I, (W)|wo=o. Thus equation 4.35 can be written as follows

2_‘/; o0 Sta(U)
3 —0o0 Z(U)

0 = San()du + 205 [~ 20 g

—oo Z(u)

Sia V, [~ S
+2v;;a2/ da2 (U )sdal( )du —g'f %Sdal(u)du

—Visp1 /_O:O Sg(ll(g) Saa1 (u)du — Vi /O:O S?ES;) Sdar (w)du
Vi [ StC(”) e Sdcl(u)
3 Z(0) Saa1(uw)du — Vs [m 7 Saa1(u)du
—Vie2 /O:O Sgcz(?;>5dal (u)du (4.36)

Similarly for I, ,(w)|w—o we have

2‘/,5 s Sta(U)

Sda2 (u)du + 2‘/6611 /OO Sdalqu) SdaZ(u)du

" TS L Z) ~ Z(u)
+2Visa0 /fo Sda(Ql(L;L) Sdaz(u)du —% 5;((”)) Sdaz(u)du
— Vst /_O:O 5;(15;0)5 (w)du — Ve /_O:o S;)ES;) Saaz(u)du
< SZ“((;)) Saca )~ Vi [ 2 ZS) S ()
Via [ 22 Sl (4.37)

/°° Sap2(u) S (w)du — E Sa (1)

oo Z(u) 3 Z(u)
—Vsa1 /_O:o S?Ei?)sdbl (u)du — Va2 /_OO Sgl(ii?;)sdbl (u)du
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= SZ“(%) San(W)du — Vit | Sgc(li?sdbl(u)du
—Vise2 /O:O Sgcil(;;>5dbl (u)du (4.38)

Similarly for I.,,(w)|,=0 we have

db2

2V oo Su(u oo U
0 = ?t . éb(i))sdbz(u)du+2%b1 [m ?Ei))sdb2(u)du
oo Saal(u Vi oo Sia(u
"—2‘/51,2 L §E£>>Sdb2(u)du — gt - Zt((u)) Sdbg(u)du
o) S " 00 S "
—Vsa1 /_OO %gi?)sdw(u)du — Va2 /_OO dZETE;L)Sde(U)dU

. SZ“(%) Suz(w)du — Vit |~ Sgég;)sdbg(u)du
—Visea /_O:O Sg?iz;)Sdbg(U)du (4.39)

Similarly for 1.,  (w)|,—o we have

dcl

0 = %‘4 _O:O 26((5)) Ser (w)du + 2Vs /_ O:o ngg) Saer (u)du
+2Vseo /_ O:O Sgc(zl(;;) Saer (w)du — % _O:O SZM((U[;) Saer(w)du
—Vsa1 /O:o S;(li?sdcl(u)du — Va2 /O:O S;(sz’l;) Saer(w)du
—% O:O Sth(ijL)) Sae1(u)du — Vg [ O:O S?EESL) Sae1(u)du
~Vina /_ O:O Sg’zfg) Ser () du (4.40)
Similarly for I, ()[oo We have
0 = %Vt N SZ“(;“)) Sua(w)du +2Vsr [ S;éff)‘) Saa(u)du
+2Vse [ Z 52(25;) Saea () — % _O:O SZt((ul;) Sea(@)du
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(4.41)

From chapter 3 the phase-b switching functions are the same as those for phase-a but
delayed by 3 L and that the phase-c switching functions are the same as those for phase-a
but delayed by
For T' = Z—’;
(which implies u = lwy)) and also since for a single phase the three cells are out of phase
by %

where T is the period of the switching function.

and since the above functions are periodic and the analysis is in steady state

radians, that is
Sda2 = Sda1€’ 3

we then represent equations 4.36, 4.37, 4.38, 4.39, 4.40 and 4.41 by the matrix equation
given by 4.42

2 5, gl 2 5, Sl 5%
2 22, i lenlll o=t gy, 2 %, el g,
00 a1 (lw 2z Sga1(lw
— > lSle(l(cluo(;)l eI duwg — > \ dZI(l(wOO)‘ dwo
Vsa1 + Vsa2
—f_ |Sda1§lw(;)\ 6]13 dwo f_ [Sda1( lu;o)\ e jl%’rdwo
(lwo
_f_ |Sda1§f:;§)‘ 6]1 3 du)o _f_ |Sda1li¢z()))‘ e—jl%’rdwo
|Saa1 (lwo)[* 00 |Sgar (lwo)[? Jl3r
i — %dwo I —f_m% 3 dwo
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—f |Sdallic;(;)| e]l 5 dwy [ — [ \Sdgb(ul;;g)ﬁ e—jl%ﬁdwo
[Saa1 (o) * |Saar (lwo)[* _j125
— o 1leO dwy — % dzl(lwo(; €3 dwy
|Saar (lwo)[® |Sdar (lwo)|? j12E
2%, %dw 2%, % €3 dwy
+ Usb1 + Usb2
2> |5d§1(lf::(;)| e jl%’rdwo 2> |Sda1 lwo )2 dwo
|Sda1 (lwo)|? —j12x S ga1 (two)|?
— I dzl(lw(f; e 5 dwy o 7dzl(lw0(; dwo
|Saa1(wo)® ji2x 00 |Sgq1(lwo)® —ji2x
— )2 1lw0(; e/sdwy | | e Ty € dwo |
r 27'r T B w
_f_oo %ﬂ —jl2x 5 dwy —f |SdalliOO)| dwg
Sdai1(lw j12% 00 |Sgq1(lw 2”
— = Sq 1lw0()))\ I duwg — = \ dZI(l(wo(;)l ~3% duw,
Sda 2z Saa1(lw —j|2m
_f—oo ‘Z(zwﬂ ]l dwo — f 7‘ dzl(le(;” e Jl 3 du)o
+ Use1 + Vge2
Saa1(lwo) Saa1(lw i 2m
_f |Sq 1l(w00 \ dw _f |Sa 1lw0(;)| e]l 3 dwo
i wi j|2m
2 [ \Sda1(l (3 )2 dwo 2 [ |Sda1(l (3)\ I duwy
2%, %e I duwg 2 > de
-9 foo Sta S (lw )dw 7 r foo Sta(lwo) Si(l ) jl 3 d -
dal{Wo)AWo 00 Z(lwg) Pdal\tWo)€ Wo
_2f %) Z(lw )Sdal (ZCUO)e Jt 3 da)(] foooo Séa(gf:uo Sdal (le)dwO
oo a Q. 1, o0 a (LW o 71\ 2m
=2 [, S S 1 (Ig ) dev S22 5 S g (I )e ™' F duvy
= +
—2 [ Swulleo) g " h0)e IS duw oo Stallwo) meﬂ 3 dw
0o Z(lwg) “dal 0 0 oo Z(lwo) dal 0 0
-2 % St“ S (lwp)dw o0 Sl g " (lw) el 5 dw
dal 0 0 —00 " Z(lwo) dal 0 0
| 2% Séa(li,WO)Sda (Iwp)e 95" duwy 1L oS S}'I(ELWO)Sdu( u)dwy
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S S S T

1% s Saar (L) 5 dy

J2% e S gt (o) 75 dovy

7% S}?&wo Saa1 (lwo)dwy

12 S;(liffo)sdal(lwo)e v > dwg

125 S0 S ()% |
(4.42)

Since the functions in the matrix equation 4.42 are periodic we write them it terms of

exponential fourier series as shown in matrix equation 4.43.

[Dai)? T i DouDa1y
2 Zl_foo Z (lwo) 2 Zl—foo Z (lwo)
Da11Dgoy |Daau|?
2 Zl—*oo Z lwo) 2 Zl—*oo Z lwo)
2z — 2=
_ |Davi|?e _ w21 Dg1ie’'3
3y >
l=—00 (le) l=—o00 Z (lwo)
%al + V:saZ
5l D o208
— 3 Dgy11Dgore’” 3 — [Da2i|”e
l=—00 Z(lwo) l=—00 Z (lwo)
12x 2r
oy [Dayl*e™ 5" _ v DoaDaue 'S
l=—00 Z(lwo) l=—00 Z (lwo)
2 _q2n
_ ZOO DQIngQle_JlTW — ZOO |Da2l|26 3
l=—o00 Z(lwo) J L l=—0c0 Z (lwo) J
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D A
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- Z?ifoo

|Da1l|
2 Zl_*oo Z lwo)

,le

|Dgy?e”7""3
Z (lwo)

2
3
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|Dau|2€]lTTr
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an
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— 12
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— j2r
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2
|Douil?e’" 5
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s
3
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Dgy11Dg2i

2 Z?i—oo Z (lwo)

[ —2 Z?ifoo

Z (lwo)

o) BaiDgor
—2 Zlf—oo Z(lwo§

BaiDgi
Z (lwo)

—2 Z?ifoo

By Dy
Z (lwo)

-2 Z;}i—oo

00 BaDa1i
—2 Zlf—oo Z(lwo;

By Dy
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L —2 Z?ifoo

BaiDg1i

—jl
Z (lwo)

|Dgy?e”7""3
Z (lwo)

27

3

CHAPTER 4 — STEADY STATE ANALYSIS

Vi1 +

V:scl +

DDA

DDAl

DDA

Yo

DDA

DDA

Dg21Dgyie
Z(lwo)

- Z?ifoo

D21 Dot
2 Zl*_oo Z lwo)
|Dgou
2 Zlf_oo Z lwo)

- Z?ifoo

Z(lwo)

‘Da2l ‘
(IWO)

- Zl—foo
- Z?i—oo

Z(lwo)

2
|Dg21 \QGﬂTﬂ
Z(lwo)

- Z?i—oo

Dg21Dgyie
Z(lwo)

- Z?ifoo

Dgo lDall
2 Zlf—oo Z lwo)

[Da2i]?
2 Zlf—oo Z lwo)

- 22 T
ByDaye V35
Z(lwo)

— _j2m
ByiDggie 7”3
Z (lwo)

— q2x
ByiDgye’” 3
Z (lwo)

- 32
ByDage' 3
Z(lwo)

— _j2r
ByiDgye 7”3
Z (lwo)

= _j2x
BaiDgoie 3
Z(lwo)

2T

2T
It

2z
3o |Dagi[>e 75
l=—o00 Z(lwo)

— 27
Dy Doyye?s

— 127
Dy Doyie?'s

2_7'r
oy [Dazi|e 75"
l=—00 Z(lwo)

Vispa
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— a2
SO BgiDgye’” 3
l=—0c0 Z(lwo)

— ji2m
ZOO BQZDQQZe 3
l=—00 Z (lwo)

— _j2m
SO BaDgyie "3
l=—00 Z(lwo)

— 2=
ZOO BaiDgoie 3
l=—0c0 Z (lwo)

— ji2m
ZOO BQZDQHe 3
l=—00 Z (lwo)

ZOO By Dogie’! Ei
l=—00 Z(lwo)
(4.43)

For the case where interleaved switching is used, we will have the cells being phase shifted

by HT’T for each phase. Hence the matrix equation 4.43 yield:

25 o ol ] oy IDylo®
l=—00 Z(lwo) l=—00 Z(lwo)
‘Dall‘ |Da1l|
2 Zl—*oo Z(lwo) 2 Zl—*oo Z lwo)
jlz a2z
o |Davi|?e’" 3 — 30 |Dg1il*e
l=—o00 (lwo) l=—00 Z(lwo)
V;Sal + ‘/6(12
_ [Daul? o |Daul? ¥
Zl_*oo Z(lwo) - lefoo Z(lwo)
_Tr
o ‘Dall‘ . |Da1l|
P I e >
l=—00 Z(lwo) l=—00 Z(lwo)
g1z 14
— |Davi|?e’" 3 — 3% |Dg1i|*e
l=—o00 (lwo) | L l=—00 Z(lwo) |
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0o B Da11
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Vi1 +

V:scl +

i BuD =3
DS oo TGS

_ ZOO ‘Dall‘Q
l=—o00 Z(lwo)

2 Zoo ‘Dall‘Q
l=—o00 Z(lwo)
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_ oz
SO BgiDgye’” 3
l=—0c0 Z(lwo)

ZOO By Dy
l=—o00 Z(lwo)

_ 7j12_7'r
SO BaiDgye 7" 3
l=—0c0

3
0o B D—eﬂ%r
Xiz—oo ~“Fliw)

I

— a2m
ZOO BgiDgyie’” 3
l=—00 Z(lwo)

Zoo BaiDa1i
l=—00 Z(lwo)

(4.44)

To simplify the analyses of matrix equation 4.44 we write 5 and e 15 in terms of
three classes. This classes are shown in Table 4.1 of section 4.2. By substituting A\;, Ao,

A3, ¢ and ¢3 into matrix equation 4.44 we obtain:

1
Vs = —g{A}_lqn/t (4.45)

V:saZ

Vi1
V; = (4.46)

and
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20 20—\
22 20 =)\
A=A 2\
A=
A=A 2\
A =AM =N
A =N =N
[ 2)\2 2/\26]‘2?7r
2)\2€7J2TW 2)\2
—)\26]? —)\2€7J2TW
+
—)\2 —Agej 23
—/\26_]2?7r —)\2
—)\26] 23? —)\2€7J2TW
[ 23 2)\367]'2TTr
2)\3€j2?7r 2)\3
—)\36_]‘2% —)\36]‘2%
+
—)\3 —/\36_]‘2TTr
—/\36]'2?” —)\3
—)\367j2?7r —)\36j2?7r

and

A =\

2 =\

2 =\

-\ 2\

-\ 2\

-2

P 2

_)\26.] 3

)\

-\

-\

2\

2\

_/\2
_j2m
_)\26 J 3

- 27
2)\26JT

- 27
_)\2

.2

- 2T

j2m
_)\26.] 3
_)\2

-2

- 27
2)\2€jT

36

(4.47)
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G2 + @3
hoe T 4 pgel T
G2 + P3
b — (4.48)

¢2€_j%w + <Z53€j%w

G2 + @3

Goe I T+ el T

We rewrite equation 4.45 as follows:

Vs

= —%{A}lé (4.49)

The determinant of A is given by:
det(A) = 19683AI A3\ (4.50)

which implies that the inverse of A exists provided A, A\ and A3 are nonzero.

By direct computation we found that the inverse of equation 4.47 is given by:

All A12 A13 A14 A15 A16

1

Al = —_ 4.51
STNNIN (451)
A Ao Ags Ay Ay Agg
Asi Aso Ass Asy Ass Ase
i Ae1 Ne2 Aoz Aes Nes A |
where
A11 = A22 = A33 = A44 = A55 = A66 = 2)\2)\3 + 2/\1)\2 + 2/\1/\3 (452)

A12 = A34 = A56 = )\2)\3 -+ )\1)\267]'2TTr -+ )\1)\3€j2?7r (453)
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Nz = Aoy = Ags = Ays = Ns1 = No2 = — oA — )\1)\26]% — MAge 7 ®

Ay = Nos = Ags = Ay1 = Aso = Ags = Xods + Aida + A1 As

Ais = Aog = Ag1 = Aap = Agz = Nes = —AoXs — )\1)\267]'2% - >\1)\3€j%r

A16 = Agg = A54 = —2)\2A3 — 2)\1)\2€j2?7T — 2/\1A3€_j2?7T

Aot = Ags = Ags = Aods + M doe? 5 4+ M dge 95

A23 = A45 = A61 = —2)\2A3 — 2)\1)\26_]‘%r — 2)\1)\3€j2TTr

- 27

38

(4.54)
(4.55)
(4.56)
(4.57)
(4.58)

(4.59)

Now we write the matrix equation that describes the balancing of cell capacitor voltage

as shown in matrix equation 4.60.

Vsa1

Vsa2
Vi

(7151
Vi

_i2n ;2m
(¢2+¢3)(A11+A13+A15)+(¢26 T8 +p3e’3 )(A12+A14+A16)

8IATAZAZ

_i2n ;2m
(¢2+¢3)(A21+A23+A25)+(¢26 T8 +p3e’3 )(A22+A24+A26)

8IATAZAZ

_i2n ;2m
(¢2+¢3)(A31+A33+A35)+((7526 773 +p3e’ 3 )(A32+A34+A36)

8IATAZAZ

o o
(¢2+¢3)(A41+A43+A45)+(¢267] 3 +pze’ 3 )(A42+A44+A46)

8IAZAZ)2

T o
(¢>2+¢>3)(A51+/\53+A55)+((;5267] 3 +¢3e’ 3 )(A52+/\54+A56)

8IAZAZ)N2

T o
(¢2+¢3)(A61+A63+A65)+((25267] 3 +¢3e’ 3 )(A62+A64+A66)

8IAZAZ)N2

(4.60)

The denominator of the solution of matrix equation 4.60 is the same as the determinant

of A but scaled to a constant. That is, if the determinant is non-zero under the set con-

ditions, then the denominator is also non-zero.

Similarly using the definitions of A1, Ag, A3, ¢2 and ¢3 in equations 4.17 to 4.21 we can

conclude that equation 4.60 shows that the steady state balancing of the cell capacitor

voltage is influenced by the following two factors:

1. The impedance of the output filter and load Z(lw); and.

2. The values of By D,;, and ‘Da1l|2-
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The following examples furnish examples of factors that cause imbalance in the cell
capacitor voltages.

Example 3.4
When the switching frequency is not suffiently high it causes the sidebands of different

multiples of the switching frequency groups to overlap. This will result in an overlap in
the spectra of B, and D,;. We demonstrate this property for interleaved switching with a

switching frequency of f; = 350H z, a reference frequency of fy = 50H z and a modulation
index m, = 0.8.

1.4 T T T T 1
1.2
= 08
8 1t 13
3
3
Lo 1006
o S
2 o
206 1504
D =
‘250.4’ 12
=022
1l | ]
0 n{ [n.TIYTT‘T‘HITTT‘T.vvovT Qtess {‘NvaHAT TIIILTTTTTTTAH’TTTY-
0 700 1400 2100 2800 3500 0 700 1400 2100 2800 3500
(a) f[Hz] (b) f[Hz]

Figure 4.9: (a)Amplitude spectrum of |By| and (b)Amplitude spectrum of | D1

1 1

_o8 1508

706 | Fos

5 5

3 3

_g04 1204

g g

=0.2} ‘ ‘ 1202 .
Obles {AHHMJHHMATTHJMMTTTTT 0 .} M.[HHHHHHJTTTTTTJTHT»T
0 700 1400 2100 2800 3500 O 700 1400 2100 2800 3500
(a) f[Hg (b) f[Hd

Figure 4.10: (a)Amplitude spectrum of |Ay| and (b)Amplitude spectrum of | Dy,

The amplitude spectrum of |B,| and |D,y| is shown in Figures 4.9 (a) and (b) re-
spectively and those of |Ay| and |D,q| is shown in Figures 4.10 (a) and (b) respectively.
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0.35 0.35
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Figure 4.11: (a)Amplitude spectrum of | Dy |Ba| and (b)Amplitude spectrum of
|Da21‘ ‘Bal‘

Figures 4.11 (a) and (b) show the amplitude spectra of |D,y| |Bu| and |Dag||Bal| re-
spectively. From these figures it is clear that |Dgyy|[Bau| > 0 and |Dag| |Bau| > 0. This

property will in turn cause imbalance in the cell capacitor voltage.

Example 3.5

When the reference signal contains high frequency components the sidebands of multiples
of switching frequency groups overlap which results in the overlap of B, and D,. We
establish this property for interleaved switching with switching frequency of f; = 6300H z,
a reference frequency of fy = 900H z and modulation index m, = 0.8.

1.4 1
1.2+
T _ 08
— 1t 12
3 2
+50.8 {506
%06 fqg
g S04
S04} 5
=02 ]
1l | |
0 .[ W, ,TTTYYTITrTv 0 [ {.IHTTTTYT«TrTTT?
0 1.26 2.56 3.78 5.04 1.26 2.52 3.78 5.04
(a) M  10f %b) fH] e

Figure 4.12: (a)Amplitude spectrum of |By| and (b)Amplitude spectrum of | Dyl
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Figure 4.13: (a)Amplitude spectrum of |Ay| and (b)Amplitude spectrum of | Dy,
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Figure 4.14: (a)Amplitude spectrum of | Dy |Ba| and (b)Amplitude spectrum of
|Da21‘ ‘Bal‘

The amplitude spectrum of |By| and |Dgy;| is shown in Figures 4.12 (a) and (b) re-
spectively and those of |Ay| and |D,g| is shown in Figures 4.13 (a) and (b) respectively.
Figures 4.14 (a) and (b) show the amplitude spectra of |Dgy;||Ba| and |Day| |Ba| respec-

tively. Similarly from these figures it is observed that |D,1;| |Bau| > 0 and |Dag| |Bau| > 0.
This property will cause an imbalance in the cell capacitor.
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4.4 Summary

The aim of this chapter was to derive the balancing theory for the cell capacitor voltages
of the 2-cell and 3-cell multicell converter under steady state conditions. From the derived
equations we found that factors affecting the natural balancing of 2-cell and 3-cell multicell

converters are:
1. The impedance of the output filter and load Z(lw); and

2. The values of B, D, and \Dal\Q for the 2-cell converter and B, D, and |Dau\2 for

the 3-cell converter.

However it was found that the cell capacitor voltages may not balance if one or both of

the following conditions are satisfied:

1. The switching frequency is not sufficiently higher than the frequency of the reference
signal so that the spectrum of the d coefficients overlaps with the spectrum of the
t coefficients. That is, when |By||Dy| > 0 for the 2-cell three-phase multicell
converter and |By||D,1| > 0 and | By | |Dagi| > 0 for the 3-cell three-phase multicell

converter.

2. The frequency component of the reference signal is high in such a way that the
sidebands of the multiples of the switching frequency group for d coefficients overlap

with the sidebands of the multiples of the switching frequency group for ¢ coefficients.

3. The load impedance is purely inductive, that is if Z(lw) = 0.



Chapter 5

Time Constant Analysis

5.1 Introduction

In this chapter we calculate the time constant associated with the rebalancing of the DC-
bus voltages following a perturbation. This time constant can be seen as a measure of

the strength of the balancing mechanisms.

For calculating this constant we use the theory of linear systems of differential equa-
tions given below, with the aim of expressing the DC capacitor currents as a system of
homogeneous linear differential equations:

The fundamental theorem for linear systems [3] of differential equations states that if A

is an n X n matrix, then for a given xq € ", the initial value problem
x = Ax
x(0) = xq

has a unique solution given by:

A

x(t) = e"Mxq

If A is an n x n matrix with distinct eigenvalues Ay, ..., A, [4][5], then the solution to the

differential equation

x = Ax
x(0) = xg
is given by:
zi(t) = 1™ + ..+ ypetn (5.1)

where y; is the corresponding eigenvector for the eigenvalue z; for i =1, ..., n.
The corresponding time constants [9] will be given by 7; = —m fori=1,...,n.

Now for us to calculate these time constants we make the following assumptions:

93
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e The cell capacitors are very large;
e The cell capacitor voltages change much slower than the rest of the system; and

e The DC-bus voltage V; is zero in order to calculate the homogeneous solutions of

the differential equations characterising the cell capacitor currents.

5.2 2-Cell Multicell Converter

5.2.1 Time Constant

The exponential decay is associated with the DC currents .4, I.qp and I.4.. Referring
to the equivalent circuit of the 2-cell 3-phase multicell converter given in Figure 3.6, the
change in the capacitor voltage of Cy,, Cg and Cjy. is slow; hence the state of the circuit
can be taken as steady. The assumption that V; = 0, implies that we short-circuit voltage
source % in the equivalent circuit to obtain V; = 0. The resulting circuit is depicted in
Figure 5.1. Thus equation 4.7 is rewritten as follows:

Cd Z
+| Vs, |- A/
i . R
_a, —E
a +Vpa —
Cqy e
db 1™
| by i L
b
n b +Vpb— N
Cd
+ 5e | —
] ! L
— C + Vpc_
C

Figure 5.1: Fquivalent circuit of the 2-cell three-phase multicell converter with voltage

source short-circuited

cha = _% {2%(1 /_OO |S?((Z))| du — Vg _O:O Sgb((u%) Sda(u)du
—Vie O:O SZdC(ELu))Sda(u)du} (5.2)
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., can be written as a first-order differential equation in the form

Since I,
I, = Cda‘ﬂm we rewrite equation 5.2 as follows:
dVsa 1 % |Sya(u)]? 0 Sap(u)
— W / PddWl gy v, Saa(w)d
dt 3%{ 0 ) 2y Ve |y Caalw)
o Sdc(u)
Vse e Z(u) Sda(u)du} (5.3)
Similarly for 1., = C’db‘ﬂﬂl we have:
dVi 1 o< |Sg(u)|” > Sga(u)
— = 2V / —————du — Vg, S, d
dt BCdb{ | ) T Voo | gy S
o0 Sdc(u)
— 4
‘/50 _OO Z(u) Sdb(u)du} (5 )
and similarly for I, = Cg.%; dv& we have:
dVse 1 o |Sd0(u)|2 0 Sga(u)
- 2Vc/ EIECVINp N v Spe(w)d
dt 3ch{ e | o Zlwy W Voo | (e Seelw)du
Sdb(u)
‘/51) . Z(u) Sdc u)du (55)

Since the functions in the equations 5.3, 5.4 and 5.5 are periodic we write it in terms

of exponential fourier series as shown in matrix equation 5.6.

i dVsa ] [ | Dot 1 [ |Dai|? —jl3z
6Cda dt 2 Zl—*oo Z lwo) Zl_—oo Z(lwo)e
_ dVab — _ |Dat? Jl1Er o0 | Dyl
60 db" gt - Zl_*oo Z lawo)e ‘/(Sa + 2 Zl:*OO Z(lawo) ‘/(Sb
dVse _ |Dat]® —j12x _yoo Dal? jim
| 6Cacg | 2 Zlw) € " P D A, Zlwo) ¢ ° ]
_ Z |Dal‘ e,]l%r
l=—00 Z(lwp)
|Du> —j12z
+ | - Zl—foo Z(lau.)o)e ok Vie (56)
‘Dal‘2
L 2 Zl_*oo Z lwo)

Since Cy, = Cy, = Cq. = C,4 the above equation simplifies to:
[ dVs,
dt

_ dVsy
6Cq | =

dVs.
dt
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|Dal‘

- — =00 Z(wn) &

_ Z ‘Dal|2 e
L l=—00 Z(lwo)

|Dal‘
2 Zl_*oo Z lwo)

727
iz

‘Dall

2m
_ —jl55
Zl—foo Z (lwo) €

l27r |Dal‘2

2 Z?ifoo Z(lwo)

|Dal‘2

— I
YU —o0 Zw) €

e 1Darl* 63127‘
l=—00 Z(lwo)

_ ‘Dal|2 ]12_7r
21200 Zliwg) € ®

oo |Da ‘2
224% 00 Zlwo)

96

Now writing e % and €% into three classes as shown in Table 4.1 of section 4.2 and

representing the matrices in terms of A\;, Ay and A3 which are defined in equations 4.17,

4.18 and 4.19 we obtain the following matrix:

2N + 2X + 2)

Which can be written as:
Vi— — LAV
P 60, 5

where

Vs =

27 27
—)\1 —)\26] 3 —)\36 J73

- 27 - 27
—/\1 — /\26_]T — /\36]T

_i2n j2m
—)\1 —)\26 IS — )\3€J 3

201 + 20 42X

- 27 - 27
—/\1 — )\er? — )\36_]?

j2m _2m ]
—)\1 —)\26] 3 —)\36 773

_i2m j2m
—)\1 —)\26 IS — )\3€J 3

201 +2X5 42X

Vo

Ve

(5.9)

(5.8)
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and

20 + 200 4+ 2)3

- 27 - 27
—)\1 — )\26]T — /\3€_j?

27 27
—A — e 7S — A3€l

—)\1 — )\Qe_j%r — )\3€j2?7r
201 + 2)5 + 2)3

27 27
—)\1 —)\2€J 3 — /\36 J73

The solution of equation 5.9 is given by:

__L1 At
V5 = V(;Oe 6Cq

97

21 _ 27 T
—)\1 — )\26] 3 — )\36 173
- 27 - 2T
—)\1 — /\26_3? — )\3€jT

20 +2Xy 4+ 2)3

(5.10)

The eigenvalues of —%A were numerically calculated using the Maple package as follows:

L Ntk
YR
L Mt
2T 20y
At
T o0y

From equation 5.1 the solution of equation 5.9 is yielded:

et

‘/5 = ye + y2€62t + y3663t

(5.11)

(5.12)

(5.13)

(5.14)

where 1, yo and y3 are corresponding eigenvectors of €;, €5 and €3 respectively.
Using the values A1, Ay and A3 which are defined in equations 4.17, 4.18 and 4.19 the time

constants are given by the following equations:

2CYy
T =
! A+ A3
_ |D, |2 ‘Da |2
Je {chass 1 Z(lu.l;o) } + Re {chass3 Z(lul,o) }
2CYy
T =
? A+ Ao
B |Dgy|? | Dt
Re {Satusar Fiiy | + Re { Stz Fith5
2CYy
T =
’ A2+ A

Ca

Re {chass 2 |Zl()ﬁif) } + Je {chass 3 ‘Z?fif) }

(5.15)

(5.16)

(5.17)
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From equations 5.15, 5.16 and 5.17 we observe that factors influencing the value of

the time constants associated with the rebalancing of the capacitor voltages are:
1. The impedance of the output filter and load; and
2. The value of |sda(lw0)\2, that is, the overlap of the spectra sg,(lwp) and sq,(lwo).

Furthermore, the properties of these time constants as regards the balancing of the cell
capacitor voltage are similar to those found for the single phase 2-cell multicell converter,
that is:

e If A + X3 =0, Ay + Ay = 0 and Ay + A3 = 0 then the time constants 71 — o0,

Ty — o0 and 73 — oo which implies _GATZ — 0 and the cell capacitor imbalance

Vs — Vo, which implies that the cell capacitor voltage will not balance. This can
only happen if the load impedance is purely imaginary, that is feZ(lwy) = 0 or

when sg,(lwpy) = 0.

o If \{ + A3 = 00, A\ + Ay = 00 and Ay + A3 = oo then the time constants 7 — 0,

79 — 0 and 73 — 0 which implies —6% — —oo and the cell capacitor imbalance

Vs — 0. This implies that the cell capacitor will balance. Time constant —% — 0

implies an infinite cell capacitor current, which is impossible.

e IfO< A\ +A3<00,0< A+ A <ooand0 < A+ A3 < oo then the time constants

71, 7o and 73 will be as defined in equations 5.15, 5.16 and 5.17 which implies that

_1
the cell capacitor will exponentially decay according to Vs = Vgpe 6% At
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5.2.2 Simulations

To ensure the validity of the theory developed, this section compares the theoretical results
obtained using equation 5.10 and the Matlab package with the simulated results of the
practical converter using Ansoft Corporation, Simplorer package and FFT analysis. The

simulation parameters for both 2-cell and 3-cell multicell converter are as follows:

Table 5.1: Simulation parameters

DC' — bus voltage Vi | 100 V
DC — bus capacitance | Cq | 40 pF
Switching frequency | fs | 6 kHz
Modulation frequency | f1 | 50 Hz

Filter inductance L | 200 uH

Filter capacitance C | 50 uF

Load resistance R 10 ©

Taking the initial values of Vj, , Vi, and V. to be 25 V', —25 V and 0 V respectively we
obtain the natural balancing of the cell capacitor voltages shown in Figures 5.2, 5.3 and
5.4 for the modulation index of 0.6, 0.8 and 1 respectively. The red curve indicates the
exponential decay obtained using theory whilst the blue curve indicates the exponential

decay obtained using simulation.

— 30 ‘ ‘ ‘ —Theoretical |
2; 20| —— Smulated
= 10 1
2 ‘ ‘ ‘
0 2 4 S (s 8
5 : : :
0
> -10 / Theoretical
>v€ -20| —— Sinulated |
_30 L L
0 2 6 t(s) 8
" —_ Theoretical ]
<20 —— Smulated
< o0
=
_20 L L L
0 2 6 t(s) 8

Figure 5.2: Ezponential decay of Vs, Vs, and V. for modulation index of 0.6 without
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results.
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30,

= ' ' ' ' ' _Theoretical
2 20 - 1
= Smulated
= 10 b
0 2 4 6 (9 8
5 T T T T T T T
0
Zr% 0 / Theoretical |
= 20 ——— Smulated |
_30 L L L L L L L
0 2 4 6 t(S) 8
20l ‘ ‘ ‘ ‘ ‘ ——Thebretical ]
> —— Smulated
5 0
g _20 L L L L L L L ]
0 2 4 6 I(S) 8

Figure 5.3: Ezponential decay of Vs, Vs, and V. for modulation index of 0.8 without
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results.

2 20
£ 10
o
50 2 4 6 t(s) 8
] |
= -10] / b
>'€ -20| E
—30 . . . . . . .
0 2 4 6 t(S) 8
— 20/
= 0
P —————
<
g _207 L L L L
0 2 4 6 t(S) 8

Figure 5.4: Ezxponential decay of Vs., Vs, and V. for modulation index of 1 without
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results

From equations 5.10, 5.15, 5.16 and 5.17 one of the factors that affect the balancing of
the capacitor voltages is the impedance of the output filter and load. Decreasing the load
impedance is done by connecting the balancing circuit at the frequency where the largest
component of harmonics of S, occurs, that is, in this case at the switching frequency.
Figure 5.5 illustrates the balancing circuit that acts as a band-pass filter providing a low
impedance at the switching frequency whilst Figure 5.6 shows the balancing circuit con-

nected to the 2-cell multicell converter.
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Sz Su & R
~ . o I —
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| L pa
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Y ¥ c
s I Vaw Vab
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MV AUICb _ L + Vo -
2 Veo T Cy Ib' m R
Vi S, v HCE
: B -l & SR
o o Vbc H =
Sczﬁ : ZYJScJI v
* l'cc T (V\I?Yw " g -
VCS—~Cd T }—=o
- e
=< < e —

Figure 5.6: 2-cell multicell converter with a balancing circuit connected

Balancing circuit——»

The impedance Z(s) is given by

1
Z(s)=1L —
(s) s+SO+R
and
1
Z(7 = jwlL+ —+R
(Jw) ol + =25+
. J
= L—-——~“—+R
Jw wC+
Hence
\/ o)
Z(7 = Lw— — R2
12Gw)] = (Lo - =) +

The minimum magnitude of |Z(jw)]| is given by

Zmin -

|Z(jewo)

I

L -
o WQO

2
Vo

101
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Since wg = e

Zmin =V R?

2(iw)

\/Ezmln

Figure 5.7: The frequency response plot for the RLC balance booster circuit

Figure 5.7 shows the frequency response plot for the RLC balance booster circuit. At
the cut-off frequencies, the magnitude of the transfer function is v2H,nin = v2R.

Solving for w, yields

V2R = WL% — 10)2 + R?

We
R R\?2 1
‘Eziv(aﬁ 7
R R\?2 1
C_ii\/(i)+ﬁ

Taking only the positive values we have

__£+‘/(£)2+L
Wel = 75T 9L LC
_ R J(ﬂ)ﬂi
We2 = o 2L LC

c =

w
or
w



CHAPTER 5 — TIME CONSTANT ANALYSIS 103

Bandwith(/3), which is the width of the passband, is given by

B = Wel — We2
_ (£+ (£)2+L>_(_£+ (E)ZL)
2L 2L LC 2L 2L LC
R
-1

Quality factor(Q), which is the ratio of the centre frequency to the bandwidth, is given
by

“o
&)

g
~ Q

RrR:C
Let Q1, Q2, @3, Q4 and Q)5 be quality factors such that

Q1> Q2> Q3> Qs> Qs

Then Figure 5.8 shows the effect of the quality factor. This shows that the smaller quality

factor corresponds to the larger bandwidth and conversely.

|Z(je)

Gy 4

Figure 5.8: Effect of the quality factor

For the parameters of this balancing circuit, we assume that its resistance Ry is 2.2 {2

and its capacitance (Y is 4.3 uF'. Thus we will have

1
0= LG
1
2 X (6 kHz) = 5.18
(0 kHz) =~ (5.15)
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Hence the balancing circuit inductance is given by:
1 1
Ly, = [——— | x [ ——
21 x (6 kHz) 4.3 uF
= 163.632uH (5.19)

The natural balancing of the cell capacitor voltages of the 2-cell multicell converter with a
balancing circuit connected is shown in Figures 5.9, 5.10 and 5.11 for modulation indeces
of 0.6, 0.8 and 1 respectively. The red curve indicates the exponential decay obtained using
theory whilst the blue curve indicates the exponential decay obtained using simulation.
From these figures it can be observed that when the balancing booster is connected the

capacitor voltages balance faster.

=20

]

> 10
0

Theoretical |
Smulated

0.03 0.04 t(s) 0.05

> -10
S-20

0 0.01 0.02
. .
0.01 0.02

Theoretical |
Smulated

.
0.03

O.b4 t(s) O.

05

Theoretical |
—— Smulated

. . . .
0.01 0.02 0.03 0.04 [(s) 0.05

Figure 5.9: Ezxponential decay of Vs, Vs, and V. for modulation index of 0.6 with
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results

=20
210
0

0 O.bl 0.62

Theoretical |
—— Smulated

0.03

5 T T :
0

> -10

220

0.01 0.02 0.03

004 t(s) 005

Theoretical |
—— Snulated

0.64 t(s) 0.0

@

Theoretical |
> —— Smulated

0.01 0.02 0.03 0.04 t(s) 0.05

Figure 5.10: Exponential decay of Vs,, Vs and Vs. for modulation index of 0.8 with
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results
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30
.20
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>
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Figure 5.11: FExponential decay of Vs., Vs, and Vs. for modulation index of 1 with
balancing circuit. The blue curve is obtained using Simplorer simulation and the red

curve is obtained from theoretical results

5.3 3-Cell Multicell Converter

5.3.1 Time constant

Exponential decay is associated with the DC currents I.ga1, Leda2, Leapts Leav2s Ieacr and

Ioqeo. Referring to the equivalent circuit of the 3-cell 3-phase multicell converter given in

Figure 3.8, the change in the capacitor voltage of Cyu1, Chaz, Cap1, Capz, Caer and Cyeo is

slow; hence the state of the circuit can be taken as steady. Using the assumption that
Vi

Vi = 0, implies that we short-circuit voltage source 3 in the equivalent circuit to obtain

Vi, = 0. The resulting circuit is depicted in Figure 5.12.
Cq Cy .
HVeol=  +Vial- /
lsdazll lsdalll | L R
S
Cd Cd
T Va0l +|Vin =
lsdbzil lsdblll
b

+ V=
C
i L R
b
e
+ VL; - + VSZ -
lsdc2lI | SdcllI i L R
c Ve~
C

mm

Figure 5.12: Fquivalent circuit of 3-cell three-phase multicell converter with voltage

source short-circuited
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We now use the same reasoning as in subsection 5.2.1.

We thus rewrite equation 4.35 as follows:

dVsa 1 % S (U) s—— % Sja2(U) s——
o Sap (u o Sua(u
— Vi1 /700 g’(lfb))sdal(u)du— Visva [m ?Ei))sdu(u)du
Sae1(u) % Sgea(u)
Vier | F ) S (Vi | Ty S (0 (5.20)

Similarly for 1., , = Cdag%tm we have:

d‘/&ﬂ o 1 b Sdal(u) b Sda2(u)7
— Vst /_OO g)(ll(f)b) SdaQ(u)du Visp2 /_OO ;)E(Q;)Sdaz(u)du
% Syer(u) > Sgea ()
Vi [00 Z(u) Saaz(w)du — Vsea [m 20 Sdaz(u)du (5.21)

Similarly for 1., = Clp bt e have:

dbl

dV 1 oo S (u o S (u
dibl - o {QV(SM [ N g’zi))sdbl(u)du—{—Q%bQ [ - g’zi))sdbl(u)du
o Sa.1(u Saa2(u
—Vsa1 [ 2(1?5>)5db1(u)du — Va2 [ dZ(zq(L)>Sdb1(U)dU
~Via [ SallW) g — v Ia REIC) ey o (5.22)
dcl - Z(U) dbl 6c2 - Z(U) dbl .
Similarly for 1., = Cdbg% we have:
dVsa 1 o Sapr(u) % Sapa(u)
i T 30, {2‘/51)1 /_Oo 20 Savz2(w)du + 2V /_OO 20 Savz (w)du

© Sdcl(u>
Vi | Z(u) ~Vee | 2w

Similarly for 1., , = Cdcld—“gﬁ we have:

dVse 1 > Sge % Sge
o= {ml /= T+ 2V /= ()

dt " 3Cua s Z(u) e Z(u)
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Saa1(u 0 Sia(u
_%al/oo dZ(lq(L))Sdcl(u)du_‘/&ﬂ [oo ;Ei))de(U)du
oo S (u oo Saa(u
_‘/szl /_OO ;7275))de(u)du — V:;bg /_Oo ;)E?(L))de(u)du} (524)
Similarly for 1., , = Cdcgd‘:l% we have:
d‘/(502 o 1 > Sdcl(u) > Sdc2(u)
i - 30 {QVM /_OO 20 Sac2(u)du + 2Vseo /_OO Z() Saea(u)du

Y G alw)du — Vi / O:o Sgbf()>sdcz( )du} (5.25)

Since the functions in the equations 5.20, 5.21, 5.22, 5.23, 5.24 and 5.25 are periodic

we write it in terms of exponential fourier series as shown in matrix equation 5.26.

6Cddl d‘flt L
dV;

6Cda2 C;tﬂ

6C g1 dV(Sbl

6C. 5 dV6b2

6Cd01 d‘gt 1
dVi

I 6Cd62 d5c2 ]

[ Dl i [ 2l %]
2 O [Daui|” 00 |Dg1i|“e’" 3
Zl —00 Z(lwo) 2 Zl:—oo Z(lwo)

|Dg11’e |Dani?
2 Zlf_oo Z(lwo) 2 Zlf_oo Z lwo)
127
— 3y |Daul?e*3 — 3 |Dg11%e
I=—00 " Z(lwo) l=—00 (lwo)
= ‘/zﬁal + ‘/zSaQ
-y N A 4
I=—00 Z(lwo) l=—00 Z(lwo)
— |Dai|*e — 3 [Da1i]?
l=—00 (le) l=—00 Z(lwo)
q2m
— |Dg1y|?e?' 3 — 3 |Da1|*e
L l==00 Z(lwo) | L l=~00 (lw0) i




_i2r T
|Dgy?e”7""3

— ZOO
l=—00 Z(lwo)
7 27
— ZOO _|DcL1l|2€]lT
l=—o00 Z (lwo)

[Da1i]?
2 Zlf—oo Z lwo)

Dq
QZlf—oo | u\(lwo)

- Z?i—oo

Z(lwo)

_ ZOO ‘Dall|2
l=—00 Z(lwo)

1
Z (lwo)

- Z?ifoo

— e |Da1i]?
l=—00 Z(lwo)

— ZOO
l=—o00 Z(lwo)
27 27
. ZOO _|DcL1l|2€]lT
l=—o00 Z (lwo)

|Daui]?
2 Zlf—oo Z(lwo)

Dq
2Zl*—oo | u\(lwo)

2m
|Dayi|?e’'™3

9
|Da1l| e’

2
|Dgy?e”7""3

2m
3
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Vse1 +

V:scl +

— 3 | Do’
l=—o00 Z(lwo)

27'r
— e [Dan*e™"5
l=— Z(lwo)

2
|Doui|?e’" 5
Z(lwo)

220

o |Dg11|?
2 Zl:—oo Z(lwo)

— 30 |Dq11/%e £
l=—c0 (le)

2r
3

jl
Z(lwo)

T Z?i—oo

12
oy |Daul?e "5
l=—00 Z(lwo)

2m
3

il
Z(lwo)

- Z?i—oo

— 3 |Dg1i|*
l=—o00 Z lwo)

27'r
— e [Dau?e™"5"
l=—00 Z(lwo)

2
3

00 D, Jt
2 Zl:—oo \ 1z(|lw0)

25 |Da1i|?
l=—o00 Z(lwo)

|Dg1i|e’

‘Dall‘ J

108

Viso

‘/502

(5.26)

Now substituting A\; and Ag, A3 into matrix equation 5.26 we obtain matrix equation
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dVsa
6Cda1 dét L

6Cdd2 d‘flt 2

av;
6C a1 5

v,
6Capo =32

dVs.
6Cdcl di‘, L

6 Cd62 d‘gt 2

20 20 =AM A A =\
2)\1 2)\1 —)\1 —)\1 —)\1 —)\1
—A1 —A 20 20 A =)\

—A1 A 20 20 A =)\

A=A A A 20 20

2\ PPV S e b S U VS & S W oar
2)\267]'2TW 2)\2 —)\er%r —)\267]'2TW —)\2 —Azej%
el e iE 20 ) VIC S VCas b R

+

—)\2 —)\26]‘2?7r 2/\2€_j2TTr 2)\2 —)\26]‘2TTr —)\ge_j%w

e i E 2 e M E 2N, \oel 5
_ el E e I E —y W D) Wearh 3 2% ]
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which can be written as equation 5.28 since Cyy1 = Cgaz = Cap1 = Capa = Cye1 = Caeo =

Cdi

2
2/\3€j2?ﬁ
—ge i F
s

2m

-2

. 1
Vs =——-AV;

where

6Cy

AVsa2
dt

dVsp1
dt

Vsl
dt

AVsea
dt

2/\36_j2TTr
2)3

—)\36j2?7r

—Ageij%

—\3

-2
—)\36]?ﬁ

—)\36]‘2?7r
—/\36_]‘2TTr
23
2)\36j2TW
—/\36_]‘2TTr

_/\3

W
—Agej%w
\ge I

23
—Agej%w

-2

—Age_j%
_/\3
—)\36j2TW
—)\367]'2TW
2)3

- 27
2)\3€jT

i 2m

—A3el3
—Age_j%
_)\3
—)\36j2TW
2/\36_j2?7r

2)3

110

(5.28)

‘/(5a2

Vb1

‘/602

(5.27)
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_‘/(Sal_

‘/(5a2
Vi1

Vs =

Vispa
‘/;Scl

_‘/;502_

and
20 204 ~M —A —A =\ |
20 2N AN =AM A =)\
A1 =A1 2N 20 =N =)\
A=
A =M 2N 2N =N =)\
A =M =AM =AM 2 2\
_—)\1 A=A =AM 2\ 2\

9, el T Ny F —\ el F e F ]
2)\2€7j2TW 2)\2 —)\er%r —)\Qeij2T7T _)\2 _>\2€j%T
—/\263‘2?7r _/\26_]-2% 29 2/\26]‘2TTr —/\2€_j2TTr -2

+
—)\2 —/\gej%ﬁ 2/\2€_j2TTr 2)\2 —)\26]‘2TTr —)\ge_j%w
—)\Qefj%w — A9 —Azej%w —)\2673'2T7T 2o 2)\26]'2TW
T e T SN ST 20e T 2),




CHAPTER 5 — TIME CONSTANT ANALYSIS 112

- 27 - 27 - 27 - 27
( 2)\3 2)\36_]T —)\36]? —/\3 —/\36_jT —)\36]T
- 27 - 27 - 27 - 27
2/\36]? 2)\3 —/\36_]T —)\36]? —/\3 —Age_j?
_i2m 27 _om om
—)\36 773 —)\3€J 3 2)\3 2)\36 773 —)\3€J 3 —)\3
+
_2m om 2 om
—)\3 —)\36 I73 2)\3€J 3 2)\3 —)\36 773 —)\3€J 3
- 27 - 27 - 27 - 27
—Agej? —)\3 —/\36_]T —)\36]? 2A3 2/\3€_j?
- 27 - 27 - 27 - 27
—/\36_]? —Agej? —/\3 —/\36_]T 2)\36]T 2A3
(5.29)
e solution of equation 5.28 is given by:
The solut f tion 5.28 b
1
—=—=—At
Vs = Vspe ©Ca (5.30)
. 1 . o /\14’)\34’\//\%7)\1)\24»/\% o )\14»/\37\//\%7)\1/\24’)\%
The eigenvalues of P A are given by ¢, = 2, , €0 = 30, ,
- _)\2+/\3+\//\§*)\2/\3+)\§ - _)\2+)\3*\//\§*)\2)\3+)\§ - _/\2+)\1+\//\§*)\1)\2+)\%
€3 = 2C, » €4 = 2C, €5 = 2C,
)\24»/\17\//\%7/\1/\24’)\%
and eg = — 5

From equation 5.1 the solution of equation 5.28 is yielded by:

‘/6 — yleslt + y2€62t + y3663t + y4€64t + y5665t + y6666t

where 1, yo and y3 are corresponding eigenvectors of €;, €5 and €3 respectively.

The time constants are given by:

B el
AN
B 20,
T At N
B 20,
T Mt a R t N
B 20,
[V VN S S W WY
20,
75

I N VDY
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B 20,
A2+ A= A8 = Ahe + N

(5.31)

T6

From the equations given in 5.31 we observe that the factors influencing the value of the

time constants associated with the rebalancing of the cell capacitor voltages are:
1. The impedance of the output filter and load; and
2. The value of [Sy,(lwo)|?, that is, the overlap of the spectra Sy, (lwg) and Sy, (Iw).

To ensure the validity of the theory developed, we compare theoretical results obtained
using equation 5.30 and the Matlab package with simulated results of the practical con-
verter using Ansoft Corporation, Simplorer package and FFT analysis. We take the initial
values of Vsa1 , Visao, Ve, Va2, Vser and Vo to be 25V, 0V, 0V, 0V, 0V and 0 V

respectively.

30 ‘ ‘ ‘ T Theoretical

—— Smulated

! I I I
1 2 3 4 [(S) 5

Figure 5.13: Vj,; for modulation index of 1 without balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation
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Figures 5.13, 5.14, 5.15 and 5.16 depict the natural balancing of the cell capacitor
voltages for modulation index of 1, 0.8, 0.6 and 0.4 respectively when the balancing
circuit is not connected. The red curve indicates the exponential decay obtained using

theory whilst the blue curve indicates the exponential decay obtained using simulation.

39 " Theoretical

—— Smulated

Figure 5.14: Vj,, for modulation index of 0.8 without balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation

30 ‘ ‘ ‘ Theoretical

—— Smulated
ZOK

I I I I
1 2 3 4 t(s) 5

Figure 5.15: Vy,, for modulation index of 0.6 without balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation
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30|
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20\
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_20/
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Figure 5.16: Vj,; for modulation index of 0.4 without balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation

Similar to the 2-cell case, we connect a balancing circuit to enhance the capacitor
voltage balance. Figures 5.17, 5.18, 5.19 and 5.20 show the natural balancing of the cell
capacitor voltages for modulation index of 1, 0.8 and 0.6 respectively with the balancing
circuit connected. It is observed from these figures that the balancing circuit causes the

naturall balancing to be achieved faster.

30,

20

Vi (V)

10

Figure 5.17: Vg, for modulation index of 1 with balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation
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30,

___Theoretical
Simulated

20

Vi (V)

101

I I
0.1 0.2

I
0.3

Figure 5.18: Vy,; for modulation index of 0.8 with balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation

30

___ Theoretical
Simulated
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Via (V)
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I
0.1

I I I
0.2 0.3 0.4 t(S) 0.5

Figure 5.19: Vy, for modulation index of 0.6 with balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation
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30, T
Theoretical

Smulated

20

10

-20

04 081(9) 12 16 2

Figure 5.20: Vy,, for modulation index of 0.4 with balancing circuit. The blue

line=Simplorer simulation and the red line= theoretical simulation

5.4 Summary

This chapter calculated the time constants for the 2-cell and the 3-cell multicell converter.
It further demonstrated the rebalancing of the capacitor voltages using the derived theory
and simulations using the Simplorer package. It was observed that for both the 2-cell and
3-cell cases natural balancing was achieved. When the balancing circuit is added the
rebalance of the capacitor voltages occured faster. The theoretical results compared very

well with the simulation results.



Chapter 6

Space Vector Analysis

6.1 Introduction

In this chapter we study the natural balancing of the 2-cell multicell converter under space
vector modulation. In [48] Celanovic et al. studied the space-vector modulation of n-level
three-phase converters using duty-cycle computation and the nearest three vectors. In [36]
McGrath et al. identified how to sequence the three nearest space vectors in the switching
period in order to minimise the total number of switching transitions and optimise the
harmonic profile of the output voltage. In this chapter we compute the switch combination
sequences of the 2-cell multicell converter which have more redundant vector states than
other 3-level converters. For convenience the computations of the duty cycles of other
five sectors and the switching combinations are carried out in Appendixes D and E.
Furthermore we plot the waveforms of the reference vector when in different regions of
the six sectors. We then prove, using simulations, that 2-cell multicell converters naturally

balance under space-vector modulation.

6.2 Switching Vectors

In this section we furnish the switching vectors of the three-level voltage source converter.
There are 27 different voltage levels for these converters. These switching states are then
arranged into 19 different switching vectors as shown in Figure 6.1 due to similarities
of coordinates in the a-f parameter. X is the zero vector, while (X; — Xj) are small
vectors, (X7 — Xj2) are medium vectors and (X3 — X;5) are large vectors.

These vectors in Figure 6.1 represent converter output line voltages in a two-dimensional
(Vap, Ve and V,,) plane and are produced by switching different states of the converter
as shown in Tables 6.1, 6.4, 6.5, 6.2 and 6.3. The said represent the 19 switching vectors
grouped into zero vectors, small vectors, medium vectors and large vectors respectively.

These groups are composed of switching vectors for s,, sy, s. where s,, s, and s, represent

118
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Vbc
A

Figure 6.1: Switching vectors of a three-level Multicell converter

switching states of phases A, B and C as shown in subsection 3.3.1 for the general case of a
3-level converter. Now the switching states are further simplified for a multicell converter
to include switching states for each cell represented by [Sa1, Sa2], [Se1, S2), [Se1, Sca] Where
[Sa1, Sa2] Tepresent switching states for the first and second cells of phase A, [sp1, Spo] repre-
sent switching states for first and second cells of phase B and [s.1, se2] represent switching
states for first and second cells of phase C. For a 2-cell multicell converter with four dif-
ferent switching states for each phase we will have 64 possible switching states. Thus we
will have many redundant switching states producing the same vector as shown in Tables
6.1, 6.4, 6.5, 6.2 and 6.3. 8 indicates the angle position of the vector.

Switching vectors for s, and sg are given by:

Sa
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Table 6.1: Zero switching vectors

Sp

Sa

0

SaShSc

111

-1-1-1

[Salu Sa2]7 [Sblu Sb?]u [Scla 502]

AR IR Y Y J— I — —

— | — | — | — | — | — | — —

AR IS B Y J—— R — —

-1, -1],[-1,-1],[-1, 1]

Vectors

Xo

Table 6.2: Medium switching vectors

NE) ™ ©
> k|© Kl ) 5_ W__ .n_
@\l
oAy 9 oAy B S-S
VA
_ _ _
e e
3 ol ol
5 o o
_ _
Q
iz | 2| = =| =
— — —
2l [a) — — m 1 1
3 — (@) 1 1 e} —
VA
o
21 I N I I I N I DU I DU D
O I I I e B B N T A I A R
I I N R R R i TR =N = I Rt
i Bl R LAY SN B Y DS o N
— _ _ _ I e e e e -~ -
Q|| == _ .~ _ _ — —
& | —| | || L — |
e Ll i e B AT A A —_ | — _ _
— - - - —_—— | — ] — - -
o R e = e e B e B B A
—| = | T === e |
| = === | _ _ === =
|| ISl ==
pef W P e Y LY U ) (LY (U UL Y o Y I o Y [
VA

Vectors

X7

X3

Xy

X10

Xll

X12




121

SPACE VECTOR ANALYSIS

CHAPTER 6

Table 6.3: Large switching vectors
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Table 6.5: Small switching vectors

Vectors | [Sa1, Saz2), [Sb1, Sp2]; [Sc1s Se2] | SaSpSe | Sa g 0
Xy 1, —1],[1,1],[1, 1]
[—1,1],[1,1],[1, 1] 011 — % 0 T
(—1,—1],[1,—1],[1, —1]
-1, -1],[-1,1],[-1,1]
[—1,—1],[-1,1],[1, —1]
[—1,-1],[1,-1],[-1,1] | -100 | —/2| © T
X5 1, —1],[1,—-1], [1,1]
[—1,1], (1, —1], [1,1]
1, —-1],[-1,1],[1,1]
[—1,1],[-1,1], [1,1] 001 —% —% %’r
-1, 1], [-1,—1], [1, —1]
[—1,-1],[-1,-1],[-1,1] | -1-10 —% —% _2%
Xs (1,1],[1, —1],[1,1]
[1,1], (-1, 1], [1,1] 01 | L | -4 -
[1,—1], [=1, 1], [1, —1]
L) 11,1 ]]
[1,-1], -1, 1], [-1,1]
(1,10, (-1, 1], [-1,1] | 010 | L |- | %

6.3 Duty Cycles

122

We divide Figure 6.1 into six sectors spaced anticlockwise by % radians from each other.

Each sector consists of four regions. We now study the duty cycles of each region. These

duty cycles are obtained by synthesising the reference vector using the space vector modu-

lation of the three switching state vectors nearest to the reference vector at every sampling

instant. The duty cycles of other sectors have the same magnitude but are shifted in phase.

Duty cycle(Dr) is the ratio of the period, that the particular vector is selected, to the

total period of the signal and is given by:

A

Dy T,

where T} is the switching period and At is the period that the particular vector is selected.

Figure 6.2 illustrates the first sector of the switching state vectors of the 2-cell multicell

converter and the four regions within this sector. The reference vector V. is synthesised
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X (1_ 1- ])

Figure 6.2: Regions of vector modulation of the 2-cell multicell converter in the first

sector

using the space vector modulation of the three switching state vectors nearest to the
reference vector at every sampling instant. The nearest three switching state vectors are
selected by locating the reference vector in one of the four regions as shown in Figure

6.2. The reference vector is given by the general formula:
Vi =d, X +d, Xy +d. X,

where d,, d, and d, are the duty cycles/durations for the switching vectors X., Xy and
X, respectively.

In this section we will only study the duty cycles for sector I, since the duty cycles for
other five sectors are considered in Appendix D. In addition, the detailed switching

combinations are done in Appendix E

6.3.1 Duty cycles for Sector I

In this subsection we study the sequences and combinations of duty cycles of regions A,
B, C and D of sector I. Figure 6.2 shows the first sector of six sectors with its regions.
From Figure 6.2 we observe that region A has one vector with a redundancy of 3 and
two vectors with a redundancy of 2; region B contains one vector with a redundancy of 1
and two vectors with a redundancy of 2; regions C and D have one vector with a
redundancy of 2 and two vectors with a redundancy of 1. The choice of combination is

influenced by the movement of the reference vector from one region to the next. We
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choose the three nearest space vectors and then add the fourth space vector so that
either the first or fourth vector is redundant; then the sequence is reversed [36]. The
duty cycles of the first and fourth vector are split into equal halves for optimal harmonic
performance [36]. However for a 2-cell multicell converter using Tables 6.1, 6.2, 6.3, 6.4
and 6.5 we note that region A has one vector with a redundancy of 10 and two vectors
with a redundancy of 6; region B has one vector with a redundancy of 2 and two vectors
with a redundancy of 6; regions C and D contain one vector with a redundancy of 6, one
vector with a redundancy of 2 and one vector with a redundancy of 1. We show the
switch combinations using all redundancy in the Appendix E section E.1.

Region A:

For 6 < %
Now we consider the switch combination sequence for the nearest three vectors moving
from region VI A to I A where VI A denotes the region A of the sixth sector and I A denotes
the region A of the first sector. The combination starts with the vector (100) which is the
redundant vector of the first vector in region VIA2. Looking at the combination it can
be noted that we change the switching state of one phase at a time. The combination is
given by:
d1(100) to dp(000) to da(00 — 1) to d1(0—1—1) to d1(0 —1—1) to d2(00 — 1) to do(000)
to dq(100)
The PWM of this duty cycle is shown in Figure 6.3.

d,(100) | d,(000) id,(00-1) d,(0-1-1) d,(00-1)| d,(000) |d,(100)
1
Phase A
0
-1
1
0
Phase B
-1
1
0
PhaseC
-1

Figure 6.3: PWM for duty cycles of region IA1

The corresponding reference voltage vector waveform equations for phase A, B and C

are yielded by equations 6.3, 6.4 and 6.5 respectively:

1
‘/;'efaIAl = Zdl
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7mecos w1+ 5)
= ——mgcos|w —
2v/2 6
1
V;“Cfbml = _Zdl
3macos (w4 5)
= ———=mgcos|w —
2v/2 6
1 1
‘/refcIAl = _§d2_1d1
= — My, Sin wt+—)
2v/2 ( 6

ForHZ%
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(6.4)

(6.5)

The switch combination sequence for the nearest three vectors moving from region 1A to

ITA starts with vector (110) which only differs from the first vector combination of region

I A1 by the switching states of phase B. The combination is given by:
d>(110) to d1(100) to dy(000) to da(00 — 1) to da(00 — 1) to dp(000) to di(100) to do(110)
The PWM of this duty cycle is illustrated in Figure 6.4 and the corresponding reference

d,(110)| d;(100) | dy(000) | d,(00-1)

do (000) |

d, (100)

9 (119

1

Phas

Phas

e B

Phas

eC

Figure 6.4: PWM for Duty cycles of Region [A2

voltage vector waveform equations for phase A, B and C are given by equations 6.6, 6.7

and 6.8 respectively:

1 1
V;“efaIAg = Zd2 + §d1

3
= ——=mg,Ccoswt

2V/2

1
‘/’I"efb]Ag = Zd2

1
= ——=mgSsinwt

2v/2

(6.6)
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1
‘/;'efCIAQ = _Zd2
1
= ———=m,sinwi 6.8
W (6.8)
Region IB:
For 6 < %

The switch combination sequence for the nearest three vectors moving from region IC' to
IB1 starts with vector (100) which is the same as the redundant vector of the first vector
of region I/C'. The combination yields:

d;(100) to d7(10 — 1) to do(00 — 1) to d1(0 — 1 — 1) to d1(0 — 1 — 1) to do(00 — 1) to
d7(10 — 1) to d;(100).

The PWM of this duty cycle is shown in Figure 6.5 and the corresponding reference

d,(100) | d, (10-1) d, (00-1) d, (0-1-1) d,(00-1) | d, (10-1) d,(100)
1
Phase A
0
-1
1
0
Phase B
-1
1
0
-1 PhaseC

Figure 6.5: PWM for Duty cycles of Region IB1

voltage vector waveform equations for phases A, B and C are yielded by equations 6.9,

6.10 and 6.11 respectively:

1 1
V;“efaIBl = _dl + §d7
1
= ——=m,coswt — — 6.9
2f 4 (6.9)
1
‘/’I"efb]Bl = _Zdl
1
= ——mgsinwt — — (6.10)
2f 4
1 1 1
Vieferpym, = —§d7 — §d2 — 1d1
1
= ———=mysinwt — — (6.11)
2f 4
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For 6 > %
The switch combination sequence for the nearest three vectors moving from region I B2
to I D starts with the vector (110) which differs from the first vector of region I B1 by the
switching states of phase B. The combination is given by:
d>(110) to d1(100) to d7(10 — 1) to d2(00 — 1) to d2(00 — 1) to d7(10 — 1) to d1(100) to
dy(110).
The PWM of this duty cycle is depicted in Figure 6.6 and the corresponding reference

d,(110), d,(100) 'd,(10-1) d,(00-1) ! d,(10-1) d,(100) d,(110)

Phase A

Phase B

Phase C

Figure 6.6: PWM for Duty cycles of region IB2

voltage vector waveform equations for phases A, B and C are yielded by equations 6.12,

6.13 and 6.14 respectively.

1 1 1
Vietarps = Zd2 + §d1 + §d7

1 1
= ——=m,Ccos (wt + E) + - (6.12)
2v/2 6/ 4
1
V;“Cfbum = ZdQ
1 s 1
= ———mgcos |wt+ —) + - 6.13
2v/2 ( 6 4 (6.13)
1 1
‘/T'efC]BQ = _§d7 + Zd2
\/§ T 1
= ————m,sin (wt+ —) + - 6.14
2v/2 < 6/ 4 (6.14)
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Region IC:

128

The switch combination sequence for the nearest three vectors moving from region
VID to IC starts with vector (100) which is the redundant vector of the first vector in

region VID. The combination is yielded by:

0, (0-1-1) diy 1-1- ), (10~ )

d, (100)

d, (10-9)

0y5(1-1-1d, (0-1~

Figure 6.7: PWM for duty cycles of Region IC

and the corresponding reference voltage vector waveform equations for phase A, B and

C are given by equations 6.15, 6.16 and 6.17 respectively.

V;“efajc

‘/refbjc

V;“ech

Region ID:

1 1 1
—dy + =d —d
1 1+2 13+2 7

1 T
——=m, cos(wt — E)

2v/2

— i — 5y

——m,, sin(wt — z)

22 6

11 1
—dy — =dys — =d
4 1 2 13 2 7

———=my, cos(wt — z)

22 6

(6.15)

(6.16)

(6.17)

The switch combination sequence for the nearest three vector moving from region I B2
to ID starts with the vector (00 — 1) which is the same as the redundant vector of the
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first vector in region I B2. The combination is given by:

d>(00 — 1) to d7(10 — 1) to d14(11 — 1) to d2(110) to d2(110) to di4(11 — 1) to d7(10 — 1)
to d2(00 — 1).

The PWM of this duty cycle is shown in Figure 6.8 and the corresponding reference

d,(00-1) d;(10-1) dua(11-1) | d,(120) du,(L1-3)| d,(20-1) d,(00-]
L Phase A
0

-1

1
Phase B

0

-1

1

0
Phase C

-1

Figure 6.8: PWM for Duty cycles of Region ID

voltage vector waveform equations for phase A, B and C are given by equations 6.18, 6.19

and 6.20 respectively.

1 1 1
Vietarp = Zd2 + §d7 + §d14

1 T
= —=mgcos (wt — — 6.18
2v/2 ( 6) (6.18)

1 1 1
Vieforp = ZdQ + §d7 + §d14

= %ma sin (wt — %) (6.19)

1 1 1
Viefern = _ZdQ - §d7 - §d14
1
= ———m,Cos <wt - z) (6.20)
22 6
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6.3.2 Waveforms of V. tq, Viepp and Vi,

Now for the modulation index given by m, = /2 we use the reference voltage vector
waveform equations Viefq, Viers and Vs, passing only through regions C and D of the
six sectors, to draw the waveform of reference vector V,.s, for phase A as shown in blue
in Figure 6.9, Vs for phase B as shown in red in Figure 6.9 and V,.. for phase C as

shown in green in Figure 6.9.

0.8 —T
— phase B
0.6+ - phaseC
/'_\

0.4r 1
3

— 0.2 i
Q

o

=

= O

S

<

-0.2 1
-0.4

N
-0.6r 1
T S S A S S
3 3 3 3
Period (rad)

Figure 6.9: Waveform of reference vectors Viesa, Viesy and Vyese for the siz sectors of

the 2-cell multicell converter passing through regions C and D for m, = /2

Now for the modulation index given by m, = % with the reference vector passing
only through regions C, B and D of the six sectors we draw the waveform of reference
vector Vs, for phase A as shown in blue in Figure 6.10, V,.s, for phase B as shown in

red in Figure 6.10 and V.. for phase C as shown in green in Figure 6.10
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0.8 —
— phase B
0.6r — phaseC
0.4, A/I/K \
=)
=02 1
(5]
°©
2
5 0
S
<
-0.2- 1
_0.4’ i
-0.6r 1
R A
3 3 3 3
Period (rad)

Figure 6.10: Waveform of reference vectors Victa, Viesy and Vicse for the six sectors of
the 2-cell multicell converter passing through regions C, B and D for m, = %

For the modulation index given by m, = % with the reference vector passing only
through region A of the six sectors we draw the waveform of reference vector V., for
phase A as shown in Figure 6.11, V,..s, for phase B as shown in Figure 6.11 and V. for

phase C as shown in Figure 6.11.
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0.4 — phase A

— phase B
0.3+ - phaseC
0.2r

/
S
/
N
/
<

Amplitude [ pul

-0.3 1
% 2T Am s 2w
3 3 3 3
Period (rad)

Figure 6.11: Waveform of reference vectors Victa, Viesy and Vicse for the six sectors of

the 2-cell multicell converter passing through region A for m, = %

Now for the modulation index given by m, = \/g with the reference vector passing
only through region B of the six sectors we draw the waveform of reference vector V.,
for phase A as shown in Figure 6.12, V.5, for phase B as shown in Figure 6.12 and V,.y.
for phase C as shown in Figure 6.12.
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— phase B
0.6- - phaseC
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Figure 6.12: Waveform of reference vectors Victa, Viesy and Vicse for the six sectors of

the 2-cell multicell converter passing through region B for m, = %

6.4 Simulations

6.4.1 Boundary for Regions A, B, C and D

In this subsection we use Figure 6.13 to calculate boundary equations for Regions A, B,
C and D. It is important to be able to determine the boundaries in order to decide in

which sector we are.

Equations for the line and gradient are yielded by:

y =y =m(x—x)

and
Y2 — 1
m =
To — T
Region Al:
75— 0
m = 1 = —\/§
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Figure 6.13: Sector I with coordinates for each region

y—0 < —\/§(x— %)
< —V3r+V2
y+V3z < V2

1
< —x
Yy> /3
Region A2:
y+V3z < V2

1
Y= —=x

V3
Region Bl:

y—0 > \/§(x— g)

3
> 3z -2
V3r —y < V2
y+V3z > V2
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1
< —x
Y= /3
Region B2:

<
IA

Ny
_|_
— § N
AV
S

Y=

S

Region C:
V3 —y>V2
Region D:

Y=

Sl

6.4.2 Combination of switching states

Now for us to undertake a simulation setup in Simplorer we need the switching states
combination for the 2-cell multicell converter. There are only four combinations of the
switching states that balance the charges that pass through the cell capacitor. In the
first combination we switch the top switch of the first cell, then the bottom switch of
the second cell (that is [1, —1]) for the first three sectors of the three phases, then we
switch the bottom switch of the first cell, then the top switch of the second cell (that is
[—1,1]) for the last three sectors of the three phases. In the second combination we do
the reverse of the first combination. In the third combination we switch the top switch of
the first cell, then the bottom switch of the second cell (that is [1, —1]) for sectors I, III
and V, then switch the bottom switch of the first cell, then the top switch of the second
cell (that is [—1,1]) for sectors II, IV and VI. The fourth combination reverses the third

combination. We show the first and third combinations in section E.7 of Appendix E.
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6.4.3 Simulation results

In this section we provide the simulation results of natural balancing under space vector

modulation. The simulation parameters for this section are as follows:

Table 6.6: Simulation parameters

DC' — bus voltage Vi 100 V
DC — bus capacitance | Cy | 2 500 pF
Switching frequency | fs 6 kHz
Modulation frequency | fi 50 Hz

Filter inductance L | 200 pH

Filter capacitance C o0 puF

Load resistance R 10 ©

Figures 6.14, 6.17, 6.20 and 6.23 illustrate the unfiltered phase and line output voltage
waveform of the 2-cell multicell converter under vector control modulation for reference
vector in different regions. Figures 6.15, 6.18, 6.21 and 6.24 show in part (a) and (b)
the switching functions sg,(t) and s (t) respectively in the time domain. Figures 6.16,
6.19, 6.22 and 6.25 show in part (a) and (b) the harmonic spectra of Sg,(w) and Si,(w)
respectively. As can be observed from the harmonics it is difficult to establish where the

highest harmonic occur to be able to apply balancing circuit.

12

\HMM **********************

S 1 M *******
pu
A
2% 003_
(b) Tlme[s]

Figure 6.14: (a)Phase voltage and (b)Line voltage for reference voltage vector in
regions C, B and D
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Figure 6.15: (a) Switching functions of Sqqa
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Figures 6.26 and 6.27 depict the natural balancing of capacitor voltages of the 2-cell
multicell converter for voltage vectors in region A, region B, region A and B, region C,
B and D and region C and D respectively. The red curves signify results obtained using
the exponential decay equation Vs = V(goe_ﬁ/\t, derived and given by equation 5.10 in
chapter 5 with the Matlab package. The blue curves represent the exponential decay of
the difference capacitor voltages Vs, obtained using the Simplorer package.

The above results demonstrate that cell capacitor voltages of the 2-cell three-phase
multicell converter balance naturally under space vector modulation. However the addi-
tion of a balancing circuit did not make a significant difference to the exponential decay
of V5. When the reference voltage vector is in regions C and D, the capacitor voltage

difference V did not exponentially decay to zero when using Simplorer simulation.
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6.5 Summary

In this chapter we studied simulations of a 2-cell multicell converter under space-vector
modulation. We derived the duty cycles of each region for the six sectors and then
derived the switch combination sequence for the nearest three vectors in each region.
Furthermore we plotted graphs for the reference voltage vector in different regions. The
phase and line voltage were shown using Simplorer simulation. Furthermore we observed
that the behaviour of the switching functions is in agreement with the theory developed
in chapter 3. Then we proved using Simplorer and Matlab simulations that the 2-cell

multicell converter naturally balances under space vector modulation.



Chapter 7
Summary and Conclusions

This chapter furnishes a summary of contributions made in this dissertation. It also

identifies possible future work to be done.

7.1 Contributions and conclusions from this study

e In Chapter 3, the 2-cell and 3-cell multicell topologies were modelled. These mul-
ticell converters were modelled using two-port circuit to obtain their equivalent
topology in the d and t parameters. The resulting model forms the basis for the

analysis done in Chapters 4 and 5.

e The switching functions were analysed using interleaved switching. The technique
uses geometric mathematical model and double Fourier series to calculate the magni-
tude and phase of the harmonics of the switched waveforms. Different examples were
used to demonstrate the generation of this switching for all frequency modulation
ratio my € Z. A procedure was developed, that helped to represent the background

Ty 27},

functions for phase B and C after the 3 and =

helped in employing the Fourier coefficients calculated for the single-cell converter

phase-shift respectively. This

as shown in Appendix A.

e The phasor representation for the three-phases were done for all frequency modula-
tion ratio my € Z. The derivation of these phasor diagrams is illustrated in detail
in Appendix C. Observations from the phasor diagrams are shown in Tables 3.2,
3.3, 3.4, 3.8,3.9,3.10, 3.11, 3.12, 3.13 and 3.14. They demonstrate that the product
of the magnitude of the difference function and the total function will be zero for
all my € Z.

e To validate the theory developed in Chapter 3, the harmonics of the switching
functions obtained using the theoretical results were compared with the harmonics

when using simulations. The first simulation was done using Simplorer package
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and the second simulation using Newton-Raphson theory which is studied in detail
in Appendix B. The amplitude and phase spectrum from the three sources were
found to be in agreement. The different classes of harmonics are further applied in
Chapter 4.

e The coefficients of the switching functions were modelled to obtain the steady-state
behaviour of the 2-cell and 3-cell three-phase multicell converters. From the derived
equations the factors affecting the naturall balancing of 2-cell and 3-cell converter
were obtained. Also it was demonstrated using examples, the factors that cause

imbalance in the cell capacitor voltages.

e Using the theory of linear systems of differential equations and the DC-component
of the cell capacitor current calculated in Chapter 4, the voltage difference in terms
of the eigenvalues and time constants is obtained. The exponential decay of this
voltage difference is generated using both theory and simulations. It is observed
that when the balancing circuit is connected, the capacitor voltage difference decays

faster.

e Natural balancing of the 2-cell multicell converter is also studied under space vector
modulation. The switch combination sequences of the 2-cell multicell converter is
computed using duty cycles of different sectors and waveforms of the reference vector

when in different regions of the six sectors is plotted.

e For the simulation setup, the switching state combination that balance the charges
that pass through the cell capacitor is used. The four combinations are shown in
Appendix D. The exponential decay of the capacitor voltage difference is shown for

different positions of the reference voltage vector.

7.2 Conclusion

This work has established that 2-cell and 3-cell multicell converters balance naturally un-
der interleaved switching. The factors influencing this balance and conditions under which
the converter does not balance are stated in Chapter 4. Furthermore it was established

that the 2-cell multicell converter balances under space vector modulation.

7.3 Future Work

Natural balancing has been developed for 2-cell and 3-cell multicell converters under
interleaved switching. Simulations have been carried out for 2-cell multicell converters

under space vector modulation. Future work to be done include the theoretical and
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experimental analysis of the p-cell multicell converter under space vector modulation.
Though much research has been done as regards the natural balancing of p-cell single and
three phase converters, there is still the opportunity to extend this theory to cover p-cell

three-phase multicell converters.
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Appendix A

Fourier Coeflicients

A.1 Fourier Coefficients Calculations

The calculation of Fourier Coefficients for single-cell converter was done in [73]. We
summarise the derivation here since we will be using it in chapter 3.

Equation A.1 is used in calculating the double Fourier series coefficients:

o 3 - omT
A + B = 2 / “0 / F(h, t)ed 5" w0t gy (A.1)
41 Jo -1

Figure A.1 is used in aiding the calculation of the double Fourier series coefficients of
interleaved switching for sinusoidal modulation.
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Time(t)[s]

Figure A.1: Generation of interleaved switching single-cell multicell converter

Using the area of integration shown in Figure A.1, a sinusoidal reference of the

152
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following form:
fr = my sinwpt (A.2)

with modulation index of m, and frequency of wy, equation A.1 can be written as follows:

Amn_'_ijn = /WO/

a 2—mgq sinwot i
= w/ {/ (1) 5 dh + "~ 1) dh
-1

47T Mg sinwot
3 - M .
+ (1)e]Thdh} eIt gy (A.3)

2—mg sinwot

) dhdt

This equation is calculated for two cases:

e Case I: m#0

27
2w0 w - T H - T - M : s |
. 0 mm . mm mm (o mm .

A " jB L = jm 2/0 {ej 2T (1 sinwot) el el (2—mg sinwot) el (maq sinwot)

. 3mm cm (o . .
+€]—2 — ¢S (2—mq smwot)}ejnwotdt

21
w o ) . . ) . .
o : 0 - /WO {ej%ma sinwot+jnwot e]%(mea smwot)Jr]nwot} (A4)
gmm? Jo

Let 0 = wot, thus df = wydt, dt = wiode. At t = 377;7 0 = 27w. Changing the variables in
A.4 we obtain the following:
1

jmm?

Ay + 1B [ (@ osin s 00) g (A.5)
0

To change the boundaries of the integrals, we make this substitution: ¢ = 6 — 7 and

d¢p = df. The integration boundaries change as follows:

—m if0=0
_ A6
¢ { T if 0 =2m (4.6)
Substituting the above variable into equation A.5 results in the following:
A 4By, = — . / " (75 masin (min+m) _ % @mmasin(@4m) +n(640)) g
Jmm
- _ 1 - /7T (6_] BT (—ma sin @) +jn(p+m) _ e —j 5 (2+ma sin ¢)+jn(¢+) ) d(b
jmm
_ ‘ 1 . /7T (ejmre—j%ma sinp+jng ej(m+n)ﬂej%ma sin¢>+jn¢> d(b
gmmn? J-x

(A7)
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Equation A.7 can be written in terms of Bessel functions of the first kind using the

following properties:

1 T
- Jj(z siny—ny) A

@) =5 [ e dy (A8)

Jn(=2) = (=1)"Jn(2) (A.9)

J_n(z) = (=1)"Jp () (A.10)
Using the Bessel functions properties listed in A.8 to A.10, equation A.7 can be written
as follows:

Jmm

€jmrJ, (_mﬂ-ma> . €j(m+n)ﬂ-J, (mﬂ-md))
" 2 "2

o
2 - mmm , mmm
= —— [ (—1)" _ a) _ _jlm+n)m —1) a))
jmm <€ (=1) Jn( > ‘ (=1)"Jn 2
2 , mmm , mmm,
_ jnm(_{yn(_1\n ; a\ _jim+n)w —1)" n( a))
Jjmm <€ (=D"(=1)" < 2 ) c (=1)"J 2
2 N _y
= jmﬂ_Jn (m7r2m ) (e]mr _ e]TﬂTr+]TLTr(_1)n) (A.ll)

If n is odd, equation A.11 can be simplified as follows:

2 mmm, , , :
1 — a jnm __ _jmmrtinm/  1\n
2 mmm ;
= ) (=1 + e (-1
jmﬂjn ( 2 > ( e ))
27 MITMy o
= e () (e
(A.12)
If n is even, equation A.11 can be simplified as follows:
2 mmm : , :
: _ a jnm __ _jmmrtinmw/ _ 1\n
Au+ 3B = ooy (P50 ) (7 = (1)
2 mmm ;
= I ) (1 =™ (1
jmm ( 2 >< e ))
2
S YL o
jmm 2
(A.13)

e Case 2: m=0

Aon +jBon = / “ / hte] R )t g g
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Wo i—g Mg sin wot 2—myg sinwot
_/ {/ (1)dh + / (—1)dh
0

47T —1 Mg sinwot
3 .
+ (—1)dh} eIt gy
2—mg sin wot
wWo il :
- E/O * My sin (wot)e? ™0t (A.14)

Let 8 = wqt, thus df = wydt. The boundary values change as follows:

—r =0
— A.15
¢ { T if =27 ( )

Substituting the above boundary values into equation A.14 results in the following:

1 27 .
Aon + jBon = ;/0 m, sin 0’0 do (A.16)

Ifn=1:
1 2

Apn + 7By = — my, sin 0?96
m Jo

_ M / w1 (¢ — e79?) &%
m Jo 2j

2r 1 . 2r 1
_ e / feﬂede—/ o
m |Jo 2j 0 27

= jma (Al?)

e For odd values of both n and m:

] 27 mmnmy, ma\
Apn + B = %Jn< 5 >(1+eJ )_0 (A.18)

e For even values of both n and m:

2 mmm, ,
Apn + 1Bmn = = I ) (1 —e™) =0 A.19
+J jmm ( 2 ) ( ‘ ) ( )

The coefficients are summarised as follows:

e m # 0 and n odd:

, 2j mmmyg, -

e m # 0 and n even:

2 mmm .
A B = 2) (1 — ™ A21
ot 1B = (T ) (120 (A21)
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e m=0and n=1:

Aot +jBn = jm,

e m=0andn#0:

AOn +]BOn =0

A.2 Properties of Fourier Coefficients

e When m # 0 equation A.1 can be rewritten as follows:

27
Ao+ jBun = = / : / " gitmainant) gy
27 Jo —Fr

2
= 2 / B / " gima) ginent gpy
21 Jo —fr(®)

27
_ _Wo / wo (ejmwfr(ﬂ _ e—jmwfr(t)) pInwot gy
25mm2 Jo

27

_ /WO sin(mmn f,.(t))e!™ 0 dt

mmn? Jo

e When m = 0 equation A.1 is written as follows:

2T
= rfr
Amn ‘f‘ijn = WO/ O/ e/l dhdt
21 Jo —Fr

(f(t) + f(1)) €™ dhdt

27
Wo [wo
0

27
= 0 [0 f )ermet gy
™ Jo

Equations A.24 and A.25 play an important role in the following analysis:

1. If m # 0, then

27
. Wo wy . jnwot
Apn + 7B = / ())&t
Ao+ 3Bl = |52 [ sinGn s, (1)
wo f’_g : Jnwot
— sin(mm f,.(t))e dt
mn? Jo
27
wWo o fwo .
= sin(mm f,. ()] dt
=0 [ Jsin(mr , (1))
wo 2w
< i
- mn? wy
2
ommw

Equation A.26 shows that A, + B, — 0 as m — oo.
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(A.22)

(A.23)

(A.24)

(A.25)

(A.26)
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2. If m # 0 and n # 0, then equation A.24 is integrated by parts as follows:

27

. Wo wo . inwot
Apin + 1Bn = m7r2/o sin(mm f,.(t))e’™ " dt
27
wo : 1 jnwot “0
= —3 (lsm(mﬂfr(t))mej 0 L dt
I df,.(t
e Jo ° "0 cos(m f,(t))mm fdz(f )dt> (A.27)

Since f,(t) is periodic with frequency wy, the first term in equation A.27 is zero.

Hence,
. ]- iy_7(; jnth dfT(t)
Apn + 3B = o Jo e cos(mﬁfr(t))mﬁwdt
o

=k ej”““cos(mwﬁ(t))—dfc}f)dt‘
1 =] df.(t

< Tl o * e cos(mr f(t)) fd7(f )‘dt

_ 1 S dh) "
n|m Jo dt
Id

(A.28)

27
Since [ dle—gt)‘ dt is a constant, this shows that |A,,, + jBmn| — 0 as n — oo

3. Combining the above results gives the following expression:

. (2 1
| Apn, + JBmn| <min | —, /
mn’ |n| 7 Jo

df, (1)
o ‘ dt) (A.29)

Property 2 essentially means if the switching frequency is chosen significantly higher than
the highest frequency harmonic of the reference function f,.(¢), then the harmonics of s(t)
appear in clusters around integer multiples of mw,. For values of m > 0, the clusters
consists of harmonics at frequencies of mw, +nwy, where n = +£1, £2, - - -. The magnitude

of the clusters of harmonics decreases as |n| increases. The magnitude of the harmonics

& Qit) ‘ dt. If the value of this integral is

small, then the magnitude of the side-band harmonics attenuates quickly as n increases

2
found in these clusters can be determined by [,”

and these side bands do not overlap with neighbouring clusters.



Appendix B

Newton-Raphson Simulation

B.1 Theoretical Background

B.1.1 Newton Raphson Theory

In this subsection we show the Newton Raphson method for finding the root of a function
[12]. Figure B.1 show the geometry behind the Newton Raphson method.

Our first approximation for the root r is z; which is obtained by guessing. The tangent

Figure B.1: Geometry behind Newton Raphson method

line of y = f(z) in Figure B.1 at (z1, f(z1)) has x4 as its x-intercept. The idea is that the

tangent line is close to the curve and thus its x-intercept, x5 is close to the x-intercept of

158
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the curve, that the root of the function. From Figure B.1 we have:

f(z1)
To = X1 — B.1
T ) (B1)
Continuing with this process we obtain the third approximation x3 given by:
f(x2)
T3 = Tog — B.2
3= 0 (B.2)

This process when repeated will generate a sequence of numbers {z,, } which approximates
r. In general if x,, is the nth approximation and f' (x,) # 0, then the next approximation

is given by:

f (@) (B.3)

T )
n

B.1.2 Shift in time

The following theorem can be found in [6] and we use it in sections B.2 and B.3 for
calculating Fourier transform of the pwm over multiple of cycles of the switching period.
Theorem Shift in time

When ¢, are the Fourier coefficients of f(¢), then
[t —tg)esedmwotoe,

Proof
The coefficients of f(t — ty) can be calculated using the definition. In this calculation we
introduce the variable 7 = t —t, and we integrate over (—% I) instead of (— +t0, %) + 1o,

since this gives the same result:

— tq)e Jnwot — *anoto 7+ — o) e dnwo(t—to) _
T t t dt T t t d(t to)

2 +t0

= e’jnwotof/i f(r)e imomdr
—3

= e Jnwoto Cn

B.2 Newton-Raphson Method for Simulation of a

2-cell Converter

The main purpose of this section is to use Newton-Raphson simulation method for plot-
ting the spectrum of the switching functions of 2-cell multicell converter. This will then
be compared with the spectrum obtained using double-Fourier analysis. The Newton-

Raphson theory is discussed in Appendix for convenience.



CHAPTER B — NEWTON-RAPHSON SIMULATION 160

B.2.1 Derivation of the spectrum for the switching function
Sal(t)

This subsection deals with the derivation of the intersection points of the reference signal
with the carrier signal using Newton-Raphson method. The resulting pwm is used to
obtain the amplitude and phase spectrum using the Matlab program. Figure B.2 show

the reference and carrier signal that produce the switching function s,;(t) For the general

fg (1) foo () Feay (8) Saft)
l -
0.5} .
fral(t)
0
-0.5 A
_1 |
| | | | |
O _S TS g 2-I—S i 3TS
2 2 2

Figure B.2: Newton-Raphson method of switching function s, (t)

case over one cycle of the modulating signal for n = 1---my.

Modulation signal f, (t) is given by:
fra (t) = myg sin(wyt) (B.4)

The rising side of the carrier signal f.i,,(¢) is given by:

fora(t) = ot~ 4ln — 1) (B.5)

S

The falling side of the carrier signal f. ,(t) is given by:

4

The next rising side of the carrier signal f.3,(t) is given by:

Fo (1) = %t i (B.7)
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Where the rising side of the carrier signal f.,,(¢) intersect the modulating signal f,., (t)
we define the function fi ,(¢) as:

f1,,(t) = mg sin(wot) — %t +4(n—1) (B.8)

S

and where the falling side of the carrier signal f,, () intersect the modulating signal f,., (¢)
we define the function fs,, (f) as:

4
fo,, (1) = mg sin(wot) + ?t —4n + 2 (B.9)

S

and similarly where the rising side of the carrier signal f.3 () intersect the modulating

signal f, (t) we define the function f3,, (t) as:

4
f3,, () = mg sin(wot) — Tt + 4n (B.10)
Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.8 as:

fr () mg sin(wotyy,,) — %tllal +4(n—1)
t12a1 = tllal - ’ = U111 — 1 (Bl].)
Jia: (tr1a1) woma €o8(Wol11,,) — 7
where the initial guess ¢7,, is given by:
tllal = iTs . 4(77/ — 1) for 0 < t11a1 < mes (Bl?)
After 7 successive approximations we will have equation B.11 written as:
11
flal( 1a1) (B13>

e =i = )
al lal

Similarly using the Newton-Raphson method we approximate the root of equation B.9 as:

fo,, (ta, mg sin(wots,, ) + itma —4n+2
192, = to1,, — e ) Bal 1(12,,) =121, — e 1 (B.14)
f2a1 (t21a1) WoMg Cos(w0t21a1) + T,
where the initial guess t9;,, is given by:
t21a1 = iTS . (47’L — 2) for 0 < t21a1 < mes (B15)
After ¢ successive approximations we will have equation B.14 written as:
Loi
f2a1( 2al) (B16)

Lo(>i+1)a1 = t2i1 — 7
(e b fon (i)
And similarly using the Newton-Raphson method we approximate the root of equation
B.10 as:

. fl (t31a1) . mg Sin(a)()tglal) — Tistgal +4n
132, = 13101 — T ) Bl
la1

B.17
t31a1 wWoMmyg, COS(WOtglal) — % ( )
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where the initial guess #3;,, is given by:
t31,, = iTs -4n for 0 < ts31,, < mes (B18)

After i successive approximations we will have equation B.17 written as:

S3a (t3i01)
13(i41)a1 = 13ia1 — m (B.19)
al tal

Now we consider the pwm resulting from the intersection of f.,,, fe,, and fes,, with f, .
First we look at the pulse formed between #;(;41),, and f(i41),,. The width of this pulse
is given by:

Wi = t23i41)ar — Ui+ D)a

We now place this pulse so that it is centred around the origin as shown in Figure B.3

and then calculate its Fourier transform. Taking the Fourier transform of the pulse in

Figure B.3: Negative Pulse shift process by to; + %

Figure B.3 results in:

Wlal
2

Fw) = [, (“Voer=tar

Ve

= - (e—jwo(tz(i+1)a1 _tl(i+1)a1))
JWo
(B.20)

From Appendix B.1.1 we can find the Fourier transform of the negative pulses generated

in Figure B.2 by shifting the pulse between #;(1),, and t3(41),, by to1,, as shown in

al al

Figure B.3 where ty1,, is given by:

Wlal
2

Lo1,; = t1(i+1)er T (B.21)
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Thus the resulting Fourier transform of the shifted negative pulse is given by:

Wla,l
5 , ,
F@) = [ (~V)ete ity
7Ta
— Vi (e_jWO(tQ(i+l)a1_tl(i+1)a1)e_jwot01al)
JWo
(B.22)
Vi
r————-—-= 1 r————-—-= 1
| | | |
| | | |
| | | |
| | | |, t
W, 0 Wo to2 t, +W, to2 top +W,
2 2

W2,

Figure B.4: Positive Pulse shift process by toa,, +

Similarly we consider the pulse formed between fy(;11),, and t3441),, in Figure B.2.

al al

The width of this pulse is given by:

Wau = t3(i41)a1 — L2(i+1)a

and its Fourier transform using the positive pulse in Figure B.4 results in:

W21

Flw) = /V‘Zl({/lt)e*jwotdt

Vi

= —— (e*jwo(ts(m)al —la(i41)4 >)
JWo

(B.23)

The shifting of this positive pulse by tpg,, is shown in Figure B.4 where tg,,, is given by:

W.
102, = t2(i41)ar T ;al (B.24)
The resulting Fourier transform of the shifted positive pulse is given by:
W21
O R
3
— _i (e_jwo(tli(i+1)a1 —tz(i+1)a1)€—jWOto2a1)
Jw%o
(B.25)

To obtain the spectrum of S,;(w) we sum up all the Fourier transform for the negative

and positive pulses over any number of cycles of the switching period.
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Figure B.5: Amplitude spectrum of S,1(w) generated using (a) Newton-Raphson
simulation and (b) Theory
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Figure B.6: Phase spectrum of S, (w) generated using (a) Newton-Raphson simulation
and (b) Theory

B.2.2 Derivation of the spectrum for the switching function
Saz(t)

In this subsection we derive equations that are necessary for the plotting of S, (w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier signal in
Figure B.7 is out of phase by 180 degrees with the one in Figure B.2.

Modulation signal f,. (t) is given by:

fra(t) = mq sin(wot) (B.26)
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Figure B.7: Newton-Raphson method of switching function s.o(t)

The falling side of the carrier signal f.i,(t) is given by:

fer,,(t) = —%t +4(n—1) (B.27)
The rising side of the carrier signal f._,(t) is given by:

faalt) = ot~ dn+ 2 (B.28)
The next falling side of the carrier signal f.3,,(t) is given by:

Jezaa(t) = —%t +4n (B.29)

Where the falling side of the carrier signal f._,(¢) intersect the modulating signal f,., (¢)
we define the function fi,, () as:
4
f1,,(t) = mg sin(wot) + Tt —4(n—1) (B.30)
and where the falling side of the carrier signal f,(¢) intersect the modulating signal f,., (¢)
we define the function fs ,(t) as:
4
fo,,(t) = mg sin(wot) — ?t +4n —2 (B.31)
and similarly where the rising side of the carrier signal f.3 ,(t) intersect the modulating
signal f, () we define the function fs_, () as:
4
f3.,(t) = myg sin(wot) + Tt —4n (B.32)

S
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Now using the Newton-Raphson method discussed in appendix B.1.2 we approximate the

root of equation B.30 as:

f1a2(t11,,) Mg sin(woti1,,) + 7tin,, — 4(n — 1)

112, = l11,, — Fi(fi) =11, — T COs{aotinng) + & (B.33)
where the initial guess #;1,, is given by:
ti, = T -4(n—1) for 0 < tyy,, < myT, (B.34)
After i successive approximations we will have equation B.33 written as:
Sron (F1ins) (B.35)

T
a2 a2

Similarly using the Newton-Raphson method we approximate the root of equation B.31

as:
fa,, (t Mg sin(wota,,) — —ta1,, + 4n — 2
192,, = t21,, — e () =121, — L~ 7 (B.36)
foun (t21,5) woma €os(Wotat,,) — 7
where the initial guess 97 , is given by:
t21a2 = iTS . (47’L — 2) for 0 < t21a2 < mes (B37)
After ¢ successive approximations we will have equation B.36 written as:
Lo
 fous (B2ins) (B.38)

e O
a2 a2

And similarly using the Newton-Raphson method we approximate the root of equation
B.32 as:

J1a2(3145) Mg sin(Wol,,) + 7ots,, — 4n
t32a2 = t31a2 — 7 ;N t31a2 - 4 (B39)
J1as(31,2) WoMy €os(Wots,,) + T
where the initial guess ¢3;,, is given by:
t31a2 = iTS -4n for 0 < t31a2 < mes (B40)
After ¢ successive approximations we will have equation B.39 written as:
l3i
f3a2( 3a2) (B41)

13(i+1)az = 13i0 — f;; (t3i,,)
a2 1a2

Now we consider the pwm resulting from the intersection of f.,,, fe2,, and fes,, with f;, .
First we look at the pulse formed between #;(;11,, and ta(11),,. The width of this pulse

is given by
Wi = ta(i1)02 — 134 1)as

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:
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Wiy
F@) = [, (We
2
— _i (e_jWO(tQ(i+1)a2_tl(i+1)a2))
J%o

(B.42)

and the Fourier transform of the positive pulses generated by shifting the pulse between
tl(i-i—l)ag and t2(i+1)a2 by t01a2 where t01a2 is given by
WlaQ

2

can be represented as follows:

0010y = L1(i41)0s T (B.43)

Wi
F) = [l (esteiony

2

Vi

= —— (e*jwo(t2(¢+1)a2 —t1(i4+1) g0 )efjwot(n(ﬂ )
J%o
(B.44)

Similarly we consider the pulse formed between 5(;11),, and t3(41),, in Figure B.7. The

width of this pulse is given by:

Was = 1334 1)as — 12(i41) a2

and its Fourier transform using the negative pulse results in:

Woga
Fw) = [, (Ve

2

Vi

= = (efjwo(ta(iﬂ)w*t2(¢+1)a2)>
JwWo

(B.45)

The shifting of this negative pulse by #gs,, is shown in Figure B.4 where (3, is given by:

W-
02,0 = t2(i41)00 T 22a2 (B.46)

The resulting Fourier transform of the shifted negative pulse is given by:

W2a2
2

F@) = [, (Ve oo g

2

— & (e*jwo(ta(iﬂ)(ﬂ*t2(¢+1)a2)€*jw0t02a2)
JWo
(B.47)
To obtain the spectrum of Sye(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.5 for S, (w).
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Figure B.8: Phase spectrum of Sqea(w) generated using (a) Newton-Rapson simulation
and (b) Theory

B.2.3 Derivation of the spectrum for the switching function
Sda(t)

In this subsection we derive equations that are necessary for the plotting of Sy, (w) spec-
trum. We use the definition of s4,(t) to obtain Figure B.9 from Figures B.2 and B.7.

fea (1) fes (1) ' " )
. i
0.5}F E
fr, (1)
Q) fean () /)
0
f (8) /] T52e (1)
-0.5
_1_
0 E TS g 2Ts E 3Ts
2 2 2

Figure B.9: Newton-Raphson method of switching function sg,(t)
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The width of the positive pulse is given by:
Wiie = tarna = tiit)m (B.48)

The Fourier transform of the positive pulses generated by shifting the pulse between

tl(i-‘,—l)al and t2(i+1)a1 by t01sda where tOlsda is given by

W-
tOlsda = tl(i+1)a1 + % (B49)
is given by:

lsda

F@) = [y, (We ety
— 2504

- _i (e_jWO(tQ(i+1)a1_tl(i+1)a1)€_jwot01sda)
Jw%o
(B.50)
The width of the negative pulse is given by:
Wosia = 13(i+1)az — t2(i41)a2 (B.51)

The Fourier transform of the negative pulses generated by shifting the pulse between

Lo(i+1)ae AN 133i41),, DY t02,,, Where fa ,, is given by:

W-
t02sda = tQ(i“Fl)aQ + % (B52)
is given by:
2sda
F@) = [, (Ve et di
,W_22m
Vi

(e*jwo(ta(iﬂ)(ﬂ *t2(¢+1)a2)€*jwot025da>
Jwo

(B.53)
To obtain the spectrum of Sy, (w) we sum up all the Fourier transform for the negative

and positive pulses over any number of cycles of the switching period.
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Figure B.10: Amplitude spectrum of Sqqa(w) generated using (a) Newton-Rapson
simulation and (b) Theory
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Figure B.11: Phase spectrum of Sqq(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.4 Derivation of the spectrum for the switching function
Sta(t)

In this subsection we derive equations that are necessary for the plotting of Sy, (w) spec-
trum. We use the definition of s;,(t) to obtain Figure B.12 from Figures B.2 and B.7.

The width of the positive pulse between ty(;11),, and t3(41),, is given by:

al

Wlsda = tQ(i+1)a2 - t2(i+1)a1 (B54)
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Figure B.12: Newton-Raphson method of switching function s;,(t)

The Fourier transform of the positive pulses generated by shifting the pulse between

t2(i+1)a1 and t2(i+1)a2 by t01sta where t(nsm is given by

tolsa = ta(i+D)m T W; (B.55)
is given by:
Wista
PO = [ e e
V;

e (B_jwo(tQ(Hl)aQ —l2(i41)qy )e—jwotmsm )
Jw%o

(B.56)

The width of the positive pulse between #3(;41),, and t3(41),, by fo2,,, is given by:

al

Wosa = t3(i+1)01 = 13(i4+1)as (B.57)

The Fourier transform of the negative pulses generated by shifting the pulse between

13(i4+1)e a0 13341),, DY lo2,,, Where tpo,,, is given by:

Woua
02,00 = 13(i41)az T 5 t (B.58)
is given by:
WQsta
F@) = [, (R ety
— 25 a
Vi

- (67jw0(t3(i+1)a1 —13(i+1) g2 )e*jwotozsm )
JWo
(B.59)
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To obtain the spectrum of Sy, (w) we sum up all the Fourier transform for the positive

pulses over any number of cycles of the switching period.
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Figure B.13: Amplitude spectrum of Si,(w) generated using (a) Newton-Raphson
simulation and (b) Theory
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Figure B.14: Phase spectrum of Si,(w) generated using (a) Newton-Raphson
simulation and (b) Theory
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B.2.5 Derivation of the spectrum for the switching function
Sbl(t)

In this subsection we derive equations that are necessary for the plotting of Sy;(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the reference signal

in Figure B.15 is out of phase by 120 degrees with the one in Figure B.2.

1 T () fa ) sift) |
05F .
0
-0.5 frbl(t) 4
-1 L
0 I Ts 3T 2T 5T 3T
2 2 2

Figure B.15: Newton-Raphson method of switching function sy (t)

Modulation signal f,,(t) is given by:
fr, (t) = myg sin(wot — 2%) (B.60)
The falling side of the carrier signal f.,,(t) is given by:
Fo (£) = —%t +dn -2 (B.61)

The rising side of the carrier signal f.o,, (t) is given by:

4
Jea (8) = 7t = 4(n) (B.62)
The next falling side of the carrier signal f.s,, (¢) is given by:
4
fez, (t) = —Tt +4n+ 2 (B.63)

Where the falling side of the carrier signal f.j,,(¢) intersect the modulating signal f,, ()
we define the function fi,,(¢) as:

4
J1,, (1) = mg sin(wot) + ?t —4n+2 (B.64)

S
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and where the falling side of the carrier signal fi,, (f) intersect the modulating signal f,, ()
we define the function fy,, (¢) as:

foay (1) = mg sin(wot) — ;it +4(n) (B.65)

and similarly where the rising side of the carrier signal f.s, (¢) intersect the modulating
signal f, (t) we define the function fs,, (t) as:

4
f3,, (t) = mg sin(wot) + ?t —4n —2 (B.66)

S

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.64 as:

flbl (tllbl )

mg sin(woti1,, ) + Tistll —4n +2

tig,, = t11,, — m =t11,, — o cos(@obin, ) + Tis (B.67)
where the initial guess ¢1;,, is given by:
ti,, = T, (4n —2) for 0 < tyy,, < myT, (B.68)
After ¢ successive approximations we will have equation B.67 written as:
_ St (i) (B.69)

e =B T ()
b1 b1

Similarly using the Newton-Raphson method we approximate the root of equation B.65

as:
f2b1 (t2) Mq Sin(wothl) - Tist21b1 +4n
ooy, =tory, — 7~ =l — 1 (B.70)
fébl(t21b1> Wong C()S(C00t21b1) -7
where the initial guess ?91,, is given by:
o1, = iTS - (4n) for 0 < tg1,, < myTy (B.71)
After ¢ successive approximations we will have equation B.70 written as:
lo;
f2b1( 261) (B?Q)

Lo(i41), = 20y — fQ/ (ta,,)
b1 \ 741

And similarly using the Newton-Raphson method we approximate the root of equation
B.66 as:

mg Sin(th31b1> + %tgbl —4n —2

flbl (t3161 )

t =1 - = =1 -
3261 31b1 flbl (t3lbl ) 31b1

B.73
WMy cos(wots,, ) + Tis ( )

where the initial guess ?3;,, is given by:

t3161 = iTs . (477, + 2) for 0 < t31b1 < mes (B74)
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After ¢ successive approximations we will have equation B.73 written as:

o f3b1 (t3ib1)

153(i+1)b1 = 13, f;:; (tg- ) (B.75)
b1 b1

Now we consider the pwm resulting from the intersection of f.1,,, fe,, and fes,, with f,, .
First we look at the pulse formed between #1(;41),, and f5(;11),,. The width of this pulse

is given by
W1b1 = t2(i+1)bl - tl(i-{-l)bl

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Flw) = /_ (Ve ot dy

= -t (e_jWO(tQ(i+1)bl_tl(i+1)bl))
Jw%o

(B.76)

and the Fourier transform of the positive pulses generated by shifting the pulse between

Lii+1),, and taty,, by to1,, where 21, is given by:

W
Lor,, = t1@i+1),, + 21b1 (B.77)
can be represented as follows:
METSE
F(w) = /W21b1 (V;)e—jwote—j%tmbl dt
—T3
— _.& (efjwo(t2(¢+1)b1 *h(iﬂ)bl)e—jwotmbl)

Jwo

(B.78)

Similarly we consider the pulse formed between ty;41),, and #3311, in Figure B.7. The

width of this pulse is given by:

W2bl = t3(i+1)b1 - tQ(i+1)b1

and its Fourier transform using the negative pulse results in:

Wy,
F@) = [, (Ve di

Vi

= - (e*jwo(ta(iﬂ)bl *t2(¢+1)b1))
JwWo

(B.79)
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The shifting of this negative pulse by tgg,, is done similar to the one shown in Figure B.4

where tgg,, is given by:

W
Loz, = logit1)y T 22“ (B.80)
The resulting Fourier transform of the shifted negative pulse is given by:
Woy,
2
= £ (G_jwo(t3(i+1)b1 _t2(i+1)b1)€—jw0to2bl)
J@o
(B.81)

To obtain the spectrum of Sy (w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.5 for S, (w).
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Figure B.16: Phase spectrum of Sy (w) generated using (a) Newton-Raphson
simulation and (b) Theory
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B.2.6 Derivation of the spectrum for the switching function
Sbg(t)

In this subsection we derive equations that are necessary for the plotting of Sye(w) spec-
trum. The procedure is the same as in subsection B.2.5 except that the carrier signal in

Figure B.17 is out of phase by 180 degrees with the one in Figure B.15.

1 e M) fa, () S2() ]
0.5 _
0
-0.5 fe (t) .
b
_17¢
fa, () . . .
0 _S Ts g 2Ts E 3Ts
2 2 2

Figure B.17: Newton-Raphson method of switching function sp(t)

Modulation signal f,,(t) is given by:
2
frb(t) = Mg Sin(wot - ?ﬂ-) (B82)

The falling side of the carrier signal f.,,(t) is given by:

4
f01b2 (t) = _Tt + 4<n - 1) (B83)
The rising side of the carrier signal f.,,(t) is given by:
4
fera(t) = 7t — dn +2 (B.84)

The next falling side of the carrier signal f.s,,(¢) is given by:

4
fes,,(t) = _Tt + 4n (B.85)
Where the falling side of the carrier signal f.;,,(¢) intersect the modulating signal f,, ()
we define the function fi,,(t) as:

5 (t) = masin(wot) + %t —4(n—1) (B.86)

S
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and where the falling side of the carrier signal fy,,(f) intersect the modulating signal f,, ()
we define the function fy,,(t) as:

4
fa,, (t) = mgsin(wpt) — ?t +4n —2 (B.87)

S

and similarly where the rising side of the carrier signal fs,,(f) intersect the modulating
signal f, (t) we define the function f,,(t) as:

4
f3,,(t) = mg sin(wot) + ?t —4n (B.88)

S

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.86 as:

f1b2 (t11b2 )

Mg sin(wotin,) + 7t — 4(n — 1)

ti2,, = t11,, — m =t11,, — oy cos(@oti) Tis (B.89)
where the initial guess ¢1;,, is given by:
ti, = T, -4(n—1) for 0 < tyy,, < myT, (B.90)
After ¢ successive approximations we will have equation B.89 written as:
_ Sua(tii) (B.91)

e = TR ()
b2 b2

Similarly using the Newton-Raphson method we approximate the root of equation B.87

as:
f2b2 (t2) Ma Sin(w0t2b2) B Tist21b2 +4n — 2
t2262 = t21b2 - N t21b2 - 1 (B.92)
f2b2 (t21b2) WoMmyg, COS(w0t21b2) - T
where the initial guess ?91,, is given by:
lo, = iTS -(An —2) for 0 < tyy,, < myTy (B.93)
After ¢ successive approximations we will have equation B.92 written as:
loi
f2b2( 262) (B94)

L2(i41)p, = 120y, — fQ/ (tai,,)
b1 \ 742

And similarly using the Newton-Raphson method we approximate the root of equation
B.88 as:

: 4
mg sin(wots,,) + 7:ts, —4n

f1b2 (t3162 )

t =1 - = =1 -
3262 31b2 flbg (t3162) 31b2

B.95
womMmy cos(wots,,) + T% ( )

where the initial guess 231, is given by:

t3162 = iTs -4n for 0 < t31b2 < mes (B96)
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After ¢ successive approximations we will have equation B.95 written as:

o f3b2 (t3ib2)

t3(i+1)b2 = 13i,, f;:; (tg- ) (B.97)
b2 b2

Now we consider the pwm resulting from the intersection of f.1,,, fe,, and fes,, with f,, .
First we look at the pulse formed between #1(;41),, and f5(;11),,. The width of this pulse

is given by
W1b2 = t2(i+1)bg - tl(i+1)b2

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Flw) = / (Ve ot dy

= —- (e—jwo(tQ(i+1)b2 _tl(i+1)62))
JWo

(B.98)

and the Fourier transform of the positive pulses generated by shifting the pulse between

Li(i+1), and togit1y,, by to1,, Where Zg1,, is given by:

W
Lo, = L1+t + 21b2 (B.99)
can be represented as follows:
Wiy
F(w) = /W21b2 (V;)e—jwote—j%tmw dt
T3
— _i (e*jwo(fa(iﬂ)w*tl(i+1)b2)€—jw0t01b2)
Jwo
(B.100)

Similarly we consider the pulse formed between ty(1),, and t3(;11),, in Figure B.7. The

width of this pulse is given by:

Wsz = t3(i+1)b2 - tQ(i+1)b2

and its Fourier transform using the negative pulse results in:

Wy,
F@) = [, (Ve di

Vi

= - (e*jwo(ta(iﬂ)bg ~12(i41)pa ))
JwWo
(B. 101)
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The shifting of this negative pulse by tgg,, is done similar to the one shown in Figure B.4

where tgg,, is given by:

W-
tozy, = ta(iv1),, T 22” (B.102)
The resulting Fourier transform of the shifted negative pulse is given by:
Wapy
F(u)) = /_@(_Vi)e—jwote—jmtmw dt
2
— £ (e—ij(ts(i+1)b2—t2(i+1)b2)€—jwot02b2)
JWo

(B.103)

To obtain the spectrum of Syy(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.5 for S, (w).
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Figure B.18: Phase spectrum of Sp(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.7 Derivation of the spectrum for the switching function
Sdb(t)

In this subsection we derive equations that are necessary for the plotting of Sy (w) spec-
trum. We use the definition of sg(t) to obtain Figure B.19 from Figures B.15 and B.17.
The width of the positive pulse is given by:

Wi = tatiriye = Ty, (B.104)
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Figure B.19: Newton-Raphson method of switching function sg(t)

The Fourier transform of the positive pulses generated by shifting the pulse between

tl(i+1)b2 and t2(i+1)b2 by t01sdb where t01sdb is given by

1%
totaa = t(i+1) T ;“"’ (B.105)
is given by:
Wisap
F@) = [, (Ve e oo
T2
Vi

- (efjwo(t2(¢+1)b2 7t1(i+1)b2)67jw0t013db )
JWo
(B.106)

The width of the negative pulse is given by:

W2sdb = t2(i+1)b1 - tl(i+1)b1 (B107)
The Fourier transform of the negative pulses generated by shifting the pulse between
Li(i+1),, and tagqr),, by ftoz,,, where too , is given by:

W

t02,0p = L1(it 1) T QSdb (B.108)
is given by:
MENS
2 Ciw W
Flw) = /WQQEJZ(_%)Q Juotgiwotora
= E (eijwo(b(”l)m7t1(i+1)b1)€*jwot023db)
JWo

(B.109)
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To obtain the spectrum of Sg(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.10 for Sy, (w).
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Figure B.20: Phase spectrum of Sq(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.8 Derivation of the spectrum for the switching function
Stb(t)

In this subsection we derive equations that are necessary for the plotting of Sy,(w) spec-
trum. We use the definition of sy (¢) to obtain Figure B.21 from Figures B.15 and B.17.
The width of the negative pulse between ta(;1 is given by:

and t1(;11

)b2 )bl

Wlsdb = tl(i+1)b1 - t2(i+1)b2 (B'110>
The Fourier transform of the negative pulses generated by shifting the pulse between
t2(i+1)b2 and tl(iJrl)bl by t01stb where t01stb is given by

Wi,
t01stb = t2(i+1)b2 + % (Blll)

is given by:
Wlstb

F@) = [, (CWete s

_ lstb
2
Vi

Jwo

(e—jwo(t1(i+1)b1 —l2(i41)pg )efjwot(nstb)

(B.112)



CHAPTER B — NEWTON-RAPHSON SIMULATION

. fa (1) fon(t) feg, (D) ]
fczb2 (t)
05} i
fesl, (t)
0

-0.5- frbl(t) i
_1 _7; J—

fCle (t) 1 1 1 Sbn (t) 1

0 _S TS g 2Ts E
2 2 2

Figure B.21: Newton-Raphson method of switching function sgu(t)

183

The width of the negative pulse between ty;;1),, and t341),, by toz,,, is given by:

Wa, = ta(i+1), — L2(i+1)n

(B.113)

The Fourier transform of the negative pulses generated by shifting the pulse between

t2(i+1)b1 and t3(i+1)b2 by togstb where togstb is given by
Ws
o2, = l2(it1)y T QStb
is given by:
WQstb
F@) = [y, (Ve ety
— et
— £ (B*J‘wo(t?,(iﬂ)m*t2(¢+1)b1)e—jwotmstb)
JWo

(B.114)

(B.115)

To obtain the spectrum of Sy, (w) we sum up all the Fourier transform for the positive

pulses over any number of cycles of the switching period. The amplitude spectrum is the

same as the one shown in Figure B.13 for Sy, (w).
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Figure B.22: Phase spectrum of Sy(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.9 Derivation of the spectrum for the switching function
Scl(t)

In this subsection we derive equations that are necessary for the plotting of S.;(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the reference signal

in Figure B.23 is out of phase by 240 degrees with the one in Figure B.2.

: :
) i\% (t) syt)
1 f. (t)
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0
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2 2 2

Figure B.23: Newton-Raphson method of switching function s (t)
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Modulation signal f,. () is given by:
) 2m
fr.(t) = mg sin(wot + 3) (B.116)

The rising side of the carrier signal f.;_, (¢) is given by:

faa(®) = 7t =40~ 1) (B.117)

The falling side of the carrier signal f.o, () is given by:

4
fe2, (1) = —qltdn =2 (B.118)

The next rising side of the carrier signal f.s., () is given by:

4
fesr (£) = =t — dn (B.119)

Where the rising side of the carrier signal f.i,(¢) intersect the modulating signal f, (¢)
we define the function fi ,(¢) as:

f1., (1) = mg sin(wot) — %t +4(n—1) (B.120)

S

and where the falling side of the carrier signal f.o, () intersect the modulating signal
fr.(t) we define the function fs ,(t) as:

4
fo., (t) = mg sin(wot) + Tt —4n + 2 (B.121)

S

and similarly where the rising side of the carrier signal f.s_, (¢) intersect the modulating
signal f, (t) we define the function f3 () as:
4
fa., (t) = mg sin(wot) — ?t +4n (B.122)

S

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.120 as:

t Mg sin(wotiy, — At +4n—1
tig, =ty — M =t — Wohna) — 7tn i ) (B.123)
Jia, (t11,,) womyg cos(Woti1,,) — T
where the initial guess #11,, is given by:
ln, = T -4(n—1) for 0 < tyy, < myT, (B.124)
After i successive approximations we will have equation B.123 written as:
1
flcl( 101) (B125)

s =t = )
cl lcl
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Similarly using the Newton-Raphson method we approximate the root of equation B.121

as:
f . t mg Siﬂ(a}()tzc ) -+ itglc —4n + 2
oo, = lo1,, — M = to1,, — . (B.126)
fou (t21,1) wom, cos(wotar,, ) + T
where the initial guess t9;_, is given by:
a1, = T (4n—2) for 0 < tor,, < myT, (B.127)
After ¢ successive approximations we will have equation B.126 written as:
Lo
f2c1( 201) (B128)

s =t = )
cl lcl

And similarly using the Newton-Raphson method we approximate the root of equation
B.122 as:

: 4
J1a (t31, Mg sin(wotsy,, ) — 7-t3., +4n
32, = t31,, — # =31, — T T (B.129)
flcl (t31c1> W COS(WOt?,lcl) - T_s
where the initial guess t3;,, is given by:
l31,, = T, -4n for 0 < tg,, < myT, (B.130)
After ¢ successive approximations we will have equation B.129 written as:
lsi
fgcl( 301) (B131)

fotee s =i = )
cl lcl

Now we consider the pwm resulting from the intersection of f.1_,, feo., and fes,, with f,..
First we look at the pulse formed between Z(;11)., and #5(41),,. The width of this pulse

is given by:
Wi = tait1)a — it Da

Now following the same method as in section B.2.1 the Fourier transform of the negative

pulse is given by:

Wi
Flw) = /_ wy, (Vi)e 0t
2
- _E( *jwo(t2(¢+1)cl*t1(¢+1)01)>
Jwo

(B.132)

and the Fourier transform of the negative pulses generated by shifting the pulse between

Li(i+1)e; and fogit1y., by fo1,, Where to;,, is given by:

W
ot = tigi+)ea T 2161 (B.133)
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can be represented as follows:

chl
5 , .
_ _ —Jwot ,—jwolo1
Flw) = / w (~Vperdenteieotoa gy
Mo
_V;/ (e_jWO(tQ(i+l)Cl_tl(i+1)cl)e_jwot01cl)
JWo

(B.134)

Similarly we consider the pulse formed between ty(;41),, and 3311y, in Figure B.23. The

cl

width of this pulse is given by:

Wa., = 13(i11)0 — 2(i41)et

and its Fourier transform using the positive pulse results in:

W2c1
2

F@) = [, (Ve dt

- & (e—jWO(ts(i+1)C1 —t2(i41) ¢y ))
JWo

(B.135)

The shifting of this positive pulse by Zps,, is done similar to the one shown in Figure B.4

where %2, is given by:

W-
o2 = ta@it1)e T 22°1 (B.136)

The resulting Fourier transform of the shifted positive pulse is given by:

Wo
2Q1
= —jwot ,—jwotoz,
Flw) = / v (Vi)e 90 Lt
SN
= _—V; (7jw0(t3(i+1)c17t2(i+1)c1)efjw0t02c1)
JWo

(B.137)

To obtain the spectrum of S.(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.5 for Sy (w).
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Figure B.24: Phase spectrum of S.i(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.10 Derivation of the spectrum for the switching function
ch(t)

In this subsection we derive equations that are necessary for the plotting of S.o(w) spec-
trum. The procedure is the same as in subsection B.2.9 except that the carrier signal in

Figure B.25 is out of phase by 180 degrees with the one in Figure B.23.

1 1) 1
(t
j)
05F  fa,(t) o (1) i
0
-0.5¢ i
N ) B

0 E Ts 3Ts 2T,
2

Figure B.25: Newton-Raphson method of switching function s.(t)
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Modulation signal f,. () is given by:
) 2m
fr.(t) = mg sin(wot + 3) (B.138)
The rising side of the carrier signal f.;_,(t) is given by:
4
fora() = =t —dn+2 (B.139)
The falling side of the carrier signal f._,(t) is given by:
4
feo, () = —?t + 4n (B.140)
The next rising side of the carrier signal f.3_,(¢) is given by:

4
fesat) = ot —dn —2 (B.141)

Where the rising side of the carrier signal f.i,(¢) intersect the modulating signal f, (t)
we define the function f; ,(t) as:

4
f1.,(t) = mg sin(wot) — Tt +4n — 2 (B.142)

S

and where the falling side of the carrier signal f.,(t) intersect the modulating signal
fr.(t) we define the function fs ,(t) as:

4
fo., (t) = mg sin(wot) + Tt —4n (B.143)

S

and similarly where the rising side of the carrier signal f._,(¢) intersect the modulating
signal f, (t) we define the function f3,(t) as:
4
fa.,(t) = mg sin(wot) — ?t +4n + 2 (B.144)

S

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.142 as:

t Mg sin(wotiy, — At +4n—2
l12, = 11,5 — M =t — Wohna) — 7t 1 (B.145)
i (t11.) Womg cos(Wot11,,) — T
where the initial guess #1,, is given by:
i, = T (4n—2) for 0 < ty1,, < myT, (B.146)
After i successive approximations we will have equation B.145 written as:
1
f1c2( 102) (B147)

s = hie = )
c2 1c2
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Similarly using the Newton-Raphson method we approximate the root of equation B.143

as:
fo, (1 Mq sin(wots,,) + =~to1,, — 4n
L9, = lo1., — M = ta1,, — T (B.1483)
fou(t21.5) Wom, cos(Wotar,,) + T
where the initial guess 97 , is given by:
lo, = T, - (4n) for 0 < toy,, < myT, (B.149)
After ¢ successive approximations we will have equation B.148 written as:
Lo
f2c2( 202) (B150)

s = e = ()
c2 1c2

And similarly using the Newton-Raphson method we approximate the root of equation
B.144 as:

t Mg sin(wols,,) — ts, +4n + 2
132, = 31,0 — M = 1310, — S A 1 (B.151)
flcg (t31.2) W €os(Wots1,,) — T,
where the initial guess ¢3;_, is given by:
l31,, = T, (dn+2) for 0 < sy, < myT, (B.152)
After ¢ successive approximations we will have equation B.151 written as:
lsi
12302 ( 3ic2 ) (]E;.]>Eszg)

U3(i+1)e2 = t3ice — 7
(e P fra(tain)
Now we consider the pwm resulting from the intersection of f._,, feo., and fes_, with f...
First we look at the pulse formed between #;(;;1., and #3(41).,. The width of this pulse
is given by:
Wi, = taivn)e = i)

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Flw) = /_ w, (—Vi)e I dt
A

: (e*jwo(t2(i+1)02 *t1(¢+1)02)>
Jwo

(B.154)

and the Fourier transform of the positive pulses generated by shifting the pulse between

L1(i+1)e and o311y, by fo1,, Where to;,, is given by:

W
o1, = ti(it1)er T 2162 (B.155)
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can be represented as follows:

w1 c2
2

F@) = [, (V)es=te st
-

_ Vt (e—jwo(tz(iH)CQ —tl(i+1)c2)e—jwot0102)
JWo

(B.156)

Similarly we consider the pulse formed between ty(;11)., and 3311y, in Figure B.25. The

width of this pulse is given by:

Wa, = 13(i11)e2 — t2(i1)e

and its Fourier transform using the negative pulse results in:

W2c2
2

F@) = [, (“Viertat

— £ (e_jWO(tS(i-&-l)CQ —t2(i41) g ))
Jwo

(B.157)

The shifting of this negative pulse by #g,,_, is done similar to the one shown in Figure B.4

where %2, is given by:

W-
to2es = l2(it1)er T 22°2 (B.158)

The resulting Fourier transform of the shifted negative pulse is given by:

W22

2 . .
_ _ —Jjwot ,—jwotoz,
Flw) = /W%Q( ¥ )e ot g=dwotozgs iy
W
—‘/t (eijw()(t3(i+1)c27t2(i+1)c2)efjw0t02c2)
JwWo

(B.159)

To obtain the spectrum of S.o(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.5 for Sy (w).
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Figure B.26: Phase spectrum of Seo(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.2.11 Derivation of the spectrum for the switching function
Sdc(t)

In this subsection we derive equations that are necessary for the plotting of Sy.(w) spec-

trum. We use the definition of s4.(f) to obtain Figure B.27 from Figures B.23 and B.25.

() T2 () |
1r fcslt ]
7 /\ C(\) . ft) /\ /\
0.5}) 4
0
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A Xéxo, | I3
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Figure B.27: Newton-Raphson method of switching function sq.(t)
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The width of the positive pulse is given by:
Wige = B2t = tin)a (B.160)

The Fourier transform of the positive pulses generated by shifting the pulse between

tl(i—l—l)cl and t2(i+1)cl by tOlsdc where t01sdc is given by

4%
bot,a = t1(i+1)e + % (B.161)
is given by:

lsde

F@) = [, (e oo
— QSC

- _i (e—jWO(tQ(iH)cl—tl(i+1)cl)e—jWOt01sdc)
Jw%o
(B.162)
The width of the negative pulse is given by:
Wosse = ta(ir)es = t1(i41)e (B.163)

The Fourier transform of the negative pulses generated by shifting the pulse between

L1(i+1)e and fo(i11)., by Loz, Where oy, is given by:

W
t02sdc = t1(1+1)02 _'_ % (B164)
is given by:
2sde
Flw) = / ° (_Vt)e*jwte*j%tmsdc dt
,W_QQSJJ&
Vi

- (eiij(t2(i+1)c27t1(7;+1)02)eijwotOQSdc)
JWo

(B.165)
To obtain the spectrum of Sg.(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one shown in Figure B.10 for Sy, (w).
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In this subsection we derive equations that are necessary for the plotting of S;.(w) spec-

trum. We use the definition of s;.(t) to obtain Figure B.29 from Figures B.23 and B.25.
Figure B.29: Newton-Raphson method of switching function s.(t)

Figure B.28: Phase spectrum of Sy.(w) generated using (a) Newton-Raphson
B.2.12 Derivation of the spectrum for the switching function
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The width of the positive pulse between t5(;41),, and ty(;41),., is given by:

Wige = titn)e = ta@41)a (B.166)

The Fourier transform of the positive pulses generated by shifting the pulse between

t2(i+1)c1 and tl(i+1)c2 by tOlstc where t01stc is given by

1%
torge = t2(i+1)e T # (B.167)
is given by:
1ste
TR r—
— 23 C
— _.& (e_jwo(tl(i+1)c2_t2(i+1)c1)6_jwot01st0)
J@o
(B.168)
The width of the positive pulse between Zy(;41)., and t3(;11y., by fo2,,. is given by:
Wase = 364 1)er — Lo(it1)er (B.169)

The Fourier transform of the positive pulses generated by shifting the pulse between

Lo(it1)e and t3(i11),, by fo2,,. Where gy, is given by:

W
o2, = t2(i41)e T % (B.170)
is given by:
WQstc
F(W) - / Wzstc (‘/;)eijWOteijWOtOQStc dt
=2
Vi

__t (efjwo(t3(i+1)cl *t2(¢+1)02)€*jw0t025tc>
Jwo

(B.171)

To obtain the spectrum of S;.(w) we sum up all the Fourier transform for the positive

pulses over any number of cycles of the switching period. The amplitude spectrum is the

same as the one shown in Figure B.13 for Sy, (w).
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Figure B.30: Phase spectrum of Si.(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.3 Newton-Raphson Method for Simulation of a

3-cell converter

The main purpose of this section is to use Newton-Raphson simulation method for plotting
the spectrum of the switching functions of 3-cell multicell converter. This will then be
compared with the spectrum obtained using double-Fourier analysis. The spectrum for
the switching functions s,1(t), sp1(t) and s (t) are the same as those derived for 2-cell

converter.

B.3.1 Derivation of the spectrum for the switching function
Sag(t)

In this subsection we derive equations that are necessary for the plotting of Sys(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier signal in
Figure B.31 is out of phase by 120 degrees with the one in Figure B.2.

Modulation signal f,. (t) is given by:

fro (t) = mg sin(wot) (B.172)
The rising side of the carrier signal f.1,,(t) is given by:
4 8
foalt) = 7t = (n =) (B3
The falling side of the carrier signal f._,(t) is given by:

frast) = ot + (4 2) (BAT4)
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Figure B.31: Newton-Raphson method of switching function s.o(t)

The next rising side of the carrier signal f.3,,(t) is given by:
4 10
3.0(1) = =1 — (4 - B.175
feaa®) = ot = (4 + ) (BT
Where the rising side of the carrier signal f.,,(¢) intersect the modulating signal f,., (¢)
we define the function fi,, () as:
4 8
f1,.(t) = mg sin(wot) — Tt + (4n — §) (B.176)
and where the falling side of the carrier signal f;_,(¢) intersect the modulating signal f, ()
we define the function fs ,(t) as:
4 2
fo,.(t) = mg sin(wot) + Tt — (4n — §) (B.177)
and similarly where the rising side of the carrier signal f.3,,(¢) intersect the modulating
signal f,, (t) we define the function f;_,(t) as:
. 4 10
f3,,(t) = mg sin(wgt) — ?t + (4n + 3) (B.178)
Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.176 as:

f1a2 <t11a2) Mq Sin(th11a2> - TistllaQ + (4n — %)
1202 = W1y — 77y = Uler — T (B.179)
Jia (t11,,) womMmyg cos(woti1,,) + 7
where the initial guess ¢7,, is given by:
bl = iTS - (4n — %) for 0 < ty1,, < mTy (B.180)
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After ¢ successive approximations we will have equation B.179 written as:

f1a2 (tlia2>

tl(i+1)a2 =115, — f{ (tl‘ ) (B.181)
a2 1a2

Similarly using the Newton-Raphson method we approximate the root of equation B.177

as:
Jou (t Mo sin(wota,,) + 7-ta1,, — (4n — 3)
122, = 2145 — M =121, — Lm0 3 (B.182)
f2a2(t21a2) WoTlg COS(wotmag) -7
where the initial guess 97 , is given by:
b, = 1T (4n—32) for 0 < ty1,, < myT, (B.183)
After i successive approximations we will have equation B.182 written as:
lo;
f2a2( 2&2) (B184)

ot = Baiee =g )
a2 a2

And similarly using the Newton-Raphson method we approximate the root of equation
B.178 as:

J1a (t31,5) Mg sin(wotsy,,) — 7l3,, + (4n+ %)
13202 = 1810 — 75—\ = U8lax — T (B.185)
f1ao(t3102) wommg cos(wotsi,,) + 7r
where the initial guess #3;,, is given by:
131, = T, - (4n+ ) for 0 < tg1,, < myT, (B.186)
After ¢ successive approximations we will have equation B.185 written as:
l3i
_ f3a2( 3a2) (B187)

13(i+1)a2 = U3ias T (fai)
a2 1a2

Now we consider the pwm resulting from the intersection of f.,,, fe2,, and fes,, with f;,.
First we look at the pulse formed between #;(;11,, and ta(11),,. The width of this pulse

is given by:

Wiao = t23i41)02 — L1(i11)a2

Now following the same method as in section B.2.1 the Fourier transform of the negative

pulse is given by:

W1a2
F) = [, (~Wed
-
_ i (e—jwo(tz(i+1)a2_tl(i+1>a2))
JWo

(B.188)
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and the Fourier transform of the negative pulses generated by shifting the pulse between

tl(i+1)a2 and t2(i+1)a2 by t01a2 where t01a2 is given by

1%
t01a2 = tl(i+1)a2 + 21a2 (B189)
can be represented as follows:
Mgy
Flw) = [@(—%)e’jwwe’jwotmwdt
2
— & (efjwo(t2(i+1)a2*t1(¢+1)a2)€*jwot01a2)
JWo

(B.190)

Similarly we consider the pulse formed between t5(;41),, and t3(41),, in Figure B.31. The

width of this pulse is given by:

Waus = t3(i41)02 — 2(i11)a2

and its Fourier transform using the positive pulse results in:

W2a2
F@) = [, (We
2
— _i (e—jwo(ts(i+1)a2—tz(i+1)a2))
Jw%o
(B.191)
The shifting of this positive pulse by tg2,, Wwhere tpg,, is given by:
W
t02a2 = t2(i+1)a2 + 22a2 (B192)
The resulting Fourier transform of the shifted positive pulse is given by:
W2a2
-
— _.& (e*jwo(t3(¢+1)a2*t2(i+1)a2)€*]’w0t02a2)
JWo
(B.193)

To obtain the spectrum of S,o(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for Sys(w) in the 2-cell multicell converter shown in Figure
B.5.
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Figure B.32: Phase spectrum of Sye(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.3.2 Derivation of the spectrum for the switching function
Sag(t)

In this subsection we derive equations that are necessary for the plotting of S,3(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier signal in

Figure B.33 is out of phase by 240 degrees with the one in Figure B.2.
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Figure B.33: Newton-Raphson method of switching function s,3(t)
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Modulation signal f,. (t) is given by:
fro (t) = mg sin(wot) (B.194)

The falling side of the carrier signal f.1,,(t) is given by:
4 10

Jeras(t) = Tt (4n — =) (B.195)
The rising side of the carrier signal f._,(t) is given by:
4 4
fena(®) = 2t = (4= 3) (B.196)
The next falling side of the carrier signal f.3,,(¢) is given by:
4 2
Jesus(t) = =t + (dn + 3) (B.197)

Where the falling side of the carrier signal f. ,(t) intersect the modulating signal f,, (t)
we define the function fi,,(¢) as:
4
f1,5(t) = mg sin(wot) + ?t — (4n — 3) (B.198)
and where the falling side of the carrier signal f;_,(¢) intersect the modulating signal f, ()
we define the function f () as:
4 4
fo,5(t) = mg sin(wgt) — Tt + (4n — g) (B.199)
and similarly where the rising side of the carrier signal f.3_,(t) intersect the modulating
signal f, (t) we define the function f3_,(t) as:
4 2
f3.5(t) = mg sin(wot) + Tt — (4n+ g) (B.200)
Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.198 as:

~ S1s(tng,)

Mg sin(wotyy,,) + Tistnag, — (4n — 13—0)

12,5 = ti,s 7 (h) =t — o cos(@oty) T 2 (B.201)
where the initial guess #;1,, is given by:
t1,, = T, - (4n— ) for 0 < tyy,, < myT, (B.202)
After ¢ successive approximations we will have equation B.201 written as:
G (B.203)

U(i41)as = tlies — 77 77—
(4 1)a P flas(tris)
Similarly using the Newton-Raphson method we approximate the root of equation B.199

as:

faus(ta) Mg sin(Wota,s) — 7-ta1,, + (40 — 3)

=1 - (B.204)

122,5 = 21,5 — 7
2(13

4
t21a3 wWomyg, COS(W0t21a3) —
Ts
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where the initial guess 91, is given by:

b, = T, - (4n — 3) for 0 < toy,, < myT, (B.205)

After i successive approximations we will have equation B.204 written as:

f2a3 (tQiaa)

t2(i+1)a3 — t2ia3 - fé (t2 ) (B206)
a3 ta3

And similarly using the Newton-Raphson method we approximate the root of equation
B.200 as:

t Mg sin(wotsy,,) + =~t3,, — (4n + 2

tan,, = ta1, — o llotes) _ ta1,, — (ofstas) + 7,5 (4 ) (B.207)
Jiz (3103) WoTg €os(Wotsi,,) + T,
where the initial guess t3;,, is given by:

l31,s = T, - (4n+ 2)n for 0 < tg1,, < myT, (B.208)

After i successive approximations we will have equation B.207 written as:

lsi

f3a3( 3a3) (B209)

t3(i+1)as = t3ias — 7 (o)
a3 ta3

Now we consider the pwm resulting from the intersection of f. ., fe2,, and fes ., with f;,.
First we look at the pulse formed between #;(;41),, and f(i41),,- The width of this pulse

is given by:
Wi, = ta(i+1)as — t1(i41)as

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

W_%Li

Flw) = /Wis(vgefjwotdt

2

— _i (e*jwo(t2(¢+1)a3*tl(iﬂ)ag))
Jw%o
(B.210)
and the Fourier transform of the positive pulses generated by shifting the pulse between
L1(i+1)as a0d T23i41),5 DY to1,5 Where £o1,, is given by:
WlaB
2
can be represented as follows:

101,53 = t1(i41)0s T+ (B.211)

Wigs
F(w) = /iﬁ(vt)e*jwote*j%tma?,dt

2

Vi

= _.—( 7jw0(t2(i+1)a37t1(i+1)a3)€*jwoto1a3)
Jwo
(B.212)
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Similarly we consider the pulse formed between t5(;11),, and t3(i11),, in Figure B.33. The

width of this pulse is given by:

Waus = t3(i41)as — b2(i11)as

and its Fourier transform using the negative pulse results in:

W2a3

F(w) et / VV22 3 (—‘/t)e_jwotdt
-
_ i (e—jwo(ts(i+1)a3_tQ(i“)aS))
Jwo

The shifting of this negative pulse by go,, Where g3 , is given by:

W2a3
2

L02,5 = T2(i+1)03 T

The resulting Fourier transform of the shifted negative pulse is given by:

Wagg
F(w) = /éﬁ(_%)efjwotefjwotozag dt

2

Vi

= — (efjwo(%(iﬂ)as —ta(i41)g3) o Iw0t02,3 )
J@o

(B.213)

(B.214)

(B.215)

To obtain the spectrum of S,3(w) we sum up all the Fourier transform for the negative

and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for S, (w) in the 2-cell multicell converter shown in Figure

B.5 Sal (w)
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Figure B.34: Phase spectrum of S,3(w) generated using (a) Newton-Rapson simulation
and (b) Theory

B.3.3 Derivation of the spectrum for the switching function
Sbg(t)

In this subsection we derive equations that are necessary for the plotting of Sy (w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier and

reference signals in Figure B.35 are out of phase by 120 degrees with those in Figure B.2.

T T T T

SRV o _
05+ _

0
-0.5¢ frbl(t)

—F (t)
_l-
0 E Ts E s g g 11T 2T, B E 171 3T
3 2 6 3 2 6 3 2 6

Figure B.35: Newton-Raphson method of switching function sp(t)
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Modulation signal f,, (t) is given by:
27

fry(t) = masin(wot — =) (B.216)
The falling side of the carrier signal f.i,,(t) is given by:
4 2
Je2, (1) = —ft + (4(n—1) - g) (B.217)

The rising side of the carrier signal f.,,(t) is given by:

4 8

fe1,,(t) = 7 (4n — g) (B.218)

The next falling side of the carrier signal f.s,,(¢) is given by:

fez, (1) = —%t + (4n — g) (B.219)

Where the falling side of the carrier signal f.y,,(¢) intersect the modulating signal f,, ()

we define the function fi,,(t) as:

J1,, (1) = mg sin(wot) + %t —(4(n—1)— %) (B.220)

and where the rising side of the carrier signal f5,,(¢) intersect the modulating signal f,, ()

we define the function fs,,(t) as:

fi, (1) = mg sin(wot) — Tit + (4n — 2) (B.221)

and similarly where the falling side of the carrier signal f.,, () intersect the modulating

signal f,, (t) we define the function fs,,(t) as:

4 2
fa,, (t) = mg sin(wot) + ?t — (4n — §) (B.222)
Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.220 as:

by Jipo(t11,,) mg sin(wotin,,) + 7rtin, — (40— 1) — )
12y — Ullyy = 7/, N — Ullye —
. - flbg (t2162) " WOma COS(wotllbg) -

(B.223)
Ts

where the initial guess ?;;,, is given by:

tlle = iTs . (4(n — 1) — %) for 0 < t11a2 < mes (B224)

After i successive approximations we will have equation B.223 written as:

Ji,s (tiyy)
tl(i+1)b2 = t1iy, — W (B.225)
b2 b2
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Similarly using the Newton-Raphson method we approximate the root of equation B.221

as:
t My sin(wot — Ao, +(Un -8
t2252 = t21b2 - f2/b2( 21b2) - t21b2 - ( . 21b2) L, 2o <4 3) (B226)
Jay, (t21,,) wommg cos(wola,,) + 7-
where the initial guess 91, is given by:
tgle = iTs . (477/ — %) for 0 < t21b2 < mes (B227)
After ¢ successive approximations we will have equation B.226 written as:
loi
f2b2( 2 b2) (B.228)

it 1), = 20y — o (o)
b2 b2

And similarly using the Newton-Raphson method we approximate the root of equation
B.222 as:

¢ My sin(wot + 2ty — (4n— 2

taz,, = ta1,, — Fa(fona) _ ta1,, — (olsra) + 7 lons (4 ) (B.229)
o, (t31,5) worng cos(wolsy,,) — 7o
where the initial guess t3;,, is given by:

t3162 = iTs . (477/ — %) for 0 < t31a2 < mes (B230)

After ¢ successive approximations we will have equation B.229 written as:

l3i

f2b2( 362) (B.231)

13(i+1)0 = U3y — i (s
b2 b2

Now we consider the pwm resulting from the intersection of f.1,,, fe,, and fes,, with f,, .
First we look at the pulse formed between #;(;;1),, and t3(41),,. The width of this pulse

is given by:
Wi, = ta(it1)s, = ti(it1)e

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Wipy
RO = ot e
2
N E (efjwo(t2(¢+1)b2 *tl(iﬂ)bg))
J@o

(B.232)

and the Fourier transform of the positive pulses generated by shifting the pulse between
Li(i+1),, and tagiq1y,, by to1,, where 2, is given by:

W1 b2
2

Lo1,, = Liit1),, (B.233)
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can be represented as follows:

Wiy
Flw) = /él(vt)e*jwote*j%tmwdt
T2

Vi

- (eiij(tQ(i‘H)bQ 7t1(i+1)b2)€*jwoto1b2 )
J%o
(B.234)

Similarly we consider the pulse formed between ty(;11),, and 3311y, in Figure B.35. The

width of this pulse is given by:

W2b2 = t3(i+1)b2 - tQ(i+1)b2

and its Fourier transform using the negative pulse results in:

Wy
Flu) = / w,, (—Vi)e 0t d
=
— £ (efjwo(ta(iﬂ)w*t2(¢+1)b2))
JWo
(B.235)
The shifting of this negative pulse by tge,, Where gy, is given by:
W-
tozy, = ta(iv1), T 22” (B.236)
The resulting Fourier transform of the shifted positive pulse is given by:
Wayo
=
— £ (e*jwo(ta(iﬂ)bg *t2(¢+1)b2)€—jw0t02b2)
JWo
(B.237)

To obtain the spectrum of Syy(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for S,;(w) in the 2-cell multicell converter.
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Figure B.36: Phase spectrum of Sy(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.3.4 Derivation of the spectrum for the switching function
Sbg(t)

In this subsection we derive equations that are necessary for the plotting of Sy3(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier and
reference signals in Figure B.37 are out of phase by 120 and 240 degrees respectively with
those in Figure B.2.
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-0.5| frbl(t) i
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Figure B.37: Newton-Raphson method of switching function sys(t)
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Modulation signal f,, (t) is given by:
27

fr (1) = my sin(wot — ?) (B.238)
The falling side of the carrier signal f.i,,(t) is given by:
4 10
Je(t) = =t + (dn — =) (B.239)

The rising side of the carrier signal f.o,,(t) is given by:

4 4

feo,, () = 7 (4n — g) (B.240)

The next falling side of the carrier signal f.s,,(¢) is given by:

feas (1) = —%t + (4n + %) (B.241)

Where the falling side of the carrier signal f.;,,(¢) intersect the modulating signal f,, ()

we define the function fi,,(t) as:

2 4 10
Fria (£) = Mg sin(wot — ?”) ot (= ) (B.242)

and where the falling side of the carrier signal f;,,(¢) intersect the modulating signal f,, ()

we define the function fs,, (1) as:

2 4 4
Foug (1) = g sin(wot — ?”) — gt (dn = 3) (B.243)

and similarly where the rising side of the carrier signal f.s,,(¢) intersect the modulating

signal f,, (t) we define the function fs,,(t) as:

2 4 2
Fau (£) = Mg sin(wot — ?”) +ot— () (B.244)

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.242 as:

J1os (t1155) mg sin(wol11,, — 2 + %tllbs — (4n — 1)
ligs = tinyy — 77— = tinyg — 5 1 (B.245)
f1b3 (tllbg) WoMg COS(Wofn63 - 7) + T,
where the initial guess ?;;,, is given by:
tllbs = iTs . (477, — %) for 0 < t11b3 < mes (B246)
After i successive approximations we will have equation B.245 written as:
J1p5 (F1i
L1(it1)ys = Tliyy — M (B.247)

f{bg (tlibB)
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Similarly using the Newton-Raphson method we approximate the root of equation B.243

as:
f2b3 (t21b3> ma Sin(th21b3 - 2?71-) - Tist21b3 _'_ (477/ — %)
ooy = oy — 7 5y = lang — o 7 (B.243)
f2b3 (t2163) Wollq COS(th21b3 - ?) - T
where the initial guess 91, is given by:
t2163 = iTs . (477, — %) for 0 < t21b3 < mes (B249)
After ¢ successive approximations we will have equation B.248 written as:
loi
f2b3( 2b3) (B250)

it 1)ps = 205 — o (o)
b3 b3

And similarly using the Newton-Raphson method we approximate the root of equation
B.244 as:

J15(t31,5) My sin(wota,,) + 7t3,, — (4n+ 3)
b3, = U315 — 77—\ = 31,5 — — (B.251)
f1b3 (t31b3) WoMnyg, COS(w0t31b3 - ?) + T,
where the initial guess ¢3;,, is given by:
t3163 = iTs . (477, -+ %)n for 0 < t31b3 < mes (B252)
After ¢ successive approximations we will have equation B.251 written as:
l3i
f3b3( 363) (B.253)

3(i+1)s = U3ips — i (s )
b3 b3

Now we consider the pwm resulting from the intersection of f.1,,, fe,, and fes,, with f,, .
First we look at the pulse formed between #;(;;1),, and t3(41),,. The width of this pulse

is given by:
Wi, = Ea(i+1)ps — L1(i41)s

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Fw) = [, (Ve at

= = (e*jwo(tQ(i+1)b3*tl(i+1)b3))
JWo
(B.254)
and the Fourier transform of the positive pulses generated by shifting the pulse between
Li(i+1)ys and tagiq1y,, by to1,, Where tg;,, is given by:

W1 b3
2

Lo1,s = L1(it1),s T (B.255)
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can be represented as follows:

Wpy
Flw) = [@(W)Q*jwote*j%tmbgdt
2

Vi

- (67jw0(t2(1'+1)b3 7t1(i+1)b3)€*jwoto1b3 )
J%o
(B.256)

Similarly we consider the pulse formed between ty(;11),, and t3(11),, in Figure B.33. The

width of this pulse is given by:

W2b3 = t3(i+1)b3 - tQ(i+1)b3

and its Fourier transform using the negative pulse results in:

Wop3
Flu) = / wy, (—Vi)e 0t
=
— £ (efjwo(ta(iﬂ)bg*t2(¢+1)b3))
JWo
(B.257)
The shifting of this negative pulse by tg,, Where g, is given by:
W-
to2,s = b2(i+1)as + 22“” (B.258)
The resulting Fourier transform of the shifted negative pulse is given by:
Waps
=
— £ (e*jwo(ta(iﬂ)b3 *t2(¢+1)b3)€—jw0t02b3)
JWo
(B.259)

To obtain the spectrum of Sy3(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for S,;(w) in the 2-cell multicell converter.
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Figure B.38: Phase spectrum of Sp3(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.3.5 Derivation of the spectrum for the switching function
ch(t)

In this subsection we derive equations that are necessary for the plotting of S.o(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier and
reference signals in Figure B.35 are out of phase by 120 and 240 degrees respectively with
those in Figure B.2.
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Figure B.39: Newton-Raphson method of switching function s.(t)
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Modulation signal f,. () is given by:
) 2m
fr.(t) = mg sin(wot + 3) (B.260)

The rising side of the carrier signal f.;_,(t) is given by:

4 8

fear,(t) = T (4n — g) (B.261)

The falling side of the carrier signal f.,(t) is given by:

faalt) =~ t+ (0 — 2) (B.262)

The next rising side of the carrier signal f.3_,(¢) is given by:

faalt) = 7t = (dn+3) (B:263)

Where the rising side of the carrier signal f.i_,(¢) intersect the modulating signal f, (¢)

we define the function fi ,(t) as:

or. 4 8
Fi(t) = ma sin(wt + g) — gt (An-3) (B.264)

and where the rising side of the carrier signal fs_,(t) intersect the modulating signal f,_(t)

we define the function fs ,(t) as:

2 4 2
ol (1) = My sin(wot + g) ot = (4n = 3) (B.265)

and similarly where the falling side of the carrier signal f.s_,(¢) intersect the modulating

signal f, (t) we define the function f3_,(t) as:

2 4 4
Faa (1) = My sin(wot + %) — b+ (dn+ 3) (B.266)

Now using the Newton-Raphson method discussed in appendix section B.1.2 we approxi-

mate the root of equation B.264 as:

S1es (t11,) Mg sin(woti1,, + 57) — 7, + (4n — 5)
tioey =t — 77— =ty — 1 (B.267)
f15 (t21,) woMyg cos(wot11,, + 7) -7
where the initial guess #1,, is given by:
i, = T, - (4n— %) for 0 < ty1,, < myT, (B.268)
After i successive approximations we will have equation B.267 written as:
11
f1c2( 102) (B269)

s = hie = )
c2 1c2
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Similarly using the Newton-Raphson method we approximate the root of equation B.265

as:
f2c2 (t21c2> Mq Sin(wotﬂcg + 2%) + Tist21c2 — (4n — %)
t2202 = t2102 — s, N 21 — o 1 (BQ?O)
fzcg (t21c2) WoMnyg, COS(Wotzlcg + ?) + T
where the initial guess 97 , is given by:
lo, = T, - (4n—2) for 0 < ta1,, < myT, (B.271)
After ¢ successive approximations we will have equation B.270 written as:
E (T
L2(i41)er = T2ien — M (B.272)

fécg (tQZ'cQ)
And similarly using the Newton-Raphson method we approximate the root of equation
B.266 as:

f3c2 (t31c2> Mq Sin(wotmcg + 2%) — Tist31c2 + (4n —+ %)
32 = 131 — Ty = 31 — T (B.273)
f3¢2 (t31c2) Wy Cos(wotf}lcg + ?) - T_s
where the initial guess ¢3;_, is given by:
l31,, = iTS - (4n + %) for 0 < t31,, < myT; (B.274)
After ¢ successive approximations we will have equation B.273 written as:
lsi
jich ( 3ic2 ) (13.f2,753)

S O
c2 1c2

Now we consider the pwm resulting from the intersection of f._,, feo., and fes_, with f...
First we look at the pulse formed between #;(;;1., and #3(41).,. The width of this pulse

is given by:
Wi, = t23i4 1) — L1+ 1)ea

Now following the same method as in section B.2.1 the Fourier transform of the negative

pulse is given by:

W12

Flw) = /W2 (—V;)e Tet gt

1co
2
— ‘/t (e*jwo(t2(i+1)02 *t1(¢+1)02)>
Jwo

(B.276)

and the Fourier transform of the negative pulses generated by shifting the pulse between

L1(i+1)e and o311y, by fo1,, Where to;,, is given by:

W
o1, = ti(it1)er T 2162 (B.277)
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can be represented as follows:

w1 c2
2

F@) = [ (Ve iy
-

G

_ (e_jWO(tQ(i+l)62 _tl(i+1)c2)e_jwot0102)
JWo

(B.278)

Similarly we consider the pulse formed between ty(;11)., and #3311y, in Figure B.39. The

width of this pulse is given by:

Wa, = 13(i11)e2 — t2(i1)e

and its Fourier transform using the positive pulse results in:

W2c2
Fw) = [, (We i
2
- _i (e_jwo(tli(i+1)c2_t2(i+1)cg)>
Jw%o
(B.279)
The shifting of this positive pulse by tgo,, Where tgo_, is given by:
4%
L02., = t2(i41)er T 2262 (B.280)
The resulting Fourier transform of the shifted positive pulse is given by:
W202
F(w) = /_@(Vi)e—jwote—jwotmd dt
2
— _.& (e—jwo(ts(i+1)c2 _t2(i+1)c2)6_jwot0202)
JWo
(B.281)

To obtain the spectrum of Se.y(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for S,;(w) in the 2-cell multicell converter.
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Figure B.40: Phase spectrum of Sea(w) generated using (a) Newton-Raphson
simulation and (b) Theory

B.3.6 Derivation of the spectrum for the switching function
ch(t)

In this subsection we derive equations that are necessary for the plotting of S.3(w) spec-
trum. The procedure is the same as in subsection B.2.1 except that the carrier and

reference signals in Figure B.41 are out of phase by 240 degrees with those in Figure B.2.

T T T T T
Scs(t)
1 v _
frc(t)
y
0.5} i
0
-0.5- _
OO AR () - ]
1 1 1 1 1 1 1 1 1 1 1
oT T 2 T 7 3T 5y 27,131 5T 8 3T
6 2 3 6 2 3 6 2 3

Figure B.41: Newton-Raphson method of switching function s.(t)
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Modulation signal f,. () is given by:
) 2m
fr.(t) = mg sin(wot + 3) (B.282)

The falling side of the carrier signal f.i,(t) is given by:

Fa(t) = —Tit + (4n — 1—30) (B.283)

The rising side of the carrier signal fe_, () is given by:

feaa () = %t — (4n — %) (B.284)

The next falling side of the carrier signal f.5_,(¢) is given by:

fez.s(t) = —Tist + (4n + %) (B.285)

Where the falling side of the carrier signal f.i_,(t) intersect the modulating signal f, (t)

we define the function f; ,(t) as:

or. 4 10
FL(t) = ma sin(wt + g) ot = (= ) (B.286)

and where the falling side of the carrier signal fi_,(t) intersect the modulating signal f,_(t)
we define the function fs ,(t) as:

2 4 4
Fol (1) = My sin(wot + g) — gt (dn=3) (B.287)

and similarly where the rising side of the carrier signal f._,(¢) intersect the modulating

signal f, (t) we define the function f3,(t) as:

2 4 2
Fau (1) = My sin(wot + %) ot = (n+3) (B.288)

Now using the Newton-Raphson method discussed in appendix we approximate the root

of equation B.286 as:

Jios(t11.5) My sin(wot11,, + %ﬁ) + Tistncg, — (4n — 13—0)
tiggy =t — 77— = i — — (B.289)
flc3 (t1103) wWothg COS(WOtllcg + ?) + T,
where the initial guess ¢, is given by:
i,y = T, - (4n— ) for 0 < ty1,, < myT, (B.290)
After i successive approximations we will have equation B.289 written as:
11
f1c3( 103) (B291)

s = hio g )
c3 1e3
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Similarly using the Newton-Raphson method we approximate the root of equation B.287

as:
f2c3 (t2) Mg Sin(w0t2103 - 2%) - TistmcS + (4n — %)
looey = 21,3 — 7~ = ta1,3 — 5 1 (B.292)
fous (to1.s) woM, cos(Wolal, — ?) - T
where the initial guess 91 , is given by:
lo1, = T, - (4n—3) for 0 <ty < myT, (B.293)
After ¢ successive approximations we will have equation B.292 written as:
J2es (Lai.
La(i41)es = 205 — Taey () (B.294)

faus (taics)
And similarly using the Newton-Raphson method we approximate the root of equation
B.288 as:

t Mg sin(wots,) + =ts, — (4n + 2
13205 = 31,5 — M = 1315 — Wolsi) + 7,15 - ( 7} ) (B.295)
flc3 (t31c3> WoMg COS(w0t31c3 - ?) + TS
where the initial guess t3;_, is given by:
l31,5 = T, - (4n+ 2)n for 0 < tg1,, < myT, (B.296)
After ¢ successive approximations we will have equation B.295 written as:
lsi
f303( 3 CB) (B297)

fotee s =i = )
c3 13

Now we consider the pwm resulting from the intersection of f._,, feo., and fes., with f...
First we look at the pulse formed between t;(;11)., and #5(41).,. The width of this pulse

is given by:
Wi = t23i41)es — t1(i+1)es

Now following the same method as in section B.2.1 the Fourier transform of the positive

pulse is given by:

Mg
Flw) = /_ w, (Vo)e 0t
2
- _E( *jwo(t2(i+1)c3*t1(¢+1)03)>
Jwo

(B.298)

and the Fourier transform of the positive pulses generated by shifting the pulse between

Li(i+1)e; and fo(it1y., by fo1,, Where to;,, is given by:

W-
tores = ta(iv1)es T 2103 (B.299)
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can be represented as follows:

w1 c3
2

F@) = [, (V)esste st
-

Ve

: (e_jWO(tQ(i+1)c3 _tl(i+1)C3)e_jWOt01c3)
JWo

(B.300)

Similarly we consider the pulse formed between ty(;11)., and #3311, in Figure B.41. The

c3

width of this pulse is given by:

Wass = 13(i11)es — L2(i+1)e5

and its Fourier transform using the negative pulse results in:

W2c3
F@) = [, (Ve
-
- E (e_jWO(tS(i+l)C3_t2(i+1)c3)>
JWo
(B.301)
The shifting of this negative pulse by s, Where g9, is given by:
W-
tozes = ta(i+1)es T 2203 (B.302)
The resulting Fourier transform of the shifted negative pulse is given by:
W203
-
— £ (e_jwo(tS(i+l)C3_t2(i+1)c3)6_jwot0203)
JWo
(B.303)

To obtain the spectrum of S.3(w) we sum up all the Fourier transform for the negative
and positive pulses over any number of cycles of the switching period. The amplitude

spectrum is the same as the one for S,;(w) in the 2-cell multicell converter.
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Figure B.42: Phase spectrum of S.3(w) generated using (a) Newton-Raphson

simulation and (b) Theory



Appendix C

Phasor Diagrams

C.1 2-cell Multicell

For convenience we rewrite table 3.1 which was derived in chapter 2 as follows: Table C.1

Table C.1: Values for t,, c and h of background function for 2-cell multicell converter

my Sal Sa2 Sb1 Sb2 Sc1 S¢2
3k |ty 3T, 0 3T, 0 1T,
c -2 0 -2 0 -2
ho| Zsp | 2ep 2| Heyy | Repy 9 Ry, | Zg) 9
3k+1 |t | O :T, 2T, T, AT, —iT,
eJol = [ 5 T 3 [ - [ 3
h | st | et 2| ey — § [y, 2 [ 2y — £ 2npy 42
3k+2|t, | O 3T, T, —<T, 2T, T,
clol = [ -5 T & [ -§ [ -3
AR T T e

is used in evaluating the switching functions for different values of frequency modulation
index my as will be shown below for m;y = 3k, my = 3k + 1 and my = 3k + 2. Also
included in this section is the phasor representation for different cases of S, (w), Su2(w),
Saa(w), Sta(w), Sp1(w), Sp2(w), Sa(w), Sw(w), Se1(w), Sea(w), Sae(w), Sie(w).

C.1.1 For frequency modulation index my = 3k
Phase A
From table C.1 the value of h for the background function of s, () is given by:

h— 2y (C.1)
T

221
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Substituting equation C.1 into the term m“h of equation 3.36 we obtain:

mTwh = Mmwst (C.2)

Now substituting equation C.2 into equation 3.36 we obtain:

Sa(t) = —AOO + Z (Aop cos (nwot) + By, sin (nwyt))

n=1

+ Z mo €0S (mwgt) + By, sin (mwst))

oo *£oo
+ 3 > {Ann cos ((mws + nwo) t)
m=1n==%1
+ By sin ((mws + nwo) £) } (C.3)
From table C.1 for the background function of s,(t) the value of h is given by:
2w,
h="%¢_2 (C.4)
T
Substituting equation C.4 into the term m“h of equation 3.36 we obtain:
h
% = mwst —mm (C.5)
Now substituting equation C.5 into equation 3.36 we obtain:
Saa(t) = —AOO + Z (Aop cos (nwot) + By, sin (nwyt))
n=1
+ Z mo €08 (mwgt — mm) 4+ By, sin (mwgt — mm))
oo *£oo
+ 3 > {Anmn cos ((mw, + nwo) t — mm)
m=1n==%1
+ By sin ((mws + nwo) t — mamr) } (C.6)
Now considering trigonometric terms in equation C.3 and C.6 we have:
st if m = 2k
cos (mwst —mm) = cos(muwst) 1 " (C.7)
—cos (mwgt) if m=2k+1

sin (mwgt — mm) =

sin.(mwst) ?f m = 2k (C.8)
—sin (mwgt) if m=2k+1
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o ) ifm =2k
cos ((mws + nwg)t —mm) = cos (mwst + nuwot) it m (C.9)
—cos (mwst + nwet) if m=2k+1
i st t it m =2k
sin ((mws + nwo) t — mr) = sin (muwst + nuwot) —if m (C.10)
—sin (mwst + nwot) if m =2k +1

Thus the phasor representation for phase A of 2-cell converter when m; = 3k is given by

Figure C.1.
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Switching functi%rg)s Su (@), Siz(w)

1
8

270
(a) m=2k

Switching ftérbction Sta (@)

270
(c)m=2k

Switching fgr(l)cti on S, (w)

Switching functi %r(w)s Su(w), Siz(w)

270
(b) m=2k+1

Switching fuggtion Sia (@)

270
(d)m=2k+1

Switching ftérg)ction Sa (@)

Figure C.1: Phasor representation for phase A of 2-cell converter
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Phase B

From table C.1 the value of h for the background function of sy (¢) is given by:

2w,

m7rh

Substituting equation C.11 into the term of equation 3.36 we obtain:

h
mTW = Mmwsty (C.12)

Now substituting equation C.12 into equation 3.36 we obtain:

sp(ty) = —Aoo + Z (Aopn cos (nwot1) + Boy, sin (nwoty))

n=1
+ Z m0 €OS (Mwgty) + By sin (mwgty))

oo:l:oo

+ 2. 2 {Amn cos ((mw, + nwo) t1)

m=1n=%1
+ By sin ((mws + nwo) t1) } (C.13)

We now substitute back ¢t =t + % into equation C.13 and obtain:

2 2T

su(t) = %Aoo + nf:l (AOn coS (nwo (t — —)) + By, sin (nwo (t - 3—%)))

3w0

+ mzzjl (AmO cos (mws (t - —32;0))
. 2T
+B,,, sin (mws (t — —)))
3w0

—I—i jio { mncos(mws—i—nwo) (t—;—;))

m=1n==%1
2T

+ By sin <(mw8 + nwyp) (t — 3—))} (C.14)

wo
From table C.1 for the background function of s,3(¢) the value of h is given by:

2w,

h=""t -2 (C.15)

m7rh

Substituting equation C.15 into the term of equation 3.36 we obtain:

h
% = mwsty —mm (C.16)
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Now substituting equation C.16 into equation 3.36 we obtain:

spa(ty) = —Aoo + Z (Aon cos (nwot1) + Boy, sin (nwot))
n=1
+ Z mo €08 (mwgty — mm) + B, sin (mwgt; — mm))
co +oo
+ 3 Y {Ann cos ((mw, + nwo) 1 — mm)
m=1n==%1
+ By sin ((mws 4+ nwg) t1 — mm) } (C.17)

We now substitute back t = t; + % into equation C.13 and obtain:

sb2(t) = %AOO + Z <A0n COS <nw0 <t — 32—;>) + By, sin (nwo (t — 2_W)>)
n=1

3w0
# 3 (nocos (mes (1= ) - me)
moCos | mws ([t —— ) —m
m=1 ’ Swo "
. 2T
+B,,, sin (mws <t — —> — mw))
3(,«)0
oo Foo o
+Z Z { mncos(mws+nwo)(t——)—m7r)
m=1n==%1 3600
. 2T
+ B, sin ((mws + nwyp) (t — —) — mw)} (C.18)
3600

Now considering trigonometric terms in equation C.14 and C.18 we have:

2T 2nm
cos (nwo (t — 37)) = cos (nwot — T)
0

cos(nwot) if n=23p
= Ccos (nwot — %’T) ifn=3p+1 (C.19)

cos (nwot + %ﬂ) ifn=3p+2

. 2m i 2nm
sin (nwo (t — g)) = sin (nwot — T)
0

sin(nwot) if n=3p
= sin (nwo — 2?”) ifn=3p+1 (C.20)
sin (nwot + 2%) ifn=3p+2

2 2mm
Ccos (mws (t — —)) = CO0S (mwst — Tmf)

= cos(mwst) (C.21)
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. 2 . 2mm
sin (mws (t — —)) = sin (mwst — Tmf)

3(,«)0
= sin(mwst) (C.22)

2 2mm
CcoSs (mws (t — —) — mw) = CO0S (mwst ———my — mw)
3600 3

B cos(mwst)  if m = 2k (C.23)
B —cos (mwgt) ifm=2k+1 '
. 2m . 2mm
sin (mws <t - —> - mw) = sin (mwst - ——my — mw)
3w0 3
B sin(mwst)  if m =2k (C.20)
B —sin (mwgt) if m=2k+1 '
(( n ) (t 2%)) ( - ; 2mm 2n7r)
cos | (mws + nw — — | | = cos | mwst + nwot — my —
¢ 3wo R !
cos (mwst + nwot) if m=+kandn=3p
cos(mws—l—nwot—%”) ifm=kandn=3p+1
_ cos ( mws + nwp) t + %”) ifm=Fkandn=3p+2 (C.25)
cos (mwst + nwot) ifm=~kandn=-3p
cos(mw5+nw0 —%’T) if m=~Fkandn=—(3p+2)
cos( mws + nwp) t %”) ifm==~kandn=—-3p+1)
) (( . )(t 27?)) ) ( - ; 2mm 2n7r)
sin | (mws + nw — — ) | = sin | mwyt + nwot — ——my — ——
° 3wo T A
cos (mwst + nwot) ifm=Fkandn=3p
sir1((77w)s+7w)0t—%’r ifm=~kandn=3p+1
_ sin ( (mws + nwy) %’r ifm==Fkandn=3p+2 (C.26)

N

sin ((mw, +nwo)t — %) if m=kandn=—3p+2)

ifm==~kandn=—-3p+1)

N

)
)
sin (mwst + nwot) ifm=*kandn=-3p
)
)

((
sin(mws—i—nwo t—l—?
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2 2mm 2nm
cos ((mws + nwp) (t - —) - mw) = cos (mwst + nwot — ——myp — —— — mﬂ')
3wo 3 3

cos (mwst + nwot) if m =2k and n = 3p
ifm=2kandn=3p+1
if m=2k and n =3p+2

mws + nwo t —

Q
@}
wn
BRSNS
3
&
_|_
3
&
O
~
_|_
DN

if m =2k and n = —3p
if m =2k and n=—(3p+ 2)

cos ((mws +nwo) t — =
B cos ((mws + nwo) t + & ifm=2kandn=—-3p+1) (C.27)
N — cos (mwgt 4+ nwot) ifm=2k+1and n=3p '
—cos((mws—i-nwo —%’T) itm=2k+1landn=3p+1
—cos(mws—l—nwo 2{) ifm=2k+1andn=3p+2
— cos (mwgt 4+ nwot) ifm=2k+1and n=—-3p
—cos(mws—i-nwo —%’T) ifm=2k+1and n=—(3p+2)
— cos ((mws + nwp) 2{) ifm=2k+1and n=—(3p+1)
) (( n )(t 27?) ) ) ( . y 2mm 2nm )
sin { (mws + nw — — | —mn | = sin [ mwst + nwot — ms — —mm
° 3wo T A
sin (mwst + nwot) if m =2k and n = 3p
sm(mws+nw0 2%) if m=2kandn=3p+1
sm(mws+nw0 +%’r) if m =2k and n = 3p + 2
sin (mwst + nwot) if m =2k and n=—3p
sin ((mws + nwy) t — 2%) if m = 2k and n = —(3p + 2)
sin ((mws + nwp) t + 2= ifm=2kandn=—-(3p+1

— sin (mwst + nwot) ifm=2k+1and n=3p
—sin(mws+nw0 iftm=2k+1landn=3p+1

)
) ifm=2k+1andn=3p+2
)
%)

_ 2r
3

: 2
Sin 3

(mws + nwo) t +
— sin (mwgt + nwot) ifm=2k+1and n=-3p
ifm=2k+1and n=—(3p+2)

ifm=2k+1andn=—(3p+1)

2
3
2m
3

—sin ((mws + nwp) t —

—sin ((mws + nwp) t +

Thus the phasor representation for phase B of 2-cell converter when my = 3k is given by
Figures C.2, C.3 and C.4.
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

/ \\,, e ;\' \
A
isolljsoz ‘ N

I

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.2: Phasor representation for phase B of 2-cell converter for n = 3p or

n = —3p
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.3: Phasor representation for phase B of 2-cell converter forn =3p+1 or
n=—(3p+2)
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.4: Phasor representation for phase B of 2-cell converter for n = 3p+ 2 or
n=—3p+1)



CHAPTER C — PHASOR DIAGRAMS 232

Phase C

From table C.1 for the background function of s.;(t) the value of h is given by:

2w,

™

m7rh

Substituting equation C.29 into the term of equation 3.36 we obtain:

h
mTW = Mmuwsls (C.30)

Now substituting equation C.30 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))

n=1
+ Z mo €0S (Mwsts) + B, sin (mwits))

ooioo

+ 3 > {Ann cos ((mw, + nwo) ta)

m=1n==+1
+ By sin ((mws + nwy) t2) } (C.31)

We now substitute back t = t5 + % into equation C.31 and obtain:

47 47

sa(t) = —Aoo + Z (AOn cos (nwo (t — 3—)) + By, sin (nwo (t — B—WO)))

n=1 wo

47 . 47
# 3 (Anacos (mes (1= 570 )) + B (s (1= 571

+i iio:o{ mncos(mw5+nw0) <t—;—;>)

m=1n==%1

+ By sin <(mw8 + nwyp) (t - ;—:};))} (C.32)

From table C.1 for the background function of s.(t) the value of h is given by:

2w,

h=" 2 (C.33)

™

m7rh

Substituting equation C.33 into the term of equation 3.36 we obtain:

h
% = mwsty — mm (C.34)



CHAPTER C — PHASOR DIAGRAMS 233

Now substituting equation C.34 into equation 3.36 we obtain:

Seo(ta) = —Aoo + Z (Apy, cos (nwotz) + By, sin (nwotz))
n=1
+ Z mo €os (Mmwgts — mm) + B, sin (mwgty — mr))
oo Foo
+ 3 Y {Ann cos ((mws + nwo) ts — mm)
m=1n==%1
+ By sin ((mws + nwg) ta — mmr) } (C.35)

We now substitute back t = t, + % into equation C.35 and obtain:

Sea(t) = %Aoo + Z <A0n cos (nwo (t — ;—W)> + By, sin (nwo <t — ;—W))>
n=1

wo Wo
# 3 (Amcos (o (135 ) e
moCos (mws [t — — ) —m
m=1 ° Swo "
. 4
+B,,, sin <mw8 <t — —> — mw))
3(,«)0
co *oo A7
+Z Z { mncos(mws—l—nwo)(t——)—mﬂ)
m=1n==%1 Swo
. 4
+ B, sin ((mws + nwo) (t — —) — mw)} (C.36)
3600

Now considering trigonometric terms in equations C.32 and C.36 we have:

41 dnm
cos (nwo (t — 37)) = cos (nwot — T)
0

cos(nwot) if n=23p
= Ccos (nwot + 2—”) ifn=3p+1 (C.37)

coS (nwot — ?) ifn=3p+2

. A i dn
sin (nwo (t — g)) = sin (nwot — T)
0

sin(nwot) if n=3p
= sin (nwot + %’r) ifn=3p+1 (C.38)
sin (nwot — %’T) ifn=3p+2

47 dmm
Ccos (mws (t — —)) = CO0S (mwst — Tmf)

= cos(muwst) (C.39)
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. 47 . dm
sin (mws (t — —)) = sin (mwst — Tmf)

3(,«)0
= sin(mwst) (C.40)

47 dmm
CcoSs (mws (t — —) — mw) = CO0S (mwst ———my — mw)
3600 3

B cos(mwgt)  if m =2k (CA1)
B —cos(mwst) ifm=2k+1 '
. 4m . dmm
sin (mws <t - —> - mw) = sin (mwst — ——my — mw)
3w0 3
B sin(mwgt)  if m =2k (C.42)
B —sin(mwst) if m=2k+1 '
(( n ) (t 4#)) ( . y dm 4n7r)
cos | (mws + nw — — ] ) = cos | mwst + nwot — my —
¢ 3wo R !
cos (mwst + nwot) if m=+kandn=3p
cos(mws—l—nwo —I—%’T) ifm=kandn=3p+1
_ cos ( mws + nwp) %”) ifm=Fkandn=3p+2 (C.A3)
cos (mwst + nwot) ifm=~kandn=-3p
cos(mws—l—nwo —|—%’T) if m==Fkandn=—(3p+2)
cos( mws + nwp) t %”) ifm==~kandn=—3p+1)
) (( n ) (t 4dr )) ( ‘4 . dm 4n7r)
in s — — ) ) = cos (| mwst + nwot — ——my — ——
S mw nwo 3w0 0 3 f 3
sin (mwst + nwot) if m=Fkandn=3p
sin((mws+nw0 t+%’r ifm=Fkandn=23p+1
_ sin ((mws + nwp) %’r ifm=*kandn=3p+2 (C.A1)

N

™

mws +nwo)t+ ) if m=kand n=—(3p+2)

ifm==~kandn=—-3p+1)

N

)
)
sin (mwst + nwot) ifm=*kandn=-3p
)
)

921
—
=
/NN
—~

mws—i—nwo t—;
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47 dmm Anm
coS ((mws + nwp) (t — —) — m7r) = cos (mwst + nwot — ——my — —— — mw)
3wo 3 3

cos (mwst + nwot) if m =2k and n = 3p
ifm=2kandn=3p+1

((mws—l—nwo t+ )
cos((mws—l—nwo t—%) if m =2k and n = 3p + 2
(
)
)

cos (mwgt + nwot) if m =2k and n = —3p
cos ((mws + nwo) t + & if m =2k and n=—(3p+ 2)

_ cos ((mws + nwp) t — %” ifm=2kandn=—-3p+1) (C.45)
— cos (mwgt 4+ nwot) ifm=2k+1and n=3p
—cos(mws—l—nwo t—l—%”) ifm=2k+1landn=3p+1
—cos(mws—l—nwot—%”) ifm=2k+1andn=3p+2
— cos (mwgt 4+ nwot) ifm=2k+1and n=—-3p
_cos(mws—i—nwo —|—%”> ifm=2k+1and n=—(3p+2)
—cos(mws—l—nwot—%”) ifm=2k+1andn=—3p+1)

sin ((mws + nwo) (t — 4—7T) — mﬂ) = sin (mwst — 4m_7rmf _dnm mw)
Swo 3 3
sin (mwst + nwot) if m =2k and n = 3p
sin(mws+nw0 t+%’r) if m=2kandn=23p+1
sin(mws+nw0t—%’r> if m =2k and n = 3p + 2
sin (mwst + nwot) if m =2k and n=—3p
sin ((mws + nwo) t + %’r) if m = 2k and n = —(3p + 2)
_ sin ((mws + nwy) t — %) if m =2k and n=—(3p+1) (C.46)

— sin (mwst + nwot) ifm=2k+1and n=3p
—sin(mws+nw0 t—i—%”) ifm=2k+1landn=3p+1
—sin(mws+nw0t—%’r> ifm=2k+1andn=3p+2
— sin (mwgt + nwot) ifm=2k+1and n=-3p
ifm=2k+1and n=—(3p+2)
)

ifm=2k+1andn=—(3p+1)

N

— sin ((mws +nwo)t + 3
™

N

— sin ((mws +nwo)t — %

Thus the phasor representation for phase C of 2-cell converter when m; = 3k is given by

Figures C.5, C.6 and C.7.
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

/ \\,, e ;\' \
A e
iSﬂgSﬁ& N

I

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching function w Switching function w
90 ¢ 90 y

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.5: Phasor representation for phase C' of 2-cell converter for n = 3p or

n = —3p
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.6: Phasor representation for phase C' of 2-cell converter forn =3p+1 or
n=—(3p+2)
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.7: Phasor representation for phase C' of 2-cell converter for n = 3p+ 2 or
n=—3p+1)
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C.1.2 For frequency modulation index my = 3k +1

The case of phase A is the same as the one done in subsection C.1.1.

Phase B

From table C.1 the value of h for the background function of s;;(¢) is given by:

Wy 8 (C.47)

h =
T 3

m7rh

Substituting equation C.47 into the term of equation 3.36 we obtain:

h 4
_m;r = mwgt; — gmﬂ (C.48)

Now substituting equation C.48 into equation 3.36 we obtain:

sp1(ty) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1

4 4
+ Zl (AmO cos (mwstl — gmw) + B, sin (mwstl — gmw)>

co +oo 4
+ Z Z { mn COS < mws + nwp) t] — —mw)
m=1n==%1 3
. 4
+ B, Sin ((mws + nwp) t; — §m7r> } (C.49)

We now substitute back ¢t = t; + % into equation C.49 and obtain:

2 . 21T
sp(t) = —Aoo + nzjl (AOn cos (nwo (t — B—wO)> + By, sin (nwo (t _ S_WO)))
2 4
+mZ::1 (AmO cos (mws (t — 3_;)) — gmﬂ)
2 4
s 1) 4o
oo *£oo 9 4
+ Z Z { mncos< mws + nwp ) (t_ _W) _ —mw)
m=1n==+1 3(,()0 3
+B, s <( " )(t 27r) 4 >} (©50)
mn SHL [ (ThWs T MW — — ) — —mm '
0 3(,()0 3

From table C.1 for the background function of sj2(t) the value of h is given by:

2w 2
St — = C.51
—thi— 3 (C.51)

Substituting equation C.47 into the term

h =

m”h of equation 3.36 we obtain:
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mmh mm

Now substituting equation C.52 into equation 3.36 we obtain:

sp(t) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))
n=1

+ Z (Amo cos (mwstl - %) + B, sin (mwstl - %))

m=1

oo £ mi

+ Z Z { mncos( mws + nwg) t; — —)

m=1n==%1 3
+ By sin ((mws + nwo) t1 — %) } (C.53)

We now substitute back t =t + % into equation C.49 and obtain:

spp(t) = —Aoo + Z <A0n cos <nw0 <t — %)) + By, sin (nwo (t — ;—;})))

n=1 0
2

+mz::1 (Amo cos (mws (t — 3—;0) — %)

2
+B,,, sin (mws <t — —7T> — m))

3w0 3

oo too
2T mm
+ { mncos(mws+nwo) (t——) ——)
mz:l nzzl:l 3600 3
2T mm

+ sin ((mw + nwy) ( o 3 ( )

Now the difference and the total switching functions will be given by:

sap(t) = i <Am0 coS <mws <t — 2—7T> — ?)

me1 3w0

. 2T mm
+ DB, sin <mw8 (t — —) — —>)
3&)0 3
> 21 4
- (e ) 1o
mz::1 ( 0 COS (mw ( 300 3m7r

. 27 4
~+ B, Sin <mw8 (t — —) — —m7r>>
3600 3

oo *oo
2m mm
+ { mnCOS(mwernw (t——)__)
mzjlnzzl:l 0) 30«)0 3
2m mm
s - 32) -
oo *Foo o 4
- Z Z { mn COS ( mws + nw) <t— _> — _mﬂ>
m=1n==+1 3w0 3
2 4
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Now considering trigonometric terms in equation C.50 and C.54 we have:

2 2nm
Cos (nwo (t — ﬁ)) = cos (nwot — T)
0

cos(nwot) if n=3p
= cos (nwo - %’T) ifn=3p+1 (C.56)

coS (nwot + %’T) ifn=3p+2

. 2w ) 2nm
sin (nwo (t — 37)) = sin (nwot — T)
0

sin(nwot) if n=3p
= sin (nwot - %”) ifn=3p+1 (C.57)
sin (nwot + %’r) ifn=3p+2
2m dmm 2mm dmm
CcOs <mw8 (t — —) — —) = COos <mw8t — ——my — —>
3wo 3 3 3
= cos(muwst) (C.58)

. 2T dmm . 2mm dmm
sin (mws <t — —> — —> = sin <mw8t — Tmf — T)

= sin(muwst) (C.59)

27 mm 2mm mm
COs <mw8 (t — —) — —> = CO0Ss (mwst - —my — —)

3w 3 3 3
_ cos(mwst) ?f m = 2k (C.60)
—cos (mwgt) ifm=2k+1
. 2T mm . 2mm mm
sin (mws <t — —> — —) = sin (mwst — ——my — —)
Swo 3 3 3
_ sin.(mwst) ?f m =2k (C.61)
—sin (mwgt) if m=2k+1
<( n ) (t 27r) 4m7r) ( ‘4 ; 2mm 2nm 4m7r)
cos | (mws + nw — — ) — —— ) = cos | mwst + nwot — —my — — — ——
’ 3wo 3 R 3 3
cos (mwst + nwot) if m=~kandn=3p

ifm=kandn=3p+1

. (C.62)
ifm==kandn=-3p

if m==kandn=—(3p+2)
ifm=~kandn=—3p+1)

cos (mwst + nwot)

(( )
cos(mws—i-nwo —l-?) ifm=*kandn=3p+2
(
- %)
)

COs ( mws + nwo

cos ( (mws + nwy) t + %
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. 2m
sin ((mws + nwp) <t — 3—wo>
sin (mwst + nwot)
sin ((mws + nwp) t —
sin (

(mws + nwp) t +

cos ((mws + nwy) (t - —)

cos (mwst + nwot)

((
((
(

cos (mwgt + nwot)

COS mws + nwo

cos | (mws + nwo

[~

cos ( (mws + nwp) t —

(
B cos ((mws + nwp) t +

3
us

N

- %)
)
7)
%)
— cos (mwgt + nwot)

(
((
(

— cos (mwst + nwot)

[~

&’
3
s

2
t+5

— cos ( (mws + nwy)

— COS mws + nwo

N

s
3
s

— COS

((
— cos ((

mws + nwo

N

mws + nwo + 5

sin ((mws + nwyo) <t — 2—>

sin (mwst + nwot)
sin )
)

sin t
sin (mwst + nwot)
t

((mws + nwp) t —
((mws + nwy
sin ((mws + nwy)
sin ((mws + nwp) t + &
— sin (mwgt + nwot)
— sin (mwgt + nwot)

—sin ((
(¢

— sin

— sin ( (mws + nwp)

— sin ( (mws + nwy)

mws + nwo

mws + nwo

)
)
)
+5)

242

dmm 2mm 2nm 4dmr
——> = COS (mwst—l—nwot——m ————>
3 3 3 3

ifm==kandn=3p

ifm=kandn=3p+1

?fm:kandn:3p+2 (C.63)
ifm==kandn=-3p

if m==Fkandn=—(3p+2)
ifm=~kandn=—-3p+1)

mm 2mm 2nm mmw
——) = cos (mwst+nwot——m ————)
3 3 3 3

if m=2kand n=3p

ifm=2kandn=3p+1

if m=2kand n =3p+2

if m =2k and n = —3p

if m =2k and n = —(3p + 2)
ifm=2kandn=—-3p+1) (C.64)

ifm=2k+1and n=3p
ifm=2k+1landn=3p+1
ifm=2k+1and n=3p+2
ifm=2k+1andn=—-3p

ifm=2k+1and n=—(3p+2)
ifm=2k+1andn=—(3p+1)
mm i 2mm 2nm mmw
— —) = sin (mwst—I—nwot - my — — — —>
3 3 3 3

if m =2k and n = 3p
ifm=2kandn=3p+1
ifm=2kandn=3p+2

if m =2k and n = —-3p
—(3p+2)
—(Bp+1)
ifm=2k+1and n=3p
iftm=2k+1landn=3p+1
ifm=2k+1andn=3p+2
ifm=2k+1and n=—-3p
ifm=2k+1and n=—(3p+2)
ifm=2k+1andn=—-3p+1)

ifm=2k and n =

ifm=2k and n =
(C.65)
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Thus the phasor representation for phase B of 2-cell converter when m; = 3k 41 is given
by Figures C.8, C.9 and C.10.

Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.8: Phase B phasor representation of 2-cell converter for n = 3p orn = —3p
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.9: Phasor representation for phase B of 2-cell converter forn = 3p+1 or
n=—(3p+2)
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.10: Phasor representation for phase B of 2-cell converter for n = 3p+ 2 or
n=—3p+1)
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Phase C

From table C.1 for the background function of s.;(t) the value of h is given by:

2w, 4
L . (C.66)

h:

m7rh

Substituting equation C.66 into the term of equation 3.36 we obtain:

h 2
_m;r = Mmwgty — gmﬁ (C.67)

Now substituting equation C.67 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))

n=1

2 2
+ 21 (Amo cos (mwstg - gmﬂ) + B, sin (mwstg - gmﬂ))

0o *oo 9
+ Z Z { mn COS < mws + nwy) ta — —mﬂ)
m=1n==%1 3
. 2
+ B, sin ((mws + nwo) ty — gmﬂ) } (C.68)

We now substitute back t = t5 + % into equation C.68 and obtain:

A . AT
sa(t) = —Aoo + nz:l <A0n Cos (nwo (t — 3—%)> + By, sin (nwo <t _ 3—%))>
4 2
-I—mzz:l <Am0 cos <mw8 <t — 3_50> — gmﬂ>
4 2
+ By, sin (mws (t - i) _ _mﬂ))
30)0 3
oo Foo 4 5
+ Z Z { mn COS ( mws + nwp) <t— _7T> _ —mw)
m=1 n=+1 3wo 3
4 2
() - ) ca

From table C.1 for the background function of s.o(¢) the value of h is given by:

%y 2
Yoty = (C.70)

h =
3

m7rh

Substituting equation C.70 into the term of equation 3.36 we obtain:

h
_m;r = Mmwsty + % (C.71)
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Now substituting equation C.71 into equation 3.36 we obtain:

1 > .
Seo(ta) = §A00 + Z (Ao, cos (nwota) + Boy, sin (nwots))

n=1
+ Z (AmO cos (mwstg + %) + By, SIn (mwstg + %))
m=1
oo  *oo mar
+ Z Z {Amn cos <(mw8 + nwg) ta + —)
m=1n==+1 3
4 By sin ((mws + nwo) by + ?)} (C.72)

We now substitute back t = t5 + % into equation C.72 and obtain:

10 = s 5 (1 22)) i - )

n=1 0

> 4
# 32 (Amacos (s (6= 50) +75)

. 47 mim
+B,,, sin (mws (t — —) + —))
30)0 3

oo  *oo
+ Z Z {Amn COs ((mws + nwo) <t — 4—7T> m)
m=1n==%1 3w0 3
: 4 mm
+ By sin <(mw8 + nwp) (t — 3—%) + ?)} (C.73)

Now considering trigonometric terms in equations C.69 and C.73 we have:

47 dnm
COs (nwo (t — 37)) = CO0s (nwot — T)
0

cos(nwyt) if n=3p
= Ccos (nwot + %”) ifn=3p+1 (C.74)

coS (nwot — %”) ifn=3p+2

. dm ) dnm
sin (nwo (t — 37)) = sin (nwot — T)
0

sin(nwot) if n=3p
= sin (nwot + 2%) ifn=3p+1 (C.75)

sin (nwot — %”) iftn=3p+2

47 2mm dmm 2mm
cos (mws (t — —) — —) = Cos (mwst - —my — —)
3wo 3 3 3

= cos(muwst) (C.76)
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. 47 2mm . dmm 2mm
sin (mws (t ) — —) = gin (mwst - —my — —)
3w 3 3 3
= sin(muwst) (C.77)

47 mi dmm mw)

Ccos (mws (t — 3—%) + 7) = CO0S (mwst — Tmf + 3

_ cos(mwst) ?f m = 2k (C.78)
—cos(mwst) if m=2k+1
Sin<mw <t—4—ﬁ>+m) = sin<mwt—4ﬂm —I—m>
U 3w/ 3/ T3 Ty
_ sin‘(mwst) ?f m = 2k (C.79)
—sin(mwgt) if m=2k+1

47 2mm dmm dnm  2mmw
Cos ((mws + nwo) (t - —) — —) = cos (mwst + nwot — Tmf - — —)

3wo 3 3 3
cos (mwst + nwot) if m=+kandn=3p
cos(mws—l—nwo —I—%’T) ifm=kandn=3p+1
cos ( (mws + nwy) —2n) ifm=*kandn=3p+2
- (( = %) . b (C.80)
cos (mwst + nwot) ifm=~kandn=-3p
cos(mws—l—nwo —|—%’T) if m==Fkandn=—(3p+2)
cos( mws + nwp) t %”) ifm==~kandn=—3p+1)
) (( n ) (t 4dr ) 2m7r) ( . . dm dnm 2m7r)
sin { (mws + nw, —— ) — —— ) =cos | mwst + nwyt — ——my — —— — ——
° 3wo 3 T 3
sin (mwst + nwot) ifm=Fkandn=3p
sir1((77w)s+7w)0t—%’r ifm=~kandn=3p+1
sin ( (mws + nwy) +20) ifm=~kandn=3p+2
_ (( 0)t+5 P (C.81)

ifm=%kandn=-3p
if m=*kandn=—(3p+2)
ifm==~kandn=—-3p+1)

2.
=
=
3
-
+
S
(S
O
H—
|
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(( i ) (t 47T) +m7r) ( Ly ; dmm 4n7r+m7r)
CoS | (Mws + T - — — | = cos | mwg nwgt — —my — — + —
0 300 3 0 3 173 3

cos (mwst + nwot) if m =2k and n=3p
ifm=2kandn=3p+1

((mws—l—nwo t+ )
cos((mws—l—nwo t—%) if m =2k and n = 3p + 2
(
)
)

cos (mwgt + nwot) if m =2k and n = —3p
cos ((mws + nwo) t + & if m =2k and n=—(3p+ 2)

_ cos ((mws + nwp) t — %” ifm=2kandn=—-3p+1) (C.82)
— cos (mwgt 4+ nwot) ifm=2k+1and n=3p
—cos(mws—l—nwo t—l—%”) ifm=2k+1landn=3p+1
—cos(mws—l—nwot—%”) ifm=2k+1andn=3p+2
— cos (mwgt 4+ nwot) ifm=2k+1and n=—-3p
_cos(mws—i—nwo —|—%”> ifm=2k+1and n=—(3p+2)
—cos(mws—l—nwot—%”) ifm=2k+1andn=—3p+1)

sin ((mws + nwy) (t — 4—7T) + m) = sin (mwst + nwot — 4m_7rmf _ dnm + m)
Swo 3 3 3 3

sin (mwst + nwot) if m =2k and n = 3p
sin(mws+nw0 t+%’r) if m=2kandn=23p+1
sin(mws+nw0t—%’r> if m =2k and n = 3p + 2
sin (mwst + nwot) if m =2k and n=—3p
sin ((mws + nwo) t + %’r) if m = 2k and n = —(3p + 2)

_ sin ((mws + nwy) t — %) if m =2k and n=—(3p+1) (C.83)

— sin (mwst + nwot) ifm=2k+1and n=3p

—sin(mws+nw0 t—i—%”) ifm=2k+1landn=3p+1
(mws+nw0t—%’r> ifm=2k+1andn=3p+2

— sin (mwst + nwot) ifm=2k+1and n=-3p

—sin((mws+nw0 t—i—%) ifm=2k+1and n=—(3p+2)

—sin ((mws+nw0) 2;) ifm=2k+1andn=—(3p+1)

— sin

Thus the phasor representation for phase C of 2-cell converter when my = 3k + 1 is given
by Figures C.11, C.12 and C.13.
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

/ \\,, e ;\' \
A e
iSﬂgSﬁ& N

I

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching function w Switching function w
90 ¢ 90 y

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.11: Phasor representation for phase C of 2-cell converter for n = 3p or

n = —3p
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.12: Phasor representation for phase C of 2-cell converter forn =3p+ 1 or
n=—(3p+2)



CHAPTER C — PHASOR DIAGRAMS 252

Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.13: Phasor representation for phase C of 2-cell converter for n = 3p + 2 or
n=—3p+1)
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C.1.3 For frequency modulation index my = 3k + 2

The case of phase A is the same as the one done in subsection C.1.1.

Phase B

From table C.1 for the background function of s;;(t) the value of h is given by:

2y 4 (C.84)

h =
T 3

m7rh

Substituting equation C.84 into the term of equation 3.36 we obtain:

h 2
% = Mmuwsty — 3mT (C.85)

Now substituting equation C.85 into equation 3.36 we obtain:

sp1(ty) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1

2 2
+ Zl (AmO cos (mwstl — gmw) + B, sin (mwstl — gmw)>

co +oo 9
+ Z Z { mn COS < mws + nwp) t] — —mw)
m=1n==%1 3
2
+ B, Sin ((mws + nwp) t; — §m7r> } (C.86)

We now substitute back ¢t = t; + % into equation C.86 and obtain:

2 . 21T
sp(t) = —Aoo + nzjl (AOn cos (nwo (t — B—wO)> + By, sin (nwo (t _ S_WO)))
2 2
+mZ::1 (AmO cos (mws (t — 3_;)) — gmﬂ)
2 2
1) -5
oo *£oo 9 5
+ Z Z { mncos< mws + nwp ) (t_ _W) _ —mw)
m=1n==+1 3(,()0 3
+B, s <( " )(t 27r) 2 >} 8
mn SHL [ (ThWs T MW — — ) — —mm '
0 3(,()0 3

From table C.1 for the background function of sj2(t) the value of h is given by:

2w 2
R C.88
™ o 3 ( )

Substituting equation C.84 into the term

B —

m”h of equation 3.36 we obtain:
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mmh mm
—— = mwst; + — (C.89)
2 3
Now substituting equation C.89 into equation 3.36 we obtain:

1 > .
spa(ty) = §AOO + Y (Aoy cos (nwotr) + Boy, sin (nwpt1))

n=1

+> (AmO cos (mwstl — %) + By, sin (mwst1 + %))
m=1

co +oo mi
+ Z Z {Amn cos ((mws + nwo) t1 + —)
m=1n==+1 3
4+ By sin ((mws 4 nwo) ty — %)} (C.90)

We now substitute back ¢t = ¢; + % into equation C.86 and obtain:

1 s 9 5
) = s 5 (i (- 25) 4 1~ 25))
0 0

n=1

> 2
+mz::1 (Amo cos (mws (t - 3—;0) + %)

. 27 mm
+B,,, sin (mws <t — —> + —))
3w0 3

oo *oo 9
> > {Amn cos ((mws + nwy) (t — —W) + @)
m=1n==%1 3w0 3
2
i (o) (£ 70) + 57 cn

Now considering trigonometric terms in equation C.91 we have:

2w 2nm
Cos <nw0 <t — £>) = cos (nwot — T)
0

cos(nwot) if n=23p
= cos (nwot — %’T) ifn=3p+1 (C.92)
cos (nwot + %’T) ifn=3p+2

. 2m i 2nm
sin (nwo (t — g)) = sin (nwot — T)
0

sin(nwot) if n=3p
= sin (nwot - 2?”) ifn=3p+1 (C.93)
sin (nwot + 2%) ifn=3p+2
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< ( 2 ) 2m7r)
cos | mws [t — — | — —— =
3600 3

. 2T 2mm
sin (mws <t — —> — —> =
3w0 3

2T mm
Ccos (mws (t — —) + —) =
3w0 3

|

oo 2) 472
sin | mw, ([t — — —] =
3w0 3

2T

)

Cos <(mw8 + nwp) (t - —

3w
cos (mwst + nwot)

cos (mw5+nw0 —

cos (mwst + nwot)

COs ( mws + nwo t —
((

cos ( (mws + nwp) t +

sin ((mws + nwo) (t - —

sin (mwst + nwot)

(mws + nwo) t +

COs ( mws + nwo + 5

sin E(mws +nwo)t — 3

2
3
27r

2
3

2
3

sin ((mws + nwp) t — %’r
sin ((mws + nwp) %’r

2

2m
3

< 2mm 2m7r>
cos | mwst — ——mr — ——
3 3
cos(mwst)
. 2mm 2mm
sin <mw8t — ——my — —>
3 3
sin(mwst)
( ; 2mm n mw)
cos | mwst — ——my + —

3 7773
cos(mwst)  if m =2k
—cos (mwgt) ifm=2k+1

. < . 2mm n m7r>
sin | mwst — ——my + —

3 /T3

if m =2k

{ sin(muwst)

)
)
)
)

)
)
)
%)

—sin (mwgt) ifm=2k+1

2mm

— —) = COS (mwst + nwot —

3
if m==Fkandn=3p
ifm=kandn=3p+1
ifm=kandn=3p+2
ifm==kandn=-3p
—(3p+2)
—(3p+1)

Im=kand n=

Im=kand n=

2mm

— —) = COos (mwst + nwot —

3
ifm=%kandn=3p
ifm=kandn=3p+1
ifm=%kandn=3p+2
ifm=%kandn=-3p
—(3p+2)
—(3p+1)

Im=kand n=

Im=kand n=

255

(C.94)

(C.95)

(C.96)

(C.97)

2nm
3

2nm
3

2mm

5 )

(C.98)

2mm

5

(C.99)
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(( i ) (t 27T) +m7r) ( Ly ; 2mar 2n7r+m7r)
CoS | (Mws + T - — — | = cos | mwg nwot — —my — — + —
0 300 3 0 3 173 3

cos (mwst + nwot) if m =2k and n=3p
ifm=2kandn=3p+1
if m=2k and n =3p+2

mws + nwo t —

Q
@}
wn
BRSNS
3
&
_|_
3
&
O
~
_|_
DN

if m =2k and n = —3p
if m =2k and n=—(3p+ 2)

cos ((mws +nwo) t — =
cos ( (mws + nwy) t—|—2” ifm=2kandn=-3p+1
_ (( )i+ (Bp+1) (C.100)
— cos (mwgt 4+ nwot) ifm=2k+1and n=3p
—cos((mws—i-nwo —%’T) itm=2k+1landn=3p+1
—cos(mws—l—nwo 2{) ifm=2k+1andn=3p+2
— cos (mwgt 4+ nwot) ifm=2k+1and n=—-3p
—cos(mws—i-nwo —%’T) ifm=2k+1and n=—(3p+2)
— cos ((mws + nwp) 2{) ifm=2k+1and n=—(3p+1)
) (( n )(t 27?)+m7r) ) ( ‘4 y 2mm 2n7r+m7r)
in s — — | + — ) = sin ( mwst + nwet — ——my — — + —
NI TR T ) T3 T Ty T Ty T
sin (mwst + nwot) if m =2k and n = 3p
sm(mws+nw0 2%) if m=2kandn=3p+1
sm(mws+nw0 +%’r) if m =2k and n = 3p + 2
sin (mwst + nwot) if m =2k and n=—3p
sin ((mws + nwy) t — 2%) if m = 2k and n = —(3p + 2)
sin ((mws + nwp) t + 2= ifm=2kandn=—-(3p+1
_ (( t+ %) (8p+1) (C.101)

—sin (mwst—i—nwot) ifm=2k+1and n=3p
iftm=2k+1landn=3p+1

- %)
) ifm=2k+1andn=3p+2
%)

—sin ( mws + nwy)
—sin (

mws+nw0
ifm=2k+1and n=—-3p

—sin ((mws+nw0 5 ) ifm=2k+1and n=—(3p+2)
—sin((mwsjtnwo)t—l—z;) ifm=2k+1andn=—(3p+1)

— sin (mwgt + nwot)

Thus the phasor representation for phase B of 2-cell converter when my = 3k + 2 is given
by Figures C.14, C.15 and C.16.
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

/ \\,, e ;\' \
A
isolljsoz ‘ N

I

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.14: Phasor representation for phase B of 2-cell converter for n = 3p or

n = —3p
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.15: Phasor representation for phase B of 2-cell converter forn =3p+ 1 or
n=—(3p+2)
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Switching functi ons S (@), Sz (w) Switching functigras S (@), Sz (@)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching flérbction Sip (@) Switching fuggtion Sip (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction S (@) Switching fléf(l)CtiOﬂ S (@)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.16: Phasor representation for phase B of 2-cell converter for n = 3p + 2 or
n=—3p+1)
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Phase C

From table C.1 the value of h for background function of s.(¢) is given by:

2
Yoy — 2 (C.102)

Substituting equation C.102 into the term

h:

m”h of equation 3.36 we obtain:

h 4
% = Mwsle — 3mT (C.103)

Now substituting equation C.103 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))

n=1

4 4
+ 21 (Amo cos (mwstg - gmﬂ) + B, sin (mwstg - gmﬂ))

oo too 4
+ Z Z { mn COS < mws + nwy) ta — —mﬂ)
m=1n==%1 3
. 4
+ By sin ((mws + nwo) ty — gmﬂ) } (C.104)

We now substitute back t = t5 + % into equation C.104 and obtain:

47 47

sa(t) = —Aoo + Z <A0n cos (nwo (t — 3—%)> + By, sin (nwo <t — 3—%))>

n=1

+ Z <Am0 cos <mw8 <t — 4—7T> — gmw>
m=1

3w0

. 47 4
+B,,, sin (mws (t — —) — —mﬂ))
30)0 3

o oo A 4
+2 > { mnCOS<mw5+nw0) <t—_> __mﬂ)
3CUO 3

m=1n==%1

. A 4
"‘an Sin <(mws + nwo) (t — 3—%) — gm’ﬂ')} (C105)

From table C.1 the value of h for background function of s.(t) is given by:

%y 2
Copy = (C.106)

s 3
Substituting equation C.106 into the term

h =

m”h of equation 3.36 we obtain:

mmh mm
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Now substituting equation C.107 into equation 3.36 we obtain:

Sea(te) = —AOO + Z (Ao, cos (nwota) + Boy, sin (nwots))
n=1

+ Z (AmO cos (mwstg — %) + By, Sin (mwstg — %))

m=1

oo  *oo mar

+ Z Z { mncos< mws + nwp) ty — —)

m=1n==%1 3
+ By sin ((mws + nwo) ta — ?)} (C.108)

We now substitute back t = t5 + % into equation C.108 and obtain:

4 4
Sea(t) = —AOO + nz:l (Aon cos (nwo (t — 3—50)) + By, sin (nwo (t — 3—;)))
4 mm
Anocos (e (1= 570) = 75)
—I—mzz:l < 0 COS | mw 30 3
4
+B,,, sin (mws (t — —W) — m))
30)0 3
o Ex AT mm
+ { mncos(mws—l—nwo) <t——> ——)
mz:l nzil 3wo 3
4
+ By sin <(mw8 + nwp) (t - 3—;}) - %)} (C.109)
Now considering trigonometric terms in equations C.69 and C.109 we have:
A Anm
COs (nwo (t — —)) = CO0s (nwot — —)
3w0 3
cos(nwyt) if n=3p
= cos (nwot + 2—”) iftn=3p+1 (C.110)
coS (nwot — ?) ifn=3p+2
: 47 , dnm
sin (nwo (t — —)) = sin (nwot — —)
3w0 3
sin(nwot) if n=3p
= { sin(mwt + %) ifn=3p+1 (C.111)

sin(nwo —%”) iftn=3p+2

47 dmm dmm dmm
CcoSs (mws (t ) — —) = Cos (mwst - —my — —)
3wo 3 3 3

= cos(mwst) (C.112)
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. 47 dmm . dmm dmm
sin (mws (t ) — —) = gin (mwst - —my — —)
3w 3 3 3
= sin(mwst) (C.113)

47 mi dmm mi

cos (s (1 - 5) =Tg) = cos (et = gty - 5T

_ cos(mwst) ?f m = 2k (C.114)
—cos(mwst) ifm=2k+1
. 47 mm . dmm mm
sin (mws <t — —> — —) = sin (mwst — ——my — —)
3wo 3 3 3
_ sin.(mwst) ?f m = 2k (C.115)
—sin(mwst) if m=2k+1

47 dmm dmm dnm  4dmm
cos ((mws + nwp) (t - —) — —) = COoS (mwst + nwot — Tmf - — —)

3wo 3 3 3
cos (mwst + nwot) if m=+kandn=3p
cos(mws—l—nwo —I—%’T) ifm=kandn=3p+1
s+ —2n) ifm=*kandn=3p+2
_ cos ( mws + nwo) 5 ) if m and n = 3p (C.116)
cos (mwst + nwot) ifm=~kandn=-3p
cos(mws—l—nwo —|—%’T) if m==Fkandn=—(3p+2)
cos( mws + nwp) t %”) ifm==~kandn=—3p+1)
) ( ( n ) (t 4dr ) 4m7r) ( . . dm dnm 4m7r)
sin { (mws + nw, —— ) — —— ) =cos | mwst + nwot — ——my — —— — ——
° 3wo 3 T 3
sin (mwst + nwot) ifm=Fkandn=3p
sir1((77w)s+7w)0t—%’r ifm=~kandn=3p+1
i s+ +20) ifm=~kandn=3p+2
_ sin ((mw nwo) 5 ) ifm and n = 3p (c117)

ifm=%kandn=-3p
if m=*kandn=—(3p+2)
ifm==~kandn=—-3p+1)

«
=
T
3
&
vy
_|_
3
&
O
_|_
¥ ol
N—"—— N——"——
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(( i ) (t AT ) mﬂ) ( . , dmm Anm mw)
Cos | (Mws — nNw ——— | — — | = cos | nuws nwgt — ——myps — — — —
0 300 3 0 3 173 3

cos (mwst + nwot) if m =2k and n=3p
ifm=2kandn=3p+1

((mws—l—nwo t+ )
cos((mws—l—nwo t—%) if m =2k and n = 3p + 2
(
)
)

cos (mwst + nwot) if m =2k and n = —3p
cos((mws—i-nwo + 2 if m =2k and n = —(3p + 2)
cos ( (mws + nwy) t—2—” ifm=2kandn=—-3p+1
_ (( otTw) (Bp+1) (C.118)
— cos (mwgt 4+ nwot) ifm=2k+1and n=3p
—cos(mws—i-nwo t—l—%”) ifm=2k+1landn=3p+1
—cos(mws—l—nwot—%”) ifm=2k+1andn=3p+2
— cos (mwgt 4+ nwot) ifm=2k+1and n=—-3p
—cos(mws—i-nwo —i—%”) ifm=2k+1and n=—(3p+2)
—cos(mws—l—nwot—%”) ifm=2k+1and n=—(3p+1)
(( n )(t 47?) mﬂ) ( . y dmm dnm mﬁ)
sin | (mws 4+ nw, — — | — — | = sin ( mwst + nwet — ——my — — — —
° 3w/ 3 T AT
sin (mwst + nwot) if m =2k and n = 3p
sin(mws+nw0 t+%’r) if m=2kandn=23p+1
sin(mws+nw0t—%’r> if m =2k and n=3p+2
sin (mwst + nwot) if m =2k and n=—3p
sin((mws+nw0 +%’r) if m =2k and n = —(3p + 2)
sin ( (mw,s +nwo)t — =& ifm=2kandn=—-3p+1
_ (( 0t =%) (8p+1) (C.119)

— sin (mwst + nwot) ifm=2k+1and n=3p

—sin(mws+nw0 t—i—%”) ifm=2k+1landn=3p+1
(mws+nw0t—%’r> ifm=2k+1andn=3p+2

— sin (mwst + nwot) ifm=2k+1and n=-3p

—sin((mws+nw0 t—i—%) ifm=2k+1and n=—(3p+2)

—sin ((mws+nw0) 2;) ifm=2k+1andn=—(3p+1)

— sin

Thus the phasor representation for phase C of 2-cell converter when my = 3k + 2 is given
by Figures C.17, C.18 and C.19.
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

/ \\,, e ;\' \
A e
iSﬂgSﬁ& N

I

270 270
(a)m=2k &n=3por -3p (b)m=2k+1&n=3por -3p
Switching function w Switching function w
90 ¢ 90 y

270 270
(c)m=2k &n=3por -3p (d)m=2k+1&n=3por -3p
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3por -3p (f)m=2k+1&n=3por -3p

Figure C.17: Phasor representation for phase C of 2-cell converter for n = 3p or

n = —3p
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k &n=3p+1lor -(3p+2) (b)m=2k+1&n=3p+lor —(3p+ 2
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+lor —(3p+2) (d)m=2k+1&n=3p+lor —(3p+ 2
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+1lor -(3p+2) (f)m=2k+1&n=3p+1lor —(3p+ 2

Figure C.18: Phasor representation for phase C of 2-cell converter forn =3p+ 1 or
n=—(3p+2)
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Switching functi ons Su(w), S (w) Switching functigras Su (w), Sip(w)

270 270
(a)m=2k & n=3p+2o0r —(3p+1) (b)m=2k+1&n=3p+20r —(3p+1]
Switching ftér(w)ction Sic (@) Switching fuggtion Sie (@)

270 270
(c)m=2k &n=3p+20r —(3p+1]) (d)m=2k+1&n=3p+20r —(3p+1])
Switching flér(l)ction Se (w) Switching fgrg)ction Se (w)

270 270
(e)m=2k & n=3p+2o0r —(3p+1) (f)m=2k+1&n=3p+20r —(3p+])

Figure C.19: Phasor representation for phase C of 2-cell converter for n = 3p + 2 or
n=—3p+1)
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C.2 3-cell Multicell

Table C.2: Values for t, and c of background function for 3-cell multicell converter

my Sal Sa2 Sa3 Sb1 Sb2 Sb3
3k ty 0 %TS %Ts 0 %Ts %Ts
cJol T o | 4 [
A R T T T
3k+1|t, 0 %TS %TS %TS 0 %TS
el ol | 51 -5 [ o [ -
A e T
3k+2 | t, 0 %TS %TS %Ts %Ts 0
elol T 51 4 [ § [ o
h| 2t 2et—g | 2t -5 | %h -5 | 2h 5| 2t

mf Scl Sc2 Se3
3k | t, 0 <7, 2T,
22 I T
h] ety [t —f[ e S
3k+1 |ty | 3T, 2T, 0
4 8
C -3 -3 0
2w 4 | 2ws 8 2ws
hl -5 | Fta—5| b
3k+2 | t, 2T, 0 T,
8 4
& -3 0 -3
h[ B -5 Ee [Zn-f

Table C.2 and C.3 is used in evaluating the switching functions for different values of
frequency modulation index my as will be shown in subsection for my = 3k, my = 3k +1
and my = 3k 4 2. Also included in this section is the phasor representation for different
cases of Sy1(w), Sa2(w), Saz(w), Saa1 (W), Saa2(w), Sta(w), Sp1(w), Spa(w), Spz(w), Sap (w),
Save(w); Sip(w), Ser(w), Sea(w), Sea(w), Sae1 (W), Sac2(w), Ste(w).
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C.2.1 For frequency modulation index m; = 3k
Phase A

From table C.2 the value of h for the background function of s, () is given by:

- 2w,

t (C.120)

™

m7rh

Substituting equation C.120 into the term of equation 3.36 we obtain:

h
% = muw,t (C.121)

Now substituting equation C.121 into equation 3.36 we obtain:

Sa1(t) = —Aoo + Z (Aoy, cos (nwot) + By, sin (nwot))

n=1
+ Z mo €0S (mwgt) + By, sin (mwt))

ooioo

+ Z Z { A cos ((mws + nwo) t)

m=1n=%1
+ By sin ((mws 4+ nwp) ) } (C.122)

From table C.2 for the background function of s,(t) the value of h is given by:

2w, 4
Yoy 2 (C.123)
T 3

h =

m7rh

Substituting equation C.123 into the term of equation 3.36 we obtain:

h 2
% = mwst — % (C.124)

Now substituting equation C.124 into equation 3.36 we obtain:

Saa(t) = —Aoo + Z (Aoy, cos (nwot) + By, sin (nwot))
n=1
2mm . 2mm

+ Z (AmO cos <mw5t — T) + By SIn (mwst — T))

m=1

co +oo
2

+ Z Z { mn COS < mws + nwg) t — m)

m=1n==%1 3

+ B, sin ((mws + nwp) t — 2%) } (C.125)
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From table C.2 for the background function of s,3(t) the value of h is given by:

2w 8
h="2t— = C.126
- 3 ( )

mmrh

Substituting equation C.126 into the term *5* of equation 3.36 we obtain:
mmh Amm

Now substituting equation C.127 into equation 3.36 we obtain:

1 o
Sa3(t) = §A00 + Z (Aop cos (nwot) + By, sin (nwyt))

n=1
> 4 4
+ Z (AmO cos <mw5t — %) + By SIn (mwst — %))
m=1
co +oo Amar
+ Z Z {Amn cos <(mw8 + nwp) t — —>
m=1n==%1 3
4
+ B, sin ((mws + nwo) t — %) } (C.128)

Now considering trigonometric terms in equation C.122, C.125 and C.128 we have:

) cos (muwst) if m = 3k
Ccos (mwst — %) = Cos (mwst — 2%) ifm=3k+1 (C.129)
cos (mwst + %’r) if m=3k+2
sin (muwst) if m = 3k
) 2mm
sin (mwst — —) =
3 3

sin

sin (mwt —25) if m=3k+1 (C.130)
( )
(mwst—i—%’r) if m=3k—+2

cos (mwst + %’r) ifm=3k+1 (C.131)

(
cos (mwgt — 2&) if m =3k +2
(meost = %)

4m7r)

COs <mw8t — T

sin (mwst) if m =3k
sin (muw,t + %) if m =3k + 1 (C.132)

mwst—%’r) if m=3k+2

. dmm
sin (mwst — T) =

{ cos (muwst) if m = 3k

sin
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2mm
Cos <(mw8 + nwo) t — T) =

. 2mm
sin ((mws + nwy) t — T) =

dmm
cos <(mws + nwp) t — T) =

. dmm
sin ((mws + nwp) t — T) =

270

cos ((mws + nwy) t) if m =3k
oS ((mws + nwp) t — 2—”) ifm=3k+1

3
Cos ((mws—l—nwo)t—f— ) ifm=3k+2
(C.133)

sin ((mws + nwy) t) if m = 3k
sin ((mws + nwo) t — 2—”) if m=3k+1

3
sin((mws—i—nwo)t—i—%’r if m=3k+2
(C.134)

cos ((mws + nwy) t) if m =3k
cos ((mws + nwp) t + 2{) if m=3k+1

) if m =3k +2

cos ((mws 4+ nwo)t — =
(C.135)

sin ((mws + nwy) t) if m =3k
sin ((mws + nwp) t + %”) ifm=3k+1
sin ((mws + nwp) t — %’r) if m=3k+2

(C.136)

Thus the phasor representation for phase A of 3-cell converter when m; = 3k is given by

Figure C.20.
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Switching functions S, (@), S,»(®),Sa3(@)  Switching functions S, (w), S, (@), Sas(w)  Switching functions Sy, (@), S,y (@), Sas (@)

270 270 270
(a) m=3k (b) m=3k+1 (c)m=3k+2

Switching function Sy (@), Syaz (@) Switching function Sy (@), Syaz (@)

270
(d) m=3k

Switching function S, (w)

Figure C.20: Phasor representation for phase A of 3-cell converter

Phase B

From table C.2 the value of h for the background function of s;;(¢) is given by:

2w
h="4 (C.137)

™

Substituting equation C.137 into the term anh of equation 3.36 we obtain:
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mT”h = mwty (C.138)

Now substituting equation C.138 into equation 3.36 we obtain:

sp(ty) = —Aoo + Z (Aon cos (nwot1) + Boy, sin (nwot))

n=1
+ Z m0 €OS (Mwgty) + By sin (mwgty))
oo Foo

+ 2. 2 {Amn cos ((mw, + nwo) t1)

m=1n==%1

+ By sin ((mws + nwo) t1) } (C.139)

We now substitute back ¢t =t + % into equation C.139 and obtain:

sm(t) = —Aoo + Z (A()n cos (nwo (t — ;—W)) + By, sin (nwo (t — 32—50)))

n=1 Wo

+mZ:1 (Amo cos (mws <t - ;—;)) + Bo sin (mws (t B 32—;))>
- i jio { mnCOS< mews + niwp) (t_??—c;»

m=1n==+1
+ B, sIn <(mw8 + nwp) ( )) } (C.140)
3600
From table C.2 for the background function of spy(t) the value of h is given by:
2w, 4
h="% = (C.141)
T 3

Substituting equation C.141 into the term m”h of equation 3.36 we obtain:

2
mmh mm (C.142)

Now substituting equation C.142 into equation 3.36 we obtain:

spa(ty) = —Aoo + Z (Agy, cos (nwot1) + By, sin (nwoty))

n=1

2 2
+ Z (Amo cos (mwstl — %) + B, sin (mwstl — %))

co +oo
2mm
+ Zl 21{ mn COS ( (mws + nwg) t] — T)

2
+ B, sin ((mws + nwp) t; — %) } (C.143)
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We now substitute back ¢t = t; + % into equation C.143 and obtain:

) = B 5 (s e~ 25) i o~ 2)

n=1 Wo 3wo
2m 2mm
A, ( . (t - —) _ _)
—l—mz;( 0 COS [ mw 30 3
2
+ B, sin (mws (t — i) — _Qmﬂ)>
3wo 3
oo Foo 9 9
> > { mnCOS( mws + nwo) (t— _W) _ ﬂ)
m=1 n=+1 3wy 3
2m 2mm
Bmn 81 s t=o—) ==~ C.144
+ sin ((mw + nwo) ( 3w0> 3 )} ( )
From table C.2 for the background function of s;3(t) the value of h is given by:
2w 8
h=hg C.145
r 3 ( )

Substituting equation C.145 into the term m”h of equation 3.36 we obtain:

T = muwh — —— (C.146)

Now substituting equation C.146 into equation 3.36 we obtain:

sp3(ty) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))
n=1
4 4
+ Z (AmO cos (mwstl — %) + By, Sin (mwstl — %))
co +oo 4
+ Z Z { mncos< mws + nwp) t] — ﬂ)
m=1n==%1 3
4
+ B, sin ((mws + nwo) t1 — %) } (C.147)

We now substitute back ¢t = t; + % into equation C.147 and obtain:

) = Ao+ 3 (Agwcos (nan (1= 22 )) 4 Bosin (o (1 — o))
n=1 0

3600
s 2 4
+ Z (Amo Cos (mws (t - —W) - %)
m=1

3w0
2
+B,,, sin (mws <t — —W> _ 4m_7r>)
3wo 3
oo Foo
2 4
+2 2 { mnCOS( mws + nwo) (t— —W) - ﬂ)
m=1n==+1 3wy 3
LB s (( i ) (t 27r) 4m7r)} (C.148)
mn S | (TNWs T NW - ) - — .
’ 3wo 3
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Now considering trigonometric terms in equation C.140, C.144 and C.148 we have:

27 2nm
CcOs <nw0 <t — §>) = CO0s (nwot — T)
0

cos (nwot) if n=3p

= Cos (nwot - %’r) ifn=3p+1 (C.149)

cOS (nw0t+ %’r) ifn=3p+2

. 2T i 2nm
sin (nwo (t — ﬁ)) = sin (nwot — T)
0

sin (nwot) if n=3p
= sin (nwot — 2) if n=3p+1 (C.150)
sin (nwot + %’T) ifn=3p+2

2 2mm
Ccos (mws (t — 3—)) = CO0S (mwst — Tmf)

Wo
= cos (muwst) (C.151)

. 2m ) 2mm
sin (mws <t — —>) = sin (mwst — Tmf)

3000
= sin (mwgt) (C.152)
< (t 27?) 2m7r) < ; 2mm 2m7r>
cos (mws ([t —— ) ——— ] = cos|mwst— ——mp— ——
3wo 3 3 73
cos (mwygt) if m = 3k

= cos (mws - %’r) ifm=3k+1 (C.153)

cos (mwst+ 2%) ifm=3k+2

. ( (t 27 ) 2m7r) . ( ; 2mm 2m7r)
sin (mws ([t —— ) — —— | = sin|mwst — —mr — ——
3wo 3 3 4773
sin (mwt) if m = 3k
- sin (mwet —2) ifm=3k+1  (C.154)
sin (mwst + 2%) if m=3k+2

) A cos (mwygt) if m = 3k
cos <mw8 (t T ) — ﬂ) = cos (mwst + %’r) itm=3k+1 (C.155)

3w 3
’ mwst—Q—”) ifm=3k+2

COS 3
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) A sin (mwst) if m =3k
sin (mws <t - 3—7T> - %) = sin (mwst + %’r) ifm=3k+1 (C.156)
w
’ sin (mwst — %’r) if m=3k—+2
(( n ) (t 2%)) (( L )t 2mm 2n7r)
cos | (mws + nw — — ) ) = cos | (mws + nwo) t — —my — ——
’ 3wo ’ 3 3
cos ((mws + nwy) t) if m = k and n=3p or n=-3p

= Cos ((mws + nwo) t — if m = k and n=3p+1 or n=-(3p+2)

if m = k and n=3p+2 or n=-(3p+1)

%)
|

Cos ((mws + nwo) t + &

(C.157)
) <( L )<t 27r>) ) <( L Y 2mm 2n7r)
sin ( (mws + nw, — — ) ) = sin ( (mws + nwo) t — my —
’ 3wo ’ 3 73
sin ((mws + nwo) t) if m = k and n=3p or n=-3p
= sin ((mws + nwo) t — %’r) if m = k and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t + %’r) if m = k and n=3p+2 or n=-(3p+1)
(C.158)
(( n ) (t 27‘(‘) 2m7r) (( n )t 2mm 2nm 2m7r)
cos (| (mws + nw —— ) — —— ) =cos | (mws +nwy)t — ——mp — — — ——
¢ 3wo 3 ¢ 3 73 3
cos ((mws + nwp) t) if m = 3k and n=3p or n=-3p

(mws + nwo) t — %’T) if m = 3k and n=3p+1 or n=-(3p+2)

cos ( (mws + nwo) t + ) if m = 3k and n=3p+2 or n=-(3p+1)
oS ((mws + nwp) t — —) if m = 3k + 1 and n=3p or n=-3p
= cos ( mws + nwp) t + ) if m = 3k + 1 and n=3p+1 or n=-(3p+2)

COS

cos ((mws + nwo) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
Cos ((mws + nwo) t + %”) if m = 3k + 2 and n=3p or n=-3p
cos ((mws + nwy) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)

cos ((mws + nwy) t — %’T) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.159)

. 2T 2mm
sin ((mws + nwyo) (t — —)

e ——) = sin ((mws—l—nwo)t——m - —

2mm 2nm 2m7r)
3 3 3 3
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sin ((mws + nwy) t) if m = 3k and n=3p or n=-3p

mws + nwg) t — 2—”) if m = 3k and n=3p+1 or n=-(3p+2)

sin ( 3
sin ( mws + nwp) t + 2”) if m = 3k and n=3p+2 or n=-(3p+1)
(

sin ( mws + nwg) t — ?) if m = 3k + 1 and n=3p or n=-3p

= sin ( (mws + nwo) t + 2”) if m = 3k + 1 and n=3p+1 or n=-(3p+2)

sin ((mws + nwo) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + %’r) if m = 3k 4+ 2 and n=3p or n=-3p
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)

sin ( (mw, + nw)t — 2 if m = 3k + 2 and n=3p+2 or n=-(3p+1
(( )t — &) p p

<( n ) (t 2m ) 4m7r) <( n )t 2mm
cos | (mws + nw — | — —— ) = cos | (mws + nwy) t — ——my —
‘ 3wo 3 ‘ 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

((mws + nwo) t — %”) if m = 3k and n=3p+1 or n=-(3p+2)
Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t + ?’T) it m = 3k 4+ 1 and n=3p or n=-3p
= cos ((mws + nwo) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
Cos ((mws +nwo)t — 3 ) if m = 3k + 1 and n=3p+2 or n=-(3p+1)

cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p
Cos ( mws + nwy) t + 2”) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
sin ((mws + nwo) <t - 2—7T> - 4m_7r> = sin <(mws + nwo) t — 2m—ﬁmf -
Swo 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p

sin ( mws + nwg) t — %) if m = 3k and n=3p+1 or n=-(3p+2)
(mws + nwo) t + —”) if m = 3k and n=3p+2 or n=-(3p+1)

sin
3
sin ((mws + nwp) t + %) if m = 3k + 1 and n=3p or n=-3p

/\

= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ( mws + nwg) t — ?> if m = 3k + 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwo) t — 2%) if m = 3k + 2 and n=3p or n=-3p
sin ((mws + nwo) t + 2”) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

276

(C.160)

2nm 4m7r>

3 3

(C.161)

2n_7r 4m7r)
3 3

(C.162)
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Thus the phasor representation for phase B of 3-cell converter when m; = 3k is given by
Figures C.21, C.22 and C.23.

Switching functions S, (w), S (@), Shs(@)  Switching functions S, (@), Syp (@), Sya(w)  Switching functions S, (@), S, (@), Sys(@)

P R ‘I/\ pe
\A02 SN
o S Sl S
] |

3

) P
Y
]

270 270 270
(a)m=3kand n=3por - 3p (b) m=3k and n=3p+1or - (3p+ 2) (c)m=3kand n=3p+ 2or - (3p+ 1)
Switching function Sy, (), Sup2 () Switching function Sy, (w), Sy, (w) Switching function Sy, (w), Sy, (w)

270 270 270
(d)m=3kand n=3por - 3p (e)m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+ 20r - (3p+ 1)
Switching function S, (w) Switching function S, (w) Switching function S, ()

270 270 270
(9) m=3kand n=3por -3p (h)m=3kand n=3p+1lor - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

Figure C.21: Phasor representation for phase B of 3-cell converter for m = 3k
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Switching functions S, (@), S (@), Shs(@)  Switching functionsS; (), Syp (@), Sya(w)  Switching functions S, (@), S, (@), Sys(@)

270 270 270
(a)m=3k+land n=3por - 3 (b)m=3k+1land n=3p+1lor - (P+ 2, (c)m=3k+1landn=3p+ 20r - (+ 1)
Switching function Sy, (), Sypz () Switching function Sy, (w), Sy, (w) Switching function Sy, (w), Sy, (w)

270 270 270
(d)m=3k+landn=3por - 3p (e)m=3k+land n=3p+1lor - (3p+ 2) (f)m=3k+landn=3p+20r - (P+ 1)
Switching function S, (w) Switching function S, (w) Switching function S, (w)

180

270 270 270
(g)m=3k+1and n=3por - 3p (h)m=3k+land n=3p+1or - (p+ 2)  (i)m=3k+1land n=3p+ 20r - (P+ 1,

Figure C.22: Phasor representation for phase B of 3-cell converter for m = 3k + 1
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Switching functions S, (@), S (@), Shs(@)  Switching functionsS; (), Syp (@), Sya(w)  Switching functions S, (@), S, (@), Sys(@)

270 270 270
(a) m=3k+2and n=3por - 3p (b) m=3k+2and n=3p+1or - (P+ 2, (c)m=3k+2and n=3p+ 2or - (P+ 1)
Switching function Sy, (), Sypz () Switching function Sy, (w), Sy, (w) Switching function Sy, (w), Sy, (w)

270 270 270
(d)m=3k+2and n=3por - 3p (e)m=3k+2and n=3p+1or - (+ 2) (f)m=3k+2andn=3p+ 20r - (P+ 1
Switching function S, (w) Switching function S, (w) Switching function S, (w)

180

270 270 270
(g)m=3k+2and n=3por - 3p (N)m=3k+2andn=3p+1lor - (P+2) (i)m=3k+2and n=3p+ 20r - (P+ 1

Figure C.23: Phasor representation for phase B of 3-cell converter for m = 3k + 2



CHAPTER C — PHASOR DIAGRAMS 280

Phase C

From table C.2 the value of h for the background function of s.(t) is given by:

2w,

h =", (C.163)

™

m7rh

Substituting equation C.163 into the term of equation 3.36 we obtain:

mTﬁh = mwsty (C.164)

Now substituting equation C.164 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))

n=1
+ Z mo €0S (Mwsts) + B, sin (mwits))

ooioo

+ 3 > {Ann cos ((mw, + nwo) ta)

m=1n==+1
+ By sin ((mws + nwy) t2) } (C.165)

We now substitute back t = t5 + % into equation C.165 and obtain:

47 47

sa(t) = —Aoo + Z (AOn cos (nwo (t — 3—)) + By, sin (nwo (t — B—WO)))

n=1 wo

47 . 47
# 3 (Anacos (mes (1= 570 )) + B (s (1= 571

+i iio:o{ mncos(mw5+nw0) <t—;—;>)

m=1n==%1

+B,,,, sin <(mw8 + nwp) (t — ;—:};))} (C.166)

From table C.2 for the background function of s.(t) the value of h is given by:

2 4
Yopy = (C.167)

h =
T 3

m7rh

Substituting equation C.167 into the term of equation 3.36 we obtain:

= ity — (C.168)

Now substituting equation C.168 into equation 3.36 we obtain:
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Sea(ta) = —Aoo + Z (Aon cos (nwota) + By, sin (nwots))
n=1
2mm . 2mm

+ Z (AmO cos (mwstg — T) + By SIn (mwstg — T))

m=1

oo  *oo 2

+ Z Z { mncos< mws + nwy) ta — m)

m=1n==%1 3

2

+ By Sin <(mw8 + nwo) ta — %) } (C.169)

We now substitute back ¢t = t5 + % into equation C.169 and obtain:

10 = s 5 (1 22)) i - )
n=1

o ary 2 ary 2
# 3 (Anwcos (m (= 50 = 557 ) + Buosin (mes (1= 57) = 557) )

o oo A 5
+30 % {Auncos ((may + ) (1 - ) - 227)
m=1 n=+1 3wo 3
+ B (( - )(t 4”) Qmﬂ)} (C.170)
mn S | (TNWs T NW - ) - — .
0 3&)0 3

From table C.2 for the background function of s.3(¢) the value of h is given by:
2w, 8

h = 9— = (C.171)
3
Substituting equation C.171 into the term m;rh of equation 3.36 we obtain:
h 4
mrn mwsls — Sl (C.172)
2 3
Now substituting equation C.172 into equation 3.36 we obtain:
Ses(te) = —AOO + Z (Ao, cos (nwota) + Boy, sin (nwot1))
n=1
4 4
+ Z (AmO cos (mwstg — %) + By SIn (mwstg — %))
m=1
oo £oo
4
+ Z Z { mncos< mws + nwp) ty — ﬂ)
m=1n==+1 3
4
4 By sin <(mws + nwo) s — %)} (C.173)

We now substitute back t = t, + % into equation C.173 and obtain:
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1 0 4 4
) = s 5 (1 22)) i - )
n=1

> 4 4 4 4
+mZ::1 <Am0 cos <mw8 <t — 3—;) — —T;m> + By sin <mw8 (t — 3—50) — —T;m>)

oo *oo 4 4
+ Z Z {Amn cos ((mws + nwp) <t — —7T> — m)
m=1n==%1 3w0 3
+ By sin <(mw + nwp) (t - 4—7T) - m)} (C.174)
mn s 0 3&)0 3 .

Now considering trigonometric terms in equation C.166, C.170 and C.174 we have:

4 dnm
Cos (nwo (t — 37)) = cos (nwot — T)
0

cos (nwot) if n=3p
= oS (nwot + 2%) ifn=3p+1 (C.175)

cos (nwot — 2%) ifn=3p+2

. 47 ) dnm
sin (nwo (t — ﬁ)) = sin (nwot — T)
0

sin (nwot) if n=3p
= sin (nwot + %) if n=3p+1 (C.176)

sin (nwot — 2%) ifn=3p+2

s (= 5)) = 2
cos | mws [t — — = cos|mwst— —m
300 3

= cos (mwgt) (C.177)

. 47 i dmm
sin (mws <t — —>) = sin (mwst — Tmf)

= sin (mwgt) (C.178)

47 2mm dmm 2mm
COs <mw8 (t — —) — —) = COos <mw8t - —my — —>
3w0 3

cos (mwygt) if m = 3k
- cos (mwyt — &) ifm=3k+1  (C.179)

cos mwst+2§) ifm=3k+2
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. 47 2mm . dmm 2mm
sin (mws (t — —) — —) = gin (mwst - —my — —)
3w 3 3

sin (mwt) if m = 3k
= sin (mwst - 2—”) ifm=3k+1 (C.180)
sin (mwst + 2—”) if m=3k—+2

A A cos (mwygt) if m =3k
cos <mws (t - 3—7T) — —Tgﬂ) = cos (mwst + %ﬁ) itm=3k+1 (C.181)
w
’ cos (mwst - %’r) ifm=3k+2
A A sin (mwst) if m =3k
sin (mws (t — 3—7T) — %) = sin (mwst + 2”) ifm=3k+1 (C.182)
w
’ sin(m st—%’r> if m=3k+2
<( n )(t 47r)> <( n )t dmm 4n7r)
cos | (mws + nw — — ) ) = cos | (mws + nwy) t — ——my — ——
¢ 3wo ’ 3 73
cos ((mws + nwy) t) if m = k and n=3p or n=-3p
= Cos ((mws + nwo) t + %’T) if m = k and n=3p+1 or n=-(3p+2)
cos ((mws + nwp) t — %’T) if m = k and n=3p+2 or n=-(3p+1)
(C.183)
) (( n )(t 47?)) ) (( n )t dm 4n7r)
sin { (mws 4+ nw — — ) | =sin | (mws + nwo) t — mys —
° 3wo ° 3 73
sin ((mws + nwp) t) if m = k and n=3p or n=-3p
= sin ((mws + nwp) t + %’r) if m = k and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t — %’r) if m = k and n=3p+2 or n=-(3p+1)
(C.184)
<( n ) (t 47r) 2m7r) <( n )t dmm dnm
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — ——my — —
‘ 3wo 3 ‘ 3 73
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+1 or n=-(3p+2)
((

cos ( (mws + nwy) t — 2—”) if m = 3k and n=3p+2 or n=-(3p+1)

3

mws + nwg) t — %’r) if m = 3k 4+ 1 and n=3p or n=-3p

= cos ((mws + nwo) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t + 2 ) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) t + 2”) if m = 3k + 2 and n=3p or n=-3p

cos ( (mws + nwy) t — 2—”) if m = 3k + 2 and n=3p+1 or n=-(3p+2)

—~

COS (

3
cos ((mw; + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

2mm

3

)



CHAPTER C — PHASOR DIAGRAMS 284

(C.185)
) (( n ) (t 47?) 2m7r) ) (( n )t dmm dnm 2m7r)
sin | (mws + nw, —— ) ——— ) =sin{(mws; + nwy)t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwo) t + %’r) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( (mws + nwg) t — 2%) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t + 2”) if m = 3k 4+ 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + ) if m = 3k 4+ 2 and n=3p or n=-3p
sin ( mws + nwg) t — %’r) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.186)
< ( . ) (t dm ) 4m7r) ( ( . Y dm dnm 4m7r>
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p
coS ( mws + nwp) t + 7”) if m = 3k and n=3p+1 or n=-(3p+2)
coS ( mws + nwp) t — ?”) if m = 3k and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) ?” if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t — %’T) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
Cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
Cos ((mws + nwp) t + %”) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

(C.187)
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(s (1 5
sm | (Mmwsg +— Nw -
0 3(,«)0

sin ((mws + nwp) t)
sin ( mws + nwo t+ %’r)
sin ( mws + nwo %’r)
sin ((mws + nwo) t + 2”)
= sm(mws—i—nwo t—?)
sin ((mws + nwo) t)
sin ((mws + nwp) t — %’r)
sin ((mws + nwy) t)

sin ((mws + nwo) t + %’r)

Thus the phasor representation for phase C of 3-cell converter when m; = 3k is given by

Figures C.24, C.25 and C.26.

dmm dmm

3
if m = 3k and n=3p or n=-3p
if m = 3k and n=3p+1 or n=-(3p+2)
if m = 3k and n=3p+2 or n=-(3p+1)

3

if m = 3k + 1 and n=3p or n=-3p
if m = 3k + 1 and n=3p+1 or n=-(3p+2)
if m = 3k + 1 and n=3p+2 or n=-(3p+1)
if m = 3k + 2 and n=3p or n=-3p
if m = 3k + 2 and n=3p+1 or n=-(3p+2)
if m = 3k + 2 and n=3p+2 or n=-(3p+1)

285

. dnm
) = sin ((mws+nwo)t— —my— —— — ——

3

4m7r)
3

(C.188)
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286

Switching functions§; (@), Si2 (@), Sa(@)  Switching functions Sy, (@), S, (@), Sia(@)  Switching functions Sy (@), S (@), Ses(w)

180

210\

270 270
(a)m=3kand n=3por -3p (b) m=3k and n=3p+1lor - (3p+ 2) (c)m=3kand n=3p+ 20r - (3p+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syez (@) Switching function Syy (@), Syes (@)

180

210X

270 270 270
(d)m=3kandn=3por - 3p (e) m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+2or - (3p+ 1)
Switching function S, (w) Switching function S, () Switching function S, ()

270
(9)m=3kandn=3por -3p (h)m=3k and n=3p+1or - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

270 270

Figure C.24: Phasor representation for phase C of 3-cell converter for m = 3k
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Switching functions S, (w), S, (@), S3(w)  Switching functions S, (w), S, (@), Sea(w)

270 270 270
(a)m=3k+1land n=3por - 3p (o) m=3k+1land n=3p+1lor - (P+ 2, (c)m=3k+1land n=3p+ 20r - (Pp+ 1)
Switching function Sy (@), Sycz (@) Switching function Sy (@), Syc2 (@) Switching function Syy (@), Syez (W)

270 270 270
(d)m=3k+1land n=3por - 3p (e)m=3k+landn=3p+1lor - (P+2) (f)m=3k+land n=3p+ 20r - (P+ 1)
Switching function S (w) Switching function S (w) Switching function S (w)

270 270 270
(g)m=3k+1and n=3por - 3p (h)m=3k+land n=3p+1lor - (P+2) (i)m=3k+landn=3p+20r - (P+ 1,

Figure C.25: Phasor representation for phase C of 3-cell converter for m = 3k + 1
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Switching functions Sy (@), 2 (@), S3(w)  Switching functions S, (w), S, (@), Sea(@)  Switching functions Sy (@), S (@), Sea(w)

270 270 270
(a)m=3k+2andn=3por - 3p (b) m=3k+2and n=3p+1or - (+ 2, (c)m=3k+2and n=3p+ 2or - (P+ 1)
Switching function Sy (@), Sycz (W) Switching function Sy (@), Sycz (@) Switching function Sy (@), Sycz (@)

270 270 270
(d)m=3k+2and n=3por - 3p (e)m=3k+2and n=3p+1lor - (P+2) (f)m=3k+2andn=3p+ 20r - (P+ 1
Switching function S (w) Switching function S (w) Switching function S (w)

270 270 270
(g)m=3k+2and n=3por - 3p (h)m=3k+2and n=3p+1lor - (p+ 2) (i)m=3k+2and n=3p+ 20r - (P+ 1,

Figure C.26: Phasor representation for phase C of 3-cell converter for m = 3k + 2
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C.2.2 For frequency modulation index my = 3k +1
Phase A

Derivation for switching functions of phase A are the same as in subsection C.2.1 for

mf = 3]{3

Phase B

From table C.2 the value of h for the background function of sy (¢) is given by:
2w 8

Sto— 2 C.189
R (C.189)

Substituting equation C.189 into the term

h =

m”h of equation 3.36 we obtain:

h 4
% = muwsty — 3mT (C.190)

Now substituting equation C.190 into equation 3.36 we obtain:

sp1(th) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1

4 4
+ Zl (Amo cos (mwstl - gmﬂ) + B, sin (mwstl - gmﬂ))

oo  foo
4
+ Z Z { mn cos( mws + nwg) t; — —mﬂ)
m=1n==%1 3
. 4
+ By sin ((mws + nwo) t1 — gmw) } (C.191)

We now substitute back ¢t =t + % into equation C.191 and obtain:

n=1

+mz::1 (Amo cos (mws (t — 3—%) —3m )

. 2T 4
+B,,, sin (mws <t — —>) — —m7r>
30«)0 3

lt) = b3 (Ao (o (1 = 7))+ Bovsin (s (1= 7))
4

oo Foo

+Z Z { mncos(mws+nw0 ) __mﬂ)
m=1n==%1 3600
4By si (( + nwp) (t 2 ) 1 )} (C.192)
mn SINL (MW + nw —— ] —=m .
0 3wo) 3
From table C.2 for the background function of sj2(t) the value of h is given by:
2w,
h="4 (C.193)

™
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Substituting equation C.193 into the term m”h of equation 3.36 we obtain:

—— = muwsty (C.194)

Now substituting equation C.194 into equation 3.36 we obtain:

spe(t) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1
+ Z mo €08 (Mwgty) + B sin (mwsty))

ooioo

+ 3 > {Amn cos ((mws + nwo) )

m=1n=%1
+ By sin ((mws + nwo) t1) } (C.195)

We now substitute back t =t + % into equation C.143 and obtain:

spp(t) = —Aoo + Z (A(m Ccos (nwo (t - ;—W)) + Bon sin (nwo (t - 2_7T)>)

wWo 3600

+ mzzjl (AmO oS (mws (t - 32—50))

2
+ B, sin (mws (t — —W)))
3600

+i ﬂio{ mncos(mws—i—nwo) (t—Q—W))

m=1n==%1 3w0

+ B, Sin ((mws + nwp) <t — 32—7T>)} (C.196)

wo

From table C.2 for the background function of s;3(t) the value of h is given by:

2w, 4

ot — (C.197)

h =

Substituting equation C.197 into the term m”h of equation 3.36 we obtain:

- = mwgty — —— (C.198)

Now substituting equation C.198 into equation 3.36 we obtain:
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1 > .
sp3(t1) = éAoo + Z (Aon cos (nwot1) + By, sin (nwot))
n=1
& 2mm . 2mm
+ Z (AmO cos (mwstl — T) + By, Sin (mwstl — T))
m=1
co +oo 2t
+ Z Z {Amn cos <(mw8 + nwo) t; — —)
m=1n==%1 3
2
+ By Sin ((mws + nwo) t1 — %) } (C.199)

We now substitute back ¢t = ¢, + % into equation C.199 and obtain:

2 2T

1 = i
) = Y 5 b 25)) i ~25)
oo 2 2
+> (AmO oS (mwS <t —W> - %)
m=1

B 3CUO
2
+B,,, sin (mws <t — —W> _ 2m_7r>)
3wo 3
oo too 9 9
+30 5 {Auncos (e ) (1 - 22 ) - 227
m=1n==%1 3CL)0 3
2 2
B - 5) - ) e

Now considering trigonometric terms in equation C.192, C.196 and C.200 we have:

27 2nm
COs <nw0 <t — 37>) = CO0s (nwot — T)
0

cos (nwot) if n=3p
= Cos (nwo - %’r) ifn=3p+1 (C.201)

cos (nwot + ) if n=3p+2
( 0 3) P

. 2w ) 2nm
sin (nwo (t — 37)) = sin (nwot — T)
0

sin (nwot) if n=3p
= sin (nwot — %) ifn =3p+1 (C.202)

sin (nwot + 2?”) ifn=3p+2

2 2mm
coS (mws (t — —)) = cos (mwst — —mf)
3w0 3

= cos (mwst) (C.203)
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. 2m . 2mm
sin (mws <t - —>) = sin (mwst - —mf)
3w0 3
= sin (mwst) (C.204)
2m 2mm 2mm 2mm
COs <mw8 (t — —) — —) = COos <mw8t - ——my — —>
3wp 3 3 3
cos (mwygt) if m = 3k
= cos (mws - %’r) ifm=3k+1 (C.205)
cos (mwst + 2%) ifm=3k+2
. 2 2mm . 2mm 2mm
sin (mws <t — —> — —> = sin <mw8t - —my — —>
3wo 3 3 3
sin (mwst) if m = 3k
= sin (mwt — %) ifm=3k+1  (C.206)
sin (mwst + 2%) if m=3k+2
) A cos (muwist) it m =3k
cos (mws (t - 3—7T) - %) = cos (mwt+ %) ifm=3k+1  (C.207)
w
‘ cos(mws —%r) ifm=3k+2
) A sin (mwt) if m = 3k
sin (mws <t - 3—7T> - %) = sin (mwst + 2%) ifm=3k+1 (C.208)
w
’ sin(mws —%’r) if m=23k+2
(( n ) (t 2%)) (( . )t 2mm 2n7r)
cos | (mws + nw — — ] ) = cos | (mws +nwy)t — ——my — ——
’ 3wo ’ 3 3
cos ((mws + nwp) t) if m = k and n=3p or n=-3p
= Cos ((mws + nwp) t — ?) if m = k and n=3p+1 or n=-(3p+2)
Cos ((mws + nwo) t + %”) if m = k and n=3p+2 or n=-(3p+1)
(C.209)

in (o, + o) (1= o
S111 mws nw _
0 3w0

‘)
|

sin ((mws + nwy) t)

3
2

3

sin ((mws + nwp) t —

sin ((mws + nwo) t +

>) = sin ((mws + nwp) t —

2nm
3

2mm
3

if m = k and n=3p or n=-3p
if m = k and n=3p+1 or n=-(3p+2)
if m = k and n=3p+2 or n=-(3p+1)

mf—

)

(C.210)
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<( + nwo) (t 27T) Qmﬂ) <( o) ¢ 2mm 2nm 2m7r>
COS mwsg nw — — ] — — ] = COoSs Mmws nw, _—mf - — = —
’ 3wo 3 ’ 3 3 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

3

((mws + nwo) t — 2—”) if m = 3k and n=3p+1 or n=-(3p+2)
Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+2 or n=-(3p+1)

cos ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t + %’T) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwy) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t + %’T) it m = 3k 4+ 2 and n=3p or n=-3p
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
oS ((mws + nwo) t — %”) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.211)
) <( L ) <t 27T> 2m7r> ) <( n )t 2mm 2nm 2m7r)
sin ( (mws + nw, —— ) — —— | =sin | (mws + nwo) t — —my — — — ——
’ 3wo 3 ’ 3 3 3
sin ((mws + nwy) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwg) t — %’r) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( mws + nwy) t + 2”) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwo) t — 2%) if m = 3k + 1 and n=3p or n=-3p
= sin ( mws + nwg) t + 2 ) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwy) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + 2%) if m = 3k + 2 and n=3p or n=-3p
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t — %’r) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.212)
<( n ) (t 2m ) 4m7r) <( n )t 2mm 2nm 4m7r>
cos ( (mws + nw —— ) — —— ) =cos | (mws + nwy) t — —mp — — — ——
‘ 3wo 3 ‘ 3 13 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

cos ( (mws + nwy) t — ?”) if m = 3k and n=3p+1 or n=-(3p+2)

(
cos ( (mws + nwg) t + ) if m = 3k and n=3p+2 or n=-(3p+1)

—~~ 7 NN

3
cos ( mws + nwo) t + %) if m = 3k + 1 and n=3p or n=-3p

= cos ((mws + nwy) ) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t — %’T) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p

cos ( (mws + nwg) t + 2”) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
cos ((mws + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
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(C.213)
sin ((mws + nwo) (t - Q—W) - 4m_7r) = sin ((mws + nwo) t — 2TrL—7T771 _anm 4m_7r)
Swo 3 3 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwg) t — 2%) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( (mws + nwo) t + %’r) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + %’r) if m = 3k + 1 and n=3p or n=-3p
= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t — 2%) if m = 3k 4+ 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) %’r) if m = 3k 4+ 2 and n=3p or n=-3p
sin ( mws + nwp) t + 2”) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.214)

Thus the phasor representation for phase B of 3-cell converter when m; = 3k 41 is given
by Figures C.27, C.28 and C.29.
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Switching functions S, (@), S (@), Shs(@)  Switching functionsS; (), Syp (@), Sya(w)  Switching functions S, (@), S, (@), Sys(@)

270 270 270
(a)m=3kand n=3por - 3p (b) m=3k and n=3p+1or - (3p+ 2) (c)m=3kand n=3p+ 2or - (3p+ 1)
Switching function Sy, (), Sypz () Switching function Sy, (w), Sy, (w) Switching function Sy, (w), Sy, (w)

270 270 270
(d)m=3kand n=3por - 3p (e)m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+20r - (3p+ 1)
Switching function S, (w) Switching function S, (w) Switching function S, ()

180

270 270 270
(9) m=3kand n=3por -3p (h)m=3kand n=3p+1lor - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

Figure C.27: Phasor representation for phase B of 3-cell converter for m = 3k
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Switching functions S, (), Sy, (@), Sy3(w)

e

M

A\

270 270 270
(a) m=3k+1and n=3por - 3p (b) m=3k+1and n=3p+1lor - (P+ 2,  (c)m=3k+1land n=3p+ 20r — (P+ 1)
Switching function Sy, (w), Sy (w) Switching function Sy, (@), Sy, (@) Switching function Sy, (@), Sy, (@)

270 270 270
(d)m=3k+1land n=3por - 3p (e)m=3k+landn=3p+lor - (P+2) (f)m=3k+landn=3p+ 20r - (p+1)
Switching function S, (w) Switching function S, (w) Switching function S, (w)

270 270 270
(9) m=3k+1land n=3por - 3p (h)m=3k+land n=3p+lor - (P+2)  (i)m=3k+landn=3p+2or - (P+ 1,

Figure C.28: Phasor representation for phase B of 3-cell converter for m = 3k + 1
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Switching functions Sy, (w), S (@), Shs(@)  Switching functions S, (@)

'Sz (@), Sy3(w)  Switching functions S, (@), S, (@), Sy3(w)

e

A

A}

270 270 270
(a)m=3k+2andn=3por - 3 (b) m=3k+2and n=3p+1or - (+ 2, (c)m=3k+2andn=3p+ 20r - (P+ 1)
Switching function Sy, (w), Sy (w) Switching function Sy, (@), Sy, (@) Switching function Sy, (@), Sy, (@)

270 270 270
(d)m=3k+2and n=3por - 3 (e)m=3k+2and n=3p+1or - (P+ 2) (f)m=3k+2andn=3p+20r - (P+ 1,
Switching function S, (w) Switching function S, (w) Switching function S, (w)

270 270 270
(g)m=3k+2andn=3por - 3p (h)m=3k+2and n=3p+1lor - (p+2) (i)m=3k+2andn=3p+ 20r - (P+ 1

Figure C.29: Phasor representation for phase B of 3-cell converter for m = 3k + 2
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Phase C

From table C.2 the value of h for the background function of s.(t) is given by:

2w, 4
- (C.215)

T 3

h =

Substituting equation C.215 into the term m”h of equation 3.36 we obtain:

h 2
mTW = mwgty — 3™mT (C.216)

Now substituting equation C.216 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))
n=1
2 . 2
+ Z (AmO cos (mwstg — gmw) + B,,, sin (mwstg — gmw))
m=1
oo  too )
+ Z Z { mn cos< mws + nwy) ta — —mw)
m=1n==+1 3
2
+ By sin <(mws + nwo) ty — gmﬂ) } (C.217)

We now substitute back ¢t = t5 + % into equation C.217 and obtain:

4 4
0 = Fows 5 (o 1 12)) i (- 22))

n=1

4 2
+mz::1 (Amo cos (mws (t - 3—;0) — gmﬁ>

. 41 2
+B,,, sin <mw8 <t — —> — —mw))
3w0 3

oo Foo Ar 5
£33 {Anncos ((mo, +m0) (8- 2%) — Zonr)
m=1n==%x1 3(,«)0 3
+ B si (( + )(t 47T) 2 )} (C.218)
0 30()0 3

From table C.2 for the background function of s.(t) the value of h is given by:

2
ry, 8 (C.219)

h =
3

m7rh

Substituting equation C.219 into the term of equation 3.36 we obtain:

h 4
% = Mgty — —t (C.220)

3
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Now substituting equation C.220 into equation 3.36 we obtain:

Sea(te) = —AOO + Z (Ao, cos (nwota) + Boy, sin (nwots))
n=1
4 4

+ Z (Amo cos (mwstg — %) + B, sin (mwstg — %))

m=1

oo too
4

+ Z Z { mncos( mws + nwy) ta — ﬂ)

m=1n==%1 3

4

+ By sin ((mws + nwo) t — %)} (C.221)

We now substitute back ¢t = t5 + % into equation C.221 and obtain:

Sea(t) = %Aoo + Z <A0n cos (nwo (t — ;—i)) + By, sin (nwo <t — ;—;)))
n=1

> 4 4
+mz::1 (Amo cos (mws (t - 3—50) — —Z)W>

i 47 dmm
+B,,, sin <mw8 <t — —> — —>)
30)0 3

o oo
4 4
+ 30 3 {Amncos ((mw, +n) (1 57) = 227
m=1 n=+1 3wo 3
+ B si (( n >(t 47r) 4m7r)} o)
mn S | (TNWs T NW - ) - — .
’ 3wo 3

From table C.2 for the background function of s.3(¢) the value of h is given by:

2
b=, (C.223)
T

m7rh

Substituting equation C.223 into the term of equation 3.36 we obtain:

mTﬁh = Mmwsty (C.224)

Now substituting equation C.224 into equation 3.36 we obtain:

Se3(ta) = —Aoo + Z (Apy, cos (nwotz) + By, sin (nwoty))

n=1
+ Z m0 €O (Mwsta) + By sin (mwgts))

oo:l:oo

+ 30> {Anmn cos ((mws + nwp) t)

m=1n==+1
+ By sin ((mwg + nwy) t2) } (C.225)
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We now substitute back ¢t = t5 + % into equation C.225 and obtain:

300

Se3 (t) =

Now considering

1 [ee] 47 : An
51400 + nz::l <A0n COos (nwo (t - 3—%)> + Bon sin (nwo <t - 3—(,«)0))>
=5 (e s = 3)) # B (s (1 53)
. Gt —— mo S | TNW; | U — —
2 0 COS | mw 3w 3wo

+m§:1 :i; {Amn cos ((mws + nwy) (t - :—;))
+ B, sin ((mws + nwp) (t — ;—;TO))} (C.226)

trigonometric terms in equation C.218, C.222 and C.226 we have:

4 dnm
Cos (nwo (t — ﬁ)) = cos (nwot — T)
0

cos (nwot) if n=3p
Cos (nwot + 2%) ifn=3p+1 (C.227)

coS (nwot — 2%) ifn=3p+2

. 47 ) dnm
sin (nwo (t — 37)) = sin (nwot — T)
0

sin (nwot) if n=3p
= sin (nwot + %) if n=3p+1 (C.228)

sin (nwot — %’r) ifn=3p+2

47 dmm
COs (mws (t — —)) = CO0Ss (mwst — Tmf)

sin (mws <

= cos (mwst) (C.229)

47 . dmm
t— —>) = sin (mwst — Tmf)

= sin (mwgt) (C.230)

cos (mwygt) if m = 3k

- cos (mwst — &) ifm=3k+1  (C231)

cos (mwst+ %’r) ifm=3k+2
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. 47 2mm . dmm 2mm
sin (mws (t — —) — —) = gin (mwst - —my — —)
3w 3 3

sin (mwt) if m = 3k
= sin (mwet — %) ifm=3k+1  (C.232)
sin (mwst + 2—”) if m=3k—+2

A A cos (mwygt) if m =3k
Cos <mw8 (t — 3—7T) — %) = Ccos (mwst + %’r) iftm=3k+1 (C.233)
w
’ cos (mwst - %’r) ifm=3k+2
sin (mwst) if m =3k

4 4
sin (mws (t — —W) — ﬁ) = sin (mwst + 2”) ifm=3k+1 (C.234)
sin(m st—Q—”> if m=3k+2

<( n ) (t 47r)> <( n )t dmm 4n7r)
cos | (mws + nw —— ) =cos | (mws + nwy) t — ——my — ——
¢ 3wo ’ 3 73
cos ((mws + nwy) t) if m = k and n=3p or n=-3p

cos ( (mws + nwg) t + %’T) if m = k and n=3p+1 or n=-(3p+2)

cos ((mws + nwp) t — %’T) if m = k and n=3p+2 or n=-(3p+1)

(C.235)
) (( n )(t 47?)) ) (( n )t dm 4n7r)
sin ( (mws + nw — — ) | =sin | (mws + nwo) t — mys —
° 3wo ° 3 13
sin ((mws + nwp) t) if m = k and n=3p or n=-3p
= sin ((mws + nwp) t + %’r) if m = k and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t — %’r) if m = k and n=3p+2 or n=-(3p+1)
(C.236)
<( n ) (t 47r) 2m7r) <( n )t dmm dnm
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — ——my — —
‘ 3wo 3 ‘ 3 13
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p
Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t — %’T) if m = 3k and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)

Cos ((mws + nwo) t + 2 ) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) t + 2”) if m = 3k + 2 and n=3p or n=-3p

cos ( (mws + nwy) t — %’T) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
cos ((mws + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

2mm

3

)
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(C.237)
) (( n ) (t 47?) 2m7r) ) (( n )t dmm dnm 2m7r)
sin | (mws + nw, —— ) ——— ) =sin{(mws; + nwy)t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwo) t + %’r) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( (mws + nwg) t — 2%) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t + 2”) if m = 3k 4+ 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + ) if m = 3k 4+ 2 and n=3p or n=-3p
sin ( mws + nwg) t — %’r) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.238)
< ( . ) (t dm ) 4m7r) ( ( . Y dm dnm 4m7r>
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p
coS ( mws + nwp) t + 7”) if m = 3k and n=3p+1 or n=-(3p+2)
coS ( mws + nwp) t — ?”) if m = 3k and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) ?” if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t — %’T) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
Cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
Cos ((mws + nwp) t + %”) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

(C.239)
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(e + ) (1= 0)
sin | (Mwg nw -
0 3(,«)0

sin ((mws + nwp) t)
sin ( mws + nwo t+ %’r)
sin ( mws + nwo %’r)
sin ((mws + nwo) t + 2”)
= sm(mws—i—nwo t—?)
sin ((mws + nwo) t)
sin ((mws + nwp) t — %’r)
sin ((mws + nwy) t)

sin ((mws + nwo) t + %’r)

Thus the phasor representation for phase C of 3-cell converter when my = 3k 41 is given

by Figures C.30, C.31 and C.32.

dmm dmm

3
if m = 3k and n=3p or n=-3p
if m = 3k and n=3p+1 or n=-(3p+2)
if m = 3k and n=3p+2 or n=-(3p+1)

3

if m = 3k + 1 and n=3p or n=-3p
if m = 3k + 1 and n=3p+1 or n=-(3p+2)
if m = 3k + 1 and n=3p+2 or n=-(3p+1)
if m = 3k + 2 and n=3p or n=-3p
if m = 3k + 2 and n=3p+1 or n=-(3p+2)
if m = 3k + 2 and n=3p+2 or n=-(3p+1)

303

. dnm
) = sin ((mws+nwo)t— —my— —— — ——

3

4m7r)
3

(C.240)
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304

Switching functions§; (@), Si2 (@), Sa(@)  Switching functions Sy, (@), S, (@), Sia(@)  Switching functions Sy (@), S (@), Ses(w)

180

210\

270 270
(a)m=3kand n=3por -3p (b) m=3k and n=3p+1lor - (3p+ 2) (c)m=3kand n=3p+ 20r - (3p+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syez (@) Switching function Syy (@), Syes (@)

180

210X

270 270 270
(d)m=3kandn=3por - 3p (e) m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+2or - (3p+ 1)
Switching function S, (w) Switching function S, () Switching function S, ()

270
(9)m=3kandn=3por -3p (h)m=3k and n=3p+1or - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

270 270

Figure C.30: Phasor representation for phase C of 3-cell converter for m = 3k
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Switching functions S, (w), S;» (@), Ss(@)  Switching functions S, ()

'S (@), S5(w)  Switching functions Sy (w), S, (W), Se5(w)

270 270 270
(a)m=3k+1and n=3por - 3p (b)m=3k+land n=3p+1lor - (p+ 2  (c)m=3k+land n=3p+ 20r - (P+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syco (@) Switching function Sy (@), Sy, (w)

270 270 270
(d)m=3k+1land n=3por - 3p (e)m=3k+1land n=3p+1lor - (+2) (f)m=3k+land n=3p+ 20r - (Pp+ 1)
Switching function S (w) Switching function S (@) Switching function S (w)

180

270 270 270
(9) m=3k+1land n=3por - 3p (h)m=3k+land n=3p+lor - (P+2) (i)m=3k+land n=3p+ 20r - (P+ 1

Figure C.31: Phasor representation for phase C of 3-cell converter for m = 3k + 1
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Switching functions Sy (w), S, (@), Ses(w)

270 270 270
(a) m=3k+2and n=3por - 3p (b)m=3k+2and n=3p+1lor - (P+ 2, (c)m=3k+2and n=3p+ 20r - (+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syco (@) Switching function Sy (@), Sy, (w)

270 270 270
(d)m=3k+2and n=3por - 3p (e)m=3k+2and n=3p+lor - (P+2) (f)m=3k+2andn=3p+20r - (P+ 1
Switching function S (w) Switching function S (@) Switching function S (w)

180

270 270 270
(g) m=3k+2and n=3por - 3p (h)m=3k+2and n=3p+1lor - (p+2) (i)m=3k+2and n=3p+ 2or - (P+ 1,

Figure C.32: Phasor representation for phase C of 3-cell converter for m = 3k + 2
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C.2.3 For frequency modulation index my = 3k + 2
Phase A

Derivation for switching functions of phase A are the same as in subsection C.2.1 for

mf = 3]{3

Phase B

From table C.2 the value of h for the background function of sy (¢) is given by:

2w 4

°t — = C.241
R (C.241)

Substituting equation C.241 into the term

h =

m”h of equation 3.36 we obtain:

h 2
% = mwgty — 3™mT (C.242)

Now substituting equation C.242 into equation 3.36 we obtain:

sp1(th) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1

2 2
+ Zl (Amo cos (mwstl - gmﬂ) + B, sin (mwstl - gmﬂ))

oo *oo
2
+ Z Z { mn cos( mws + nwg) t; — —mﬂ)
m=1n==%1 3
2
+ B, sin ((mws + nwo) t1 — gmw) } (C.243)

We now substitute back ¢t =t + % into equation C.243 and obtain:

lt) = b3 (Ao (o (1 = 7))+ Bovsin (s (1= 7))

n=1

2
+mz::1 (Amo cos (mws (t — 3—%) —3m )
2
3

2
+B,,, sin (mws <t — —W>) — m7r>
3(,«)0

oo +oo
+> > { mnCOS(mws+nwo (t )__mﬂ)
m=1n==+1 3600
4By si (( + )(t QW) 2 )} (C.244)
on Sin [ (mwg + nw ——— ) —=-m )
0 3w0) 37

From table C.2 for the background function of sj2(t) the value of h is given by:

2w 8
Sty — = C.245
—h—3 ( )

h =
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Substituting equation C.245 into the term m”h of equation 3.36 we obtain:

h 4
mTW = mwgty — 3mT (C.246)

Now substituting equation C.246 into equation 3.36 we obtain:

spe(t) = —AOO + Z (Aon cos (nwoty) + Boy sin (nwoty))

n=1

4 4
+ E (AmO CcOs (mwstl — gmw) + By, sin (mwstl — gmw)>
m=1

co +oo 4
+ Z Z { mn COS < mws + nwp) t] — —mw)
m=1n==%1 3
. 4
+ B, SIn ((mws + nwp) t; — §m7r> } (C.247)

We now substitute back ¢t = ¢, + % into equation C.247 and obtain:

) + Bowsin (o (£ %)))

1 & 2
sp(ty) = 51400 + (AOn cos <nw0 <t 3,
n=1

wo

—l—mz::1 (Amo cos (mws (t — 3_:;0) — gmﬂ)
2
+ B0 SIn (mws (t — _W) _ érrm))
3wo 3
oo  too
2 4
+ Z Z { mnCOS( mws+nw0) (t— —ﬂ-) _ —mﬂ')
m=1 n=+1 3wy 3
: 2T 4
+ By sin ((mws + nwy) (t — —) — —mﬁ)} (C.248)
3CUO 3

From table C.2 for the background function of s,3(¢) the value of h is given by:

2w,

h="h (C.249)

Substituting equation C.249 into the term m;rh of equation 3.36 we obtain:

h
mT” = mwgts (C.250)

Now substituting equation C.250 into equation 3.36 we obtain:
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sp3(t1) = —Aoo + Z (Agy, cos (nwot1) + By, sin (nwoty))

n=1
+ Z mo €08 (Mwgty) + B sin (mwsty))
co +oo

+ 3 > {Amn cos ((mws + nwo) 1)

m=1n=%1
+ By sin ((mws + nwp) t1) } (C.251)

We now substitute back ¢t = t; + % into equation C.251 and obtain:
} : 2 p
sp3(t) = —Aoo + 2 (AOn cos (nwo (t - 3_50)) + By, sin (nwo (t B 3:;)))
Z 2T
+ 2 ( 0 COS | mw o

2
+B,,,, sin (mws <t _ >)>
3w0

oo Foo o
+Z Z { mncos(mws+nwo) (t——))
m=1n==%1 3w0
. 2T
+ By sin ((mws + nwyp) (t — —))} (C.252)
3w0

Now considering trigonometric terms in equation C.244, C.248 and C.252 we have:

2w 2nm
Cos (nwo (t — ﬁ)) = cos (nwot — T)
0

cos (nwot) if n=3p
= cos (nwot - ?> ifn=3p+1 (C.253)

coS (nw0t+ 7) ifn=3p+2

. 2T i 2nm
sin (nwo (t — @)) = sin (nwot — T)
0

sin (nwot) ifn=3p
= sin (nwot %) ifn=3p+1 (C.254)
sin (nwot + ?) ifn=3p+2

27 2mm
COSs <mw8 (t — —)) = CO0Ss (mwst — Tmf)

3600
= cos (mwgt) (C.255)
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. 2m . 2mm
sin (mws <t - —>) = sin (mwst - —mf)
3w0 3
= sin (mwgt) (C.256)
2m 2mm 2mm 2mm
COs <mw8 (t — —) — —) = COos <mw8t - ——my — —>
3wp 3 3 3
cos (mwygt) if m = 3k
= cos (mws - %’r) ifm=3k+1 (C.257)
cos (mwst + 2%) ifm=3k+2
. 2 2mm . 2mm 2mm
sin (mws <t — —> — —> = sin <mw8t - —my — —>
3wo 3 3 3
sin (mwst) if m = 3k
= sin (mwt — %) ifm=3k+1  (C258)
sin (mwst + 2%) if m=3k+2
) A cos (muwist) it m =3k
cos (mws (t - 3—7T) - %) = cos (mwt+ %) ifm=3k+1  (C.259)
w
‘ cos(mws —%r) ifm=3k+2
) A sin (mwt) if m = 3k
sin (mws <t - 3—7T> - %) = sin (mwst + 2%) ifm=3k+1 (C.260)
w
’ sin(mws —%’r) if m=23k+2
(( n ) (t 2%)) (( . )t 2mm 2n7r)
cos | (mws + nw — — ] ) = cos | (mws +nwy)t — ——my — ——
’ 3wo ’ 3 3
cos ((mws + nwp) t) if m = k and n=3p or n=-3p
= Cos ((mws + nwp) t — ?) if m = k and n=3p+1 or n=-(3p+2)
Cos ((mws + nwo) t + %”) if m = k and n=3p+2 or n=-(3p+1)
(C.261)

in (o, + o) (1= o
S111 mws nw _
0 3w0

‘)
|

sin ((mws + nwy) t)

3
2

3

sin ((mws + nwp) t —

sin ((mws + nwo) t +

>) = sin ((mws + nwp) t —

2nm
3

2mm
3

if m = k and n=3p or n=-3p
if m = k and n=3p+1 or n=-(3p+2)
if m = k and n=3p+2 or n=-(3p+1)

mf—

)

(C.262)
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<( + nwo) (t 27T) Qmﬂ) <( o) ¢ 2mm 2nm 2m7r>
COS mwsg nw — — ] — — ] = COoSs Mmws nw, _—mf - — = —
’ 3wo 3 ’ 3 3 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

3

((mws + nwo) t — 2—”) if m = 3k and n=3p+1 or n=-(3p+2)
Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+2 or n=-(3p+1)

cos ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t + %’T) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwy) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t + %’T) it m = 3k 4+ 2 and n=3p or n=-3p
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
oS ((mws + nwo) t — %”) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.263)
) <( L ) <t 27T> 2m7r> ) <( n )t 2mm 2nm 2m7r)
sin ( (mws + nw, —— ) — —— | =sin | (mws + nwo) t — —my — — — ——
’ 3wo 3 ’ 3 3 3
sin ((mws + nwy) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwg) t — %’r) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( mws + nwy) t + 2”) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwo) t — 2%) if m = 3k + 1 and n=3p or n=-3p
= sin ( mws + nwg) t + 2 ) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwy) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + 2%) if m = 3k + 2 and n=3p or n=-3p
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t — %’r) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.264)
<( n ) (t 2m ) 4m7r) <( n )t 2mm 2nm 4m7r>
cos ( (mws + nw —— ) — —— ) =cos | (mws + nwy) t — —mp — — — ——
‘ 3wo 3 ‘ 3 13 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

cos ( (mws + nwy) t — ?”) if m = 3k and n=3p+1 or n=-(3p+2)

(
cos ( (mws + nwg) t + ) if m = 3k and n=3p+2 or n=-(3p+1)

—~~ 7 NN

3
cos ( mws + nwo) t + %) if m = 3k + 1 and n=3p or n=-3p

= cos ((mws + nwy) ) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t — %’T) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p

cos ( (mws + nwg) t + 2”) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
cos ((mws + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
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(C.265)
sin ((mws + nwo) (t - Q—W) - 4m_7r) = sin ((mws + nwo) t — 2TrL—7T771 _anm 4m_7r)
Swo 3 3 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwg) t — 2%) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( (mws + nwo) t + %’r) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + %’r) if m = 3k + 1 and n=3p or n=-3p
= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t — 2%) if m = 3k 4+ 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) %’r) if m = 3k 4+ 2 and n=3p or n=-3p
sin ( mws + nwp) t + 2”) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.266)

Thus the phasor representation for phase B of 3-cell converter when m; = 3k 4 2 is given
by Figures C.33, C.34 and C.35.
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Switching functions S, (@), S (@), Shs(@)  Switching functionsS; (), Syp (@), Sya(w)  Switching functions S, (@), S, (@), Sys(@)

270 270 270
(a)m=3kand n=3por - 3p (b) m=3k and n=3p+1or - (3p+ 2) (c)m=3kand n=3p+ 2or - (3p+ 1)
Switching function Sy, (), Sypz () Switching function Sy, (w), Sy, (w) Switching function Sy, (w), Sy, (w)

270 270 270
(d)m=3kand n=3por - 3p (e)m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+20r - (3p+ 1)
Switching function S, (w) Switching function S, (w) Switching function S, ()

180

270 270 270
(9) m=3kand n=3por -3p (h)m=3kand n=3p+1lor - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

Figure C.33: Phasor representation for phase B of 3-cell converter for m = 3k
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Switching functions Sy, (w), S (@), Shs(@)  Switching functions S, (@)

'Sz (@), Sy3(w)  Switching functions S, (@), S, (@), Sy3(w)

270 270 270
(a) m=3k+1and n=3por - 3p (b) m=3k+1and n=3p+1lor - (P+ 2,  (c)m=3k+1land n=3p+ 20r — (P+ 1)
Switching function Sy, (w), Sy (w) Switching function Sy, (@), Sy, (@) Switching function Sy, (@), Sy, (@)

270 270 270
(d)m=3k+1land n=3por - 3p (e)m=3k+landn=3p+lor - (P+2) (f)m=3k+landn=3p+ 20r - (p+1)
Switching function S, (w) Switching function S, (w) Switching function S, (w)

270 270 270
(9) m=3k+1land n=3por - 3p (h)m=3k+land n=3p+lor - (P+2)  (i)m=3k+landn=3p+2or - (P+ 1,

Figure C.34: Phasor representation for phase B of 3-cell converter for m = 3k + 1
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Switching functions Sy, (w), S (@), Shs(@)  Switching functions S, (@)

'Sz (@), Sy3(w)  Switching functions S, (@), S, (@), Sy3(w)

e

A

A}

270 270 270
(a)m=3k+2andn=3por - 3 (b) m=3k+2and n=3p+1or - (+ 2, (c)m=3k+2andn=3p+ 20r - (P+ 1)
Switching function Sy, (w), Sy (w) Switching function Sy, (@), Sy, (@) Switching function Sy, (@), Sy, (@)

‘ A e N
\ “\Q"?\ \\Sdh 7
7N, AN { \
02 A

270 270 270
(d)m=3k+2and n=3por - 3 (e)m=3k+2and n=3p+1or - (P+ 2) (f)m=3k+2andn=3p+20r - (P+ 1,
Switching function S, (w) Switching function S, (w) Switching function S, (w)

270 270 270
(g)m=3k+2andn=3por - 3p (h)m=3k+2and n=3p+1lor - (p+2) (i)m=3k+2andn=3p+ 20r - (P+ 1

Figure C.35: Phasor representation for phase B of 3-cell converter for m = 3k + 2
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Phase C

From table C.2 the value of h for the background function of s.(t) is given by:

2w, 8
gy 2 (C.267)

T 3

h =

Substituting equation C.267 into the term m”h of equation 3.36 we obtain:

h 4
mTW = muwsls — M (C.268)

Now substituting equation C.268 into equation 3.36 we obtain:

Se1(te) = —AOO + Z (Agy, cos (nwota) + Boy, sin (nwots))
n=1
4 . 4
+ Z (AmO cos (mwstg — gmw) + B,,, sin (mwstg — gmw))
m=1
oo  too 4
+ Z Z { mn cos< mws + nwy) ta — —mw)
m=1n==+1 3
4
+ By sin <(mws + nwy) ta — gmﬂ) } (C.269)

We now substitute back ¢t = t5 + % into equation C.269 and obtain:

4 4
0 = Fows 5 (o 1 12)) i (- 22))

n=1

4 4
+mz::1 (Amo cos (mws (t - 3—;0) — gmﬁ>

. 41 4
+B,,, sin <mw8 <t — —> — —mw))
3w0 3

oo Foo Ar 4
£33 {Anncos ((mo, +m0) (8 2%) — S
m=1n==%x1 3(,«)0 3
4 4
+ B sin ((mws +nw) (t - —W) - —mﬂ)} (C.270)
30()0 3

From table C.2 for the background function of s.(t) the value of h is given by:

2
h= "2, (C.271)
m

m7rh

Substituting equation C.271 into the term of equation 3.36 we obtain:

h
% = mwgts (C.272)
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Now substituting equation C.272 into equation 3.36 we obtain:

Sea(te) = —AOO + Z (Ao, cos (nwota) + Boy, sin (nwots))

n=1
+ Z mo €0S (Mwsts) + B, sin (mwits))

ooioo

+ 3 > {Ann cos ((mw, + nwo) ta)

m=1n==%1

+ By sin ((mws + nwo) t2) } (C.273)

We now substitute back t = t, + % into equation C.273 and obtain:

1 > 47 . 47
Sea(t) = 5AOO + 712::1 (AOn cos (nwo (t — 3—%)) + By, sin (nwo (t — S—wO)))
i 4
+ Z (Amo cos (mws (t — B—W))
m=1

wo

4
+B,,,, sin <mws <t > mr >)
3w0

o +oo
))

+ Z Z { mn COS ( mws—irnwo
} (C.274)

(-3
)

+ B, sIn ((mws + nwp) ( )
3w0

From table C.2 for the background function of s.3(¢) the value of h is given by:

2 4
ety = (C.275)

T 3

h =

m7rh

Substituting equation C.275 into the term of equation 3.36 we obtain:

h 2
% = Mmuwsls — 3mT (C.276)

Now substituting equation C.276 into equation 3.36 we obtain:

Se3(ta) = —Aoo + Z (Apy, cos (nwotz) + By, sin (nwoty))

n=1

2 2
+ Zl (AmO Ccos (mwstg — gmw) + B,,, sin (mwstg — gmw))

oo  *oo
2
+ Zl 21 { mn COS ( (mws + nwg) ta — gmw)

2
+B,,,,, sin <(mw8 + nw) ta — gmw) } (C.277)
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We now substitute back ¢t = t5 + % into equation C.277 and obtain:

Se3 (t)

1 (o]
51400 + Z <A0n cos (nwo (t —
n=1

s 4
+ E (Amo cos (mws ( T
m=1

t— ——
3w0

47 ) 47
—)) + By, sin (nwo <t - —
3wo 3wo
2 .
— gmﬁ> + B,,, sin (mws (

)

oo Foo Ar 5
+35 3 {Anncos ((mo, +m0) (8- 27) — 2o
m=1n==%x1 3CUO 3

+ B, sin ((mws + nwp) (

4
t— —
3w0

2
— —mm

3

) =5y

t— —

318

)

)

3600

Now considering trigonometric terms in equation C.270, C.274 and C.278 we have:

47 dnm
Cos (nwo (t — —)) = cos (nwot — —)
3w0 3
cos (nwot) if n=3p
= coS (nw0t+%ﬂ> ifn=3p+1
coS (nwot — 2%) ifn=3p+2
. 47 ) dnm
sin (nwo (t — —)) = sin (nwot — —)
3w0 3
sin (nwot) if n=3p
= sin(nwot—l—%’r) ifn=3p+1
sin (nwot — %’r) ifn=3p+2
47 dmm
COs (mws (t — —)) = CO0Ss (mwst — —mf)
3w0 3
= cos (mwgt)

. 4dr ) dmm

sin (mws <t — —>) = sin (mwst — —mf)

3w0 3

= sin (mwgt)

47 2mm dmm 2mm
COs <mw8 (t —) — —) = COos <mw8t —myy — —>

3wo 3 3 3

cos (mwygt) if m = 3k
= cos(mws —%’r) ifm=3k+1

COSs

(

mwst+2§) ifm=3k+2

(C.279)

(C.280)

(C.281)

(C.282)

(C.283)

— —-mm

3

))

(C.278)
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. 47 2mm . dmm 2mm
sin (mws (t — —) — —) = gin (mwst - —my — —)
3w 3 3

sin (mwt) if m = 3k
= sin (mwet — %) ifm=3k+1  (C.284)
sin (mwst + 2—”) if m=3k—+2

A A cos (mwygt) if m =3k
Cos <mw8 (t — 3—7T) — %) = Ccos (mwst + %’r) iftm=3k+1 (C.285)
w
’ cos (mwst - %’r) ifm=3k+2
A A sin (mwst) if m =3k
sin (mws (75 - 3—7T) - %) = sin (mwst + 2”) if m=3k+1 (C.286)
w
’ sin(m st—%’r> if m=3k+2
<( n )(t 47r)> <( n )t dmm 4n7r)
cos | (mws + nw — — ) ) = cos | (mws + nwy) t — ——my — ——
¢ 3wo ° 3 73
cos ((mws + nwy) t) if m = k and n=3p or n=-3p
= Cos ((mws + nwo) t + %’T) if m = k and n=3p+1 or n=-(3p+2)
cos ((mws + nwp) t — %’T) if m = k and n=3p+2 or n=-(3p+1)
(C.287)
) (( n )(t 47?)) ) (( n )t dm 4n7r)
sin ( (mws + nw — — ) | =sin | (mws + nwo) t — mys —
° 3wo ° 3 13
sin ((mws + nwp) t) if m = k and n=3p or n=-3p
= sin ((mws + nwo) t + %’r) if m = k and n=3p+1 or n=-(3p+2)
sin ((mws + nwp) t — %’r) if m = k and n=3p+2 or n=-(3p+1)
(C.288)
<( n ) (t 47r) 2m7r) <( n )t dmm dnm
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — ——my — —
‘ 3wo 3 ‘ 3 13
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p

Cos ((mws + nwo) t + 2?”) if m = 3k and n=3p+1 or n=-(3p+2)
((

cos ( (mws + nwy) t — 2—”) if m = 3k and n=3p+2 or n=-(3p+1)

3

mws + nwg) t — %’r) if m = 3k 4+ 1 and n=3p or n=-3p

= cos ((mws + nwo) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t + 2 ) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) t + 2”) if m = 3k + 2 and n=3p or n=-3p

cos ( (mws + nwy) t — 2—”) if m = 3k + 2 and n=3p+1 or n=-(3p+2)

—~

COS (

3
cos ((mw; + nwy) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

2mm

3

)
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(C.289)
) (( n ) (t 47?) 2m7r) ) (( n )t dmm dnm 2m7r)
sin | (mws + nw, —— ) ——— ) =sin{(mws; + nwy)t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
sin ((mws + nwp) t) if m = 3k and n=3p or n=-3p
sin ( mws + nwo) t + %’r) if m = 3k and n=3p+1 or n=-(3p+2)
sin ( (mws + nwg) t — 2%) if m = 3k and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t — %’r) if m = 3k + 1 and n=3p or n=-3p
= sin ((mws + nwy) t) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t + 2”) if m = 3k 4+ 1 and n=3p+2 or n=-(3p+1)
sin ((mws + nwp) t + ) if m = 3k 4+ 2 and n=3p or n=-3p
sin ( mws + nwg) t — %’r) if m = 3k 4+ 2 and n=3p+1 or n=-(3p+2)
sin ((mws + nwo) t) if m = 3k + 2 and n=3p+2 or n=-(3p+1)
(C.290)
< ( . ) (t dm ) 4m7r) ( ( . Y dm dnm 4m7r>
cos | (mws + nw —— ) — —— ) =cos | (mws + nwy) t — —mp — — — ——
’ 3wo 3 ’ 3 3 3
cos ((mws + nwy) t) if m = 3k and n=3p or n=-3p
coS ( mws + nwp) t + 7”) if m = 3k and n=3p+1 or n=-(3p+2)
coS ( mws + nwp) t — ?”) if m = 3k and n=3p+2 or n=-(3p+1)
coS ((mws + nwp) ?” if m = 3k + 1 and n=3p or n=-3p
= cos ((mws + nwo) t — %’T) if m = 3k + 1 and n=3p+1 or n=-(3p+2)
cos ((mws + nwo) t) if m = 3k + 1 and n=3p+2 or n=-(3p+1)
Cos ((mws + nwp) t — %’r) if m = 3k + 2 and n=3p or n=-3p
cos ((mws + nwo) t) if m = 3k + 2 and n=3p+1 or n=-(3p+2)
Cos ((mws + nwp) t + %”) if m = 3k + 2 and n=3p+2 or n=-(3p+1)

(C.291)
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(e + ) (1= 0)
sin | (Mwg nw -
0 3(,«)0

sin ((mws + nwp) t)
sin ( mws + nwo t+ %’r)
sin ( mws + nwo %’r)
sin ((mws + nwo) t + 2”)
= sm(mws—i—nwo t—?)
sin ((mws + nwo) t)
sin ((mws + nwp) t — %’r)
sin ((mws + nwy) t)

sin ((mws + nwo) t + %’r)

Thus the phasor representation for phase C of 3-cell converter when my = 3k 4 2 is given

by Figures C.36, C.37 and C.38.

dmm dmm

3
if m = 3k and n=3p or n=-3p
if m = 3k and n=3p+1 or n=-(3p+2)
if m = 3k and n=3p+2 or n=-(3p+1)

3

if m = 3k + 1 and n=3p or n=-3p
if m = 3k + 1 and n=3p+1 or n=-(3p+2)
if m = 3k + 1 and n=3p+2 or n=-(3p+1)
if m = 3k + 2 and n=3p or n=-3p
if m = 3k + 2 and n=3p+1 or n=-(3p+2)
if m = 3k + 2 and n=3p+2 or n=-(3p+1)

321

. dnm
) = sin ((mws+nwo)t— —my— —— — ——

3

4m7r)
3

(C.292)
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322

Switching functions§; (@), Si2 (@), Sa(@)  Switching functions Sy, (@), S, (@), Sia(@)  Switching functions Sy (@), S (@), Ses(w)

180

210\

270 270
(a)m=3kand n=3por -3p (b) m=3k and n=3p+1lor - (3p+ 2) (c)m=3kand n=3p+ 20r - (3p+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syez (@) Switching function Syy (@), Syes (@)

180

210X

270 270 270
(d)m=3kandn=3por - 3p (e) m=3kand n=3p+1lor - (3p+ 2) (f)m=3kand n=3p+2or - (3p+ 1)
Switching function S, (w) Switching function S, () Switching function S, ()

270
(9)m=3kandn=3por -3p (h)m=3k and n=3p+1or - (3p+ 2) (i)m=3kand n=3p+ 20r - (3p+ 1)

270 270

Figure C.36: Phasor representation for phase C of 3-cell converter for m = 3k
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Switching functions Sy (w), S, (@), Ses(w)

270 270 270
(a)m=3k+1and n=3por - 3p (b)m=3k+land n=3p+1lor - (p+ 2  (c)m=3k+land n=3p+ 20r - (P+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syco (@) Switching function Sy (@), Sy, (w)

270 270 270
(d)m=3k+1land n=3por - 3p (e)m=3k+1land n=3p+1lor - (+2) (f)m=3k+land n=3p+ 20r - (Pp+ 1)
Switching function S (w) Switching function S (@) Switching function S (w)

180

270 270 270
(9) m=3k+1land n=3por - 3p (h)m=3k+land n=3p+lor - (P+2) (i)m=3k+land n=3p+ 20r - (P+ 1

Figure C.37: Phasor representation for phase C of 3-cell converter for m = 3k + 1
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Switching functions S, (w), S;» (@), Ss(@)  Switching functions S, ()

'S (@), S5(w)  Switching functions Sy (w), S, (W), Se5(w)

270 270 270
(a) m=3k+2and n=3por - 3p (b)m=3k+2and n=3p+1lor - (P+ 2, (c)m=3k+2and n=3p+ 20r - (+ 1)
Switching function Sy (@), Syez (w) Switching function Sy (@), Syco (@) Switching function Sy (@), Sy, (w)

270 270 270
(d)m=3k+2and n=3por - 3p (e)m=3k+2and n=3p+lor - (P+2) (f)m=3k+2andn=3p+20r - (P+ 1
Switching function S (w) Switching function S (@) Switching function S (w)

180

270 270 270
(g) m=3k+2and n=3por - 3p (h)m=3k+2and n=3p+1lor - (p+2) (i)m=3k+2and n=3p+ 2or - (P+ 1,

Figure C.38: Phasor representation for phase C of 3-cell converter for 3k + 2



Appendix D

Duty Cycles for Other Five Sectors

D.1 Duty Cycles for Sector 11

In this section we study the sequences and combinations of duty cycles of regions A, B,
C and D of sector II. Figure D.1 show the first sector of six sectors with its regions. We

show the switch combinations using all redundancy in Appendix E section E.2.

Xg (0,4/2) (01-1)

X5 ' ! Xiq
- 2.2 2
( (_@1 ;] y [Efi]
Q
Bl
B

111)
X, gooo)

(00) (-1-1-9)

Figure D.1: Regions of vector modulation of the 2-cell multicell converter in the second

sector

D.1.1 Region ITA

For 0 < 7

The switch combination sequence for the nearest three vectors moving from sector I A to

325
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ITA is given by:
d>(00 — 1) to do(000) to d3(010) to do(110) to da(110) to d3(010) to do(000) to do(00 — 1)
and the corresponding reference voltage vector waveform equations for phase A, B and C

are given by equations D.1, D.2 and D.3 respectively.

1
V7"€fa11A1 = ZdQ
1 T
= ——=m,COoS wt——) D.1
2v/2 ( 6 (D-1)
1 1
V7"€beA1 = §d3+1d2
3
= ——m,sin u)t—z D.2
V3 (
22 6
1
V;“CfCHAl = _ZdQ
1 s
= ———mgcos |wt— — D.3
2v/2 ( 6) (D-3)
For 0 > %

The switch combination sequence for the nearest three vectors moving from sector 11A
to 111 A is given by:

d3(—10 — 1) to do(00 — 1) to dy(000) to d3(010) to d3(010) to dy(000) to d2(00 — 1) to
ds(—10—1)

and the corresponding reference voltage vector waveform equations for phase A, B and C

are given by equations D.4, D.5 and D.6 respectively.

Viefarras = —idg

= %ma cos (wt + g) (D.4)
Viefbrins = id:«z

= —%ma cos <wt + g) (D.5)
Viegerna = — s~ 0

= —%ma sin (wt + g) (D.6)
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D.1.2 Region IIC

The switch combination sequence for the nearest three vector for sector I7C' is given by:
d>(110) to d14(11 —1) to dg(01 — 1) to da(00 — 1) to d2(00 — 1) to dg(01 — 1) to di4(11 —1)
to do(110)

and the corresponding reference voltage vector waveform equations for phase A, B and C

are given by equations D.7, D.8 and D.9 respectively.

1 1
Vietaro = Zd2+§d14

= %ma coswt (D.7)
Viero = 2+ dua + 5

= %ma sin wt (D.8)
Viegeue = —gtha = 55 — 30

= —%ma sin wt (D.9)

D.1.3 Region IIB

For 6 < 5

The switch combination sequence for the nearest three vectors moving from sector I1C
to I'I B is given by:

d>2(00 — 1) to dg(01 — 1) to d3(010) to d2(110) to da(110) to d3(010) to dg(01 — 1) to
d>y(00 — 1)

and the reference voltage vector waveform equation is given by:

Viegoriss = 36

- %ma cos (wt + %) + i (D.10)
Viefbripn = %ds + %da + idz

= —2—\1/§ma cos <wt + %) + i (D.11)
Viegerss = — g~ 31

_ —%ma sin <wt + %) + i (D.12)
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For 6 > 5
The switch combination sequence for the nearest three vectors moving from sector I1B
to I'ID is given by:
d3(—10 — 1) to d2(00 — 1) to dg(01 — 1) to d3(010) to d3(010) to dg(01 — 1) to da(00 — 1)

to d3(—10 — 1)
and the reference voltage vector waveform equation is given by:
1
V;“Cfalum = _Zd?’
1 T 1
= —=m,Cos |wl — —) - = D.13
2v/2 ( 6 4 ( )
1 1
VrebeBQ = Zd3 + §d8
3 1
= ima sin <wt — z) - = (D.14)
2V/2 6/ 4
1 1 1
‘/T'efC]]BQ = _Zd3 - §d2 - §d8
! < ; W) ! (D.15)
= ———=mgcos|(wt— =] —— .
2V/2 6/ 4

D.1.4 Region IID

The switch combination sequence for the nearest three vectors for sector 11D is given by:
d3(010) to dg(Ol — 1) to d15(—11 — 1) to dg(—lo — 1) to d3(—10 — 1) to d15(—11 — 1) to
dg(01 — 1) to d3(010)

and the reference voltage vector waveform equation is given by:

1 1
V;“efaHD = _Zd3_§d15

3
= —\/_ Mg COS Wt (D.16)

2V/2

1 1 1
Vieforip = ng + §d8 + §d15

1
= ——=mysinwt (D.17)

2v/2

1 1 1

Vieferip = _§d8 - §d15 - Zd?’

1
= ———=m,sinwt (D.18)

2V/2
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D.2 Duty cycles for Sector 111

In this section we study the sequences and combinations of duty cycles of regions A, B,
C and D of sector III. Figure D.2 show the first sector of six sectors with its regions. We

show the switch combinations using all redundancy in Appendix E section E.3.

Figure D.2: Regions of vector modulation of the 2-cell multicell converter in the third

sector

D.2.1 Region IITA

For 6 < %”

The switch combination sequence for the nearest three vectors moving from sector I1A
to I11A is given by:

d3(010) to do(000) to ds(—100) to d3(—10 — 1) to d3(—10 — 1) to dy(—100) to dy(000) to
d3(010)

and the reference voltage vector waveform equation is given by:

1 1
‘/;'efaIIIAl - _Zd?’_idﬁl
= _\/3 Mg COS Wi (D.19)
2v2
1

V;“CbeHAl = Zd?’
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1
= ——m,sinwt D.20
WG (D.20)
1
V7"€f0111A1 = _1d3
1
= ———mgsinwt D.21
Wi (D.21)

For 6 > %”
The switch combination sequence for the nearest three vectors moving from sector 1/1A
to IV A is given by:
d4(011) to d3(010) to do(000) to dy(—100) to dy(—100) to do(000) to d3(010) to dy(011)

and the reference voltage vector waveform equation is given by:

1
V7"€fa111A2 = _Zd4
1 T
= ——cos|wt—— D.22
2v/2 ( 6) ( )
1 1
V7"€fb111A2 = Zd4 + §d3
= ﬁ sin (wt - z) (D.23)
2v/2 6
1
V7"€f0111A2 = Zd4
1
= NG cos <wt - %) (D.24)

D.2.2 Region IIIC

The switch combination sequence for the nearest three vectors for sector I11C is given

by:
to dg(—lo — 1)

and the reference voltage vector waveform equation is given by:

1 1 1
‘/’I"efa]]]C = _Zd3 - §d15 - §d9

= % Cos (wt + %) (D.25)

1 1 1
‘/’I"efb]]]c = Zd3 + §d15 + §d9

= —% cos (wt + %) (D.26)
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1 1
V;“echIc = _Zd?) - §d15
3
_ _—2‘/\/_5 sin <wt + %) (D.27)

D.2.3 Region IIIB

For 6 < %’T

The switch combination sequence for the nearest three vectors moving from sector I171C
to Il B is given by:

d3(010) to do(—110) to dy(—100) to d3(—10 — 1) to d3(—10 — 1) to d4(—100) to dg(—110)

to ds(010)
and the reference voltage vector waveform equation is given by:
1 1 1
‘/;‘efa[][Bl = _Zd3 - §d9 - §d4
1 T 1
= ——=cos|(wt——=|—— D.28
2v2 ( 6) 4 (D-28)
1 1
V7"€fb11131 = Zdi’) + §d9
3 1
= L sin <wt — z) - = (D.29)
2V/2 6/ 4
1
V;“CfCHIBl = _Zd?’
1 m 1
= ———=cos|(wt——= ] —— D.30
2V/2 ( 6) 4 (D-30)
For 6 > %’T

The switch combination sequence for the nearest three vectors moving from sector I11B
to I11D is given by:
d4(011) to d3(010) to do(—110) to ds(—100) to dsy(—100) to do(—110) to d3(010) to ds(011)

and the reference voltage vector waveform equation is given by:

Viefariizs = s — 5o

= %coswthi (D.31)
Vieforirgs = id4 + %d:s + %dg

= % sinwt + i (D.32)
Viesersn = 30

1
= ———=sinwt+ - (D.33)
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D.2.4 Region IIID

The switch combination sequence for the nearest three vectors for sector 111D is given

by:
ds(—100) to dg(—110) to dig(—111) to dy(011) to dy(011) to dig(—111) to do(—110) to
d4(—100)
and the reference voltage vector waveform equation is given by:
1 1 1
‘/refaU]D = _Zdll - §d16 - §d9
1
= —2\/5 cos <wt + %) (D.34)
1 1 1
‘/rebe]D = Zd4 _'_ §d16 _'_ §d9
1
= ——2\/5 cos (wt + %) (D.35)
1 1
‘/;‘efC[][D = §d16 + Zdll
V3 ( 0
= ———=sin (wt+ —) D.36

D.3 Duty cycles for Sector 1V

In this section we study the sequences and combinations of duty cycles of regions A, B,
C and D of sector IV. Figure D.3 show the first sector of six sectors with its regions. We

show the switch combinations using all redundancy in Appendix E section E.4.

D.3.1 Region IVA

For 6 < %’T

The switch combination sequence for the nearest three vectors moving from sector 1/1A
to IV A is given by:

d4(—100) to do(000) to d5(001) to ds(011) to dg(011) to d5(001) to dy(000) to ds(—100)

and the reference voltage vector waveform equation is given by:

Viefaryar = _Zd4

= %ma cos (wt + %) (D.37)
Viepsvm = i

= —%ma coS <wt + %) (D.38)
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X17[_ 3’

(-1-19)

Figure D.3: Regions of vector modulation of the 2-cell multicell converter in the fourth

V7"€fCIVA1

Forez%“

sector
1 1
3
—Lma sin (wt + z) (D.39)
2v/2 6

The switch combination sequence for the nearest three vectors moving from sector IV A

to V A is given by:
ds(—1 — 10) to d4(—100) to do(000) to d5(001) to d5(001) to do(000) to ds(—100) to

ds(—1 — 10)

and the reference voltage vector waveform equation is given by:

V;“efalvm

V7"€f brvas

1 1
——ds — =d
40 2
ﬁma cos wt (D.40)
2V/2
1
——d
1%
1
——my, sinwt (D.41)
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1
V;“CfCIVA2 = de)

1
= ———=m,sinwt (D.42)

2v/2
D.3.2 Region IVC

The switch combination sequence for the nearest three vectors for sector IV C'is given by:
d4(011) to le(_].l].) to dlo(—lol) to d4(—100) to d4(—100) to dlo(—lol) to dg(—l]_l) to

d4(011)
and the reference voltage vector waveform equation is given by:
1 1 1
‘/T'efalvc = _Zd4 - §d16 - édlo
1 s
= ——=cos|wt— = D.43
2v/2 ( 6> (D-43)
1 1
Viefbrve = Zd4 + §d16
3
= —\/_ sin (wt — z) (D.44)
2V/2 6
1 1 1
Vieterve = 1d4 + §d16 + édm
1 T
= ———=cos|wl— —) D.45
2v2 ( 6 (D45)

D.3.3 Region IVB

For 6 < %’T

The switch combination sequence for the nearest three vectors moving from sector IV C
to IV B is given by:

ds(—100) to dyo(—101) to d5(001) to d4(011) to dy(011) to d5(001) to dip(—101) to

d4(—100)
and the reference voltage vector waveform equation is given by:
1 1
V;“efaIVBl = _Zdﬁl - édlo
3 1
= —\/_ Mg COSWE + — (D.46)
2v/2 4
1
V7"€beVBl = Zd‘l

1
= ——=mgsinwt + 1 (D.47)
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1 1 1
‘/;'efCIVBl = §d10 + §d5 + Zdll

1 1
= ———=m,sinwt + — (D.48)

2V/2 4
For 6 > %”
The switch combination sequence for the nearest three vectors moving from sector IV B
to IV D is given by:
ds(—1 —10) to dy(—100) to dip(—101) to d5(001) to d5(001) to dio(—101) to ds(—100) to

ds(—1 —10)
and the reference voltage vector waveform equation is given by:
1 1 1
‘/’I"efa]VBg = _ng) - §d4 - édlo
1 s 1
= ——my,cos|wt+ —) - = D.49
2v2 < 6/ 4 (D-49)
1
VTGﬂUVBQ _Zd5
1 m 1
= ———mygcos |wt+ —) - = D.50
2v2 ( 6/ 4 (D-50)
1 1
Viefervps = §d10 + 1d5
V3 s 1
= ———mgsin (wt + —) - - D.51
2V/2 ( 6/ 4 (D-51)

D.3.4 Region IVD

The switch combination sequence for the nearest three vectors for sector IV D is given
by:

ds(001) to dip(—101) to di7(—1 — 11) to ds(—1 — 10) to d5(—1 — 10) to dy7(—1 — 11) to
d190(—101) to d5(001)

and the reference voltage vector waveform equation is given by:

Viesars = — 15— 5o~ 5y

= % cos (wt — %) (D.52)
Vieforyp = —%dn - id5

= % sin (wt — %) (D.53)
Vietervp = id5 + %dlo + %dw

= —% cos (wt — %) (D.54)
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D.4 Duty cycles for Sector V

In this section we study the sequences and combinations of duty cycles of regions A, B,
C and D of sector V. Figure D.4 show the first sector of six sectors with its regions. We

show the switch combinations using all redundancy in Appendix E section E.5.

&1)33 X4(0,0)

1 _i]
N
X (10])

(0-10)
D

Xls(l_lj)
Xi7(-1-119) X, (0-11) 2
) i3 i)

Figure D.4: Regions of vector modulation of the 2-cell multicell converter in the fifth

sector

D.4.1 Region VA
For 6 < 37”
The switch combination sequence for the nearest three vectors moving from sector

IV A to VA is given by:
d5(001) to do(000) to dg(0 — 10) to ds(—1 — 10) to ds(—1 — 10) to dg(0 — 10) to do(000)

to d5(001)
and the reference voltage vector waveform equation is given by:
Viefayar, = —id5
= %ma Ccos (wt — %) (D.55)
Viefbya, = —ldca - 1d5



CHAPTER D — DutTy CYCLES FOR OTHER FIVE SECTORS 337

= _\/5 Mg sin (wt — E) (D.56)
2v/2 6
1
V;“efcvm = Zd5
1
= _—2\/§ma coS (wt — %) (D.57)

For 6 > 37”
The switch combination sequence for the nearest three vectors moving from sector V' A to
VIA is given by:
dg(101) to d5(001) to dp(000) to dg(0 — 10) to dg(0 — 10) to do(000) to d5(001) to dg(101)

and the reference voltage vector waveform equation is given by:

Viefayas = Zd«a

= %ma coS (wt + %) (D.58)
Viefbyas = _idG

= —%ma cos (wt + %) (D.59)
Viefeyas = idG + %d5

= —%ma sin (wt + %) (D.60)

D.4.2 Region VC

The switch combination sequence for the nearest three vectors for sector VC'is given by:
d5(—]_—]_0) to d17(—1—11) to d11(0—11) to d5(001) to d5(001) to d11(0—11) to d17(—]_—]_1)
to d5(—1 — 10)

and the reference voltage vector waveform equation is given by:

1 1
‘/’I"efavc = _de) - §d17

V3
= mcoswt (D.61)

V;“efbvc = __d5 - _d17 - _dll

= ——=sinwt (D.62)

1 1 1
Viefeve = §d17 + an + Zd5

1
= W sin wt (D.63)
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D.4.3 Region VB

For 6 < 37”

The switch combination sequence for the nearest three vectors moving from sector VC' to
V' B is given by:

ds(001) to d11(0—11) to dg(0—10) to d5(—1—10) to d5(—1—10) to dg(0—10) to d3;(0—11)
to d5(001)

and the reference voltage vector waveform equation is given by:

1
‘/refavgl = _Zd5
1 T 1
= ——=mycos |wt+ —) - = D.64
2v/2 ( 6 4 (D-64)
1 1 1
‘/’I"efbVBl = _§d11 - §d6 - ng)
1 T 1
_ . [+ _> _- D.65
22 " (w 6) 1 (D-65)
1 1
Viefevp = Zd5+§d11
\/5 ( T 1
= ————mysin (wt + —) — - D.66
22 6 4 (D.66)

For 6 > 37”
The switch combination sequence for the nearest three vectors moving from sector V B to
V' D is given by:
dg(101) to d5(001) to di1(0 — 11) to dg(0 — 10) to dg(0 — 10) to dy1(0 — 11) to d5(001) to
dg(101)

and the reference voltage vector waveform equation is given by:

1
V;“CfaVB2 = ZdG
1 T 1
= ——mg,cos |wt— —) + - D.67
2V/2 ( 6/ 4 (D-67)
1 1
‘/’I"efbVBg = _§d11 - ZdG
V3 ( 7T) 1
= ——mgsin|wt— =]+ - D.68
22 6/ 4 ( )
1 1 1
Viefeygs = Zd()‘ + §d5 + an
1 T 1
= ——mgcos|wt— =)+ - D.69
2v/2 ( 6) 4 ( )
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D.4.4 Region VD

The switch combination sequence for the nearest three vectors for sector V' D is given by:
d@(o - 10) to dn(O - ]_1) to dlg(]_ - ]_1) to d@(lOl) to d@(lOl) to dlg(l - 1]_) to d11(0 - 1]_)
to dg(0 — 10)

and the reference voltage vector waveform equation is given by:
1 1
‘/refaVD = Zd6 + §d18

V3
= Wi coswt (D.70)

1 1 1
Viefboup = —Zde‘ - an - §d18

1
= ——sinwt D.71
WG (D.71)

1 1 1
Viefeyp = §d11 + §d18 + idG

1
= ———=sinwt (D.72)

2v/2

D.5 Duty cycles for Sector VI

In this section we study the sequences and combinations of duty cycles of regions A, B,
C and D of sector VI. Figure D.5 show the first sector of six sectors with its regions. We

show the switch combinations using all redundancy in Appendix E section E.6.

D.5.1 Region VIA

For 6 < HTW

The switch combination sequence for the nearest three vectors moving from sector V' A to
VIA is given by:

ds(0 — 10) to do(000) to d1(100) to dg(101) to dg(101) to d1(100) to do(000) to dg(0 — 10)

and the reference voltage vector waveform equation is given by:

1 1
V;“Cfavml = Zdﬁ—l_édl
3
= Lmacos(wt) (D.73)
2v/2
1
V7"€fbV1A1 = _Zd6
1

= ——=mysin (wt) (D.74)
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(g

(1-19

Figure D.5: Regions of vector modulation of the 2-cell multicell converter in the sixth

sector

1
V;“efCVIAl = ZdG

1 :
= _Q—ﬂma sin (wt) (D.75)

For 6 > HT”
The switch combination sequence for the nearest three vectors moving from sector VIA
to I A is given by:
di(0—1—1) to dg(0 — 10) to dp(000) to dq(100) to d;(100) to do(000) to dg(0 — 10) to
di(0—-1-1)

and the reference voltage vector waveform equation is given by:

1
V7"€faV1A2 = Zdl
1 1
= — ﬁmacoswt—i——masinwt
2v2 \ 2 2
1 s
= Lo (w-7) b
2\/ﬁm cos (w 5 ( )
1 1
V7"€fbV1A2 = _Zdl_idﬁ
= ﬁmasin (wt—z> (D.77)
2v/2 6
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1
V;“CfCVIAQ - _Zdl
1 T
= ———=m,CoS wt——) D.78
2v/2 ( 6 ( )

D.5.2 Region VIC

The switch combination sequence for the nearest three vectors for sector VIC'is given by:
d@(lOl) to dlg(]_ - ]_1) to dlg(]_ - ]_0) to d6(0 - ]_0) to d6(0 - 10) to d12(1 - ]_0) to d18(1 - ]_1)

to dg(101)
and the reference voltage vector waveform equation is given by:
1 1 1
Viefavie = ZdG + §d18 + §d12
1 s
= —=mgcos (wt+ —) D.79
2v2 < 6 (D-79)
1 1 1
Viefoyic = _ZdG - §d18 - 50312
1 m
= ——=mg,Cos | wt + —) D.80
2v2 ( 6 (D-80)
1 1
Vietfevie = ZdG + §d18
3
- _"XCQnagn(wt+-z) (D.81)
2v/2 6

D.5.3 Region VIB

For 6 < HTW

The switch combination sequence for the nearest three vectors moving from sector VIC
to VIB is given by:

ds(0 — 10) to dy2(1 — 10) to d1(100) to dg(101) to dg(101) to d1(100) to di2(1 — 10) to

dg(0 — 10)
and the reference voltage vector waveform equation is given by:
1 1 1
Vietayip = Zd(s + §d12 + §d1
1 T 1
= ——mycos |wt— —) + - D.&2
2v/2 ( 6/ 4 (D82)
1 1
‘/T'efbVIBl = _ZdG - §d12

T 1
_ Lsin (wi—T) + 1 D.83
msm<w 6>+4 ( )
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Viefevips = id«a
= —%ma Ccos (wt - %) + i (D.84)
For 6 > HT”
The switch combination sequence for the nearest three vectors moving from sector VIB
to VID is given by:
di(0—1—1) to dg(0—10) to di2(1 —10) to d1(100) to d1(100) to di2(1—10) to dg(0 — 10)

tod;(0—1-1)
and the reference voltage vector waveform equation is given by:
1 1
‘/refaV]Bg = Zdl + §d12
3 1
= —\/_ Mg COSWE — — (D.85)
2v/2 4
1 1 1
‘/;"CfbV[BQ = _Zdl - §d6 - §d12
1 1
= —=mgsSinwt — — D.86
1
‘/;'efCVIBQ = _Zdl
L sinwt — = (D.87)
= ———=mgsinwt — — .
2V/2 4

D.5.4 Region VID

The switch combination sequence for the nearest three vectors for sector VID is given
by:

d1(100) to dio(1 —10) to di3(1—1—1)tod1(0—1—1) to d1(0—1—1) to dy3(1 — 1 —1)
to di2(1 — 10) to d;(100)

and the reference voltage vector waveform equation is given by:

1 1 1
Vietayip = Zdl + §d12 + §d13

1
= —Qﬁmacos (wt—i—%) (D.88)

1 1 1
‘/’I"efbV]D = _§d12 - §d13 - Zdl

1
= —mma cos (wt + %) (D.89)

1 1
‘/;‘efCV[D = _§d13 - Zdl

_ —%md sin (wt + %) (D.90)



Appendix E

Switching Combinations

E.1 Sector 1

Figure E.1: Regions of vector modulation of the 2-cell multicell converter in the first

sector

E.1.1 Region A
Duty Cycles

V, = doXo + d1 X1 + da X

2
(Mg coswt, my sinwt) = dy(0,0) + dl(\/;, 0) + dof

Sl
(@)
Sl

where m, is modulation index.

Mg COS Wt = d1 + —

\/_

343
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mg sinwt = —d
V2
= \/ima sin wt
My, COS Wt = d 4+ —myg sinwt
1 73

d \/§ t ! in wt
=4/ =m, coswt — —=m, sin w
1 5 NG

Mg sin wt

3 1
dg = 1— \/ima sin wt — \/;ma coswt +

V2
1 ! inwt \/g t
= 1— —m,sinwt — {/=m, cosw
V2 2

For 0 < %

The switch combination sequence for the nearest three vector moving from sector VIA
to T A for 2-cell is given by:

d;(100) ([1, 1], [1, —1], [1, —1]) to do(000) ([1,—1], [1, —1], [1, —1]) to

dy(00 — 1) ([1, —1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 —1])

dy(100) ([1, 1], [1, =1], [, —1]) to do(000) ([-1, 1], [L, —1], [1, —1]) to

dy(00 — 1) ([-1,1],[1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([-1, 1], [-1,—1],[-1 —1])

dy(100) ([1, 1], [=1,1], [-
d2(00 — 1) ([1, —1] [—1,
d;(100) ([1,1], [-1,1],[—
dy(00 — 1) ([—1,1],[-1,
d1(100) ([1, 1], [-1,1], [1, —1]) to do(000) ([1,—1],[-1, 1], [1, —1]) to

dy(00 — 1) ([1, —1], [-1,1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 —1])
d;(100) ([1, 1], [-1,1], [1, —1]) to do(000) ([-1,1],[-1, 1], [1, —1]) to

dy(00 — 1) ([-1,1],[-1,1],[-1,-1]) to d1 (0 — 1 — 1) ([-1, 1], [-1, —1],[-1 —1])
d1(100) ([1, 1], [1, —1], [—1,1]) to do(000) ([1,—1],[1, —1],[-1,1]) to

d>(00 — 1) ([1, 1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 —1])

or

1,1]) to do(000) ([1, —1],[~1,1],[~1,1]) to
1], [-1,-1]) to d1(0 — 1 —1) ([1, —1],[-1, —1],[-1 = 1])

1,1]) to do(000) ([—1,1],[~1,1],[~1,1]) to
1], [-1,-1]) to d1(0 — 1 = 1) ([-1,1],[-1, —1],[-1 = 1])
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d,(100) ([1,1], [1, —1], [=1,1]) to do(000) ([~1, 1], [1, —1],[~1, 1]) to
dy(00 — 1) ([-1,1],[1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([-1,1],[-1,—1],[-1 —1])

ForQZ%

The switch combination sequence for the nearest three vector moving from sector I A to
ITA for 2-cell is given by:

dy(110) ([1, 1], [1, 1], [1, —1]) to d1(100) ([1, 1], [1,—1],[1,—1]) to
dO(OOO) ([17 _1]7 [17 _1]a [17 _1]) to dZ(OO o 1) ([17 _1]7 [17 _1]a [_1 - 1])
dy(110) ([1, 1], [1, 1], [1, —1]) to dy(100) ([1, 1], [1,—1],[1,—1]) to
dO(OOO) ([_17 1]7 [17 _1]a [17 _1]) to dZ(OO o 1) ([_17 1]7 [17 _1]a [_1 - 1])
dy(110) ([1, 1], [1, 1], [-1,1]) to d1(100) ([1, 1], [-1,1],[-1,1]) to
dO(OOO) ([17 _1]7 [_17 1]7 [_17 1]) to dZ(OO o 1) ([17 _1]7 [_17 1]7 [_1 - 1])
dy(110) ([1, 1], [1, 1], [-1,1]) to d1(100) ([1, 1], [-1,1],[-1,1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [_17 1]) to dZ(OO o 1) ([_17 1]7 [_17 1]7 [_1 - 1])
dy(110) ([1, 1], [1, 1], [1, —1]) to dy(100) ([1, 1], [-1,1],[1,—1]) to
dO(OOO) ([17 _1]7 [_17 1]7 [17 _1]) to dZ(OO o 1) ([17 _1]7 [_17 1]7 [_1 - 1])
d»(110) ([1, 1], [1, 1], [1, —1]) to dy(100) ([1, 1], [-1,1],[1, —1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [17 _1]) to dZ(OO - 1) ([_17 1]7 [_17 1]7 [_1 B 1])
d»(110) ([1, 1], [1, 1], [-1,1]) to dy(100) ([1, 1], [1, —1],[-1,1]) to
do(000) ([1,—1], [1, —1],[—1,1]) to do(00 — 1) ([1, —1], [1, —1],[-1 — 1])
d»(110) ([1, 1], [1, 1], [=1,1]) to dy(100) ([1, 1], [1,—1],[-1,1]) to
do(000) ([-1,1], [1, —1],[-1,1]) to do(00 — 1) ([-1, 1], [1, —1],[-1 — 1])

E.1.2 Region B
Duty Cycles

Vi =di X1+ dr X7+ d2 Xo

. 2 3 1
(mg cos wt, mg sinw) = dl(\/;, 0) + d7(\/;, ﬁ) + da

-
Sl -
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2 3 1
M, COS wt = \/gdl + §d7 + %dg

mg sinwt =

1 1
—d; + —d
V2R
dy = \/ﬁma sinwt — dy

2 3 1 1
M, coswt = —d; +1/=d +—\/§masinwt——d
\/; 1 9 7 \/6 \/6 7

\/ad + 2d + L in wt
= — — —my, Sinw
3 TV3TTT

d1+d7+d2:1

di = 1—+v2m,sinwt +d; — d;
= 1—\/§masinwt

2
M, COSWt = (/= — ma sin wt + d7 + ma sin wt
d \/g t—1+ ! in wt
= {/ =My, COs Wt — —M, SInw
7 5 2
dy = V2m sinwt+1—\/§m cos wt — —my, Sin wt
2 — a 9 a \/5 a

1 3
= 14+ —=mgysinwt — \/jma cos wt
V2 2

For 0 < %

The switch combination sequence for the nearest three vector moving from sector IC' to
I B for 2-cell is given by:

d;(100) ([1, 1], [1, —1], [1, —1]) to d7(10 — 1) ([1, 1], [1, —1],[-1, —1]) to

dy(00 — 1) ([1, —1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 — 1])

or

d;(100) ([1, 1], [1, —1], [1, —1]) to d7(10 — 1) ([1, 1], [1, —1], [-1, —1]) to

dy(00 — 1) ([-1,1],[1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([-1, 1], [-1,—1],[-1 —1])

or

d,(100) ([1, 1, [~1,1], [~ 1,1]) to d=(10 — 1) ([1,1], [1, 1], [~1, —1]) to
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d(00 — 1) ([1, —1], [~ 1, 1], [~1, =1]) to di (0 — 1 — 1) ([1, —1], [~1, —1],[-1 — 1])

dl(loo) ([Ll] [ 1] [ L, ]) to d7(10—1) ([171]7[_171]7[_17_1]) to
d2(00 — 1) ([=1, 1], [=1,1], [=1, =1]) to di (0 = 1 = 1) ([=1, 1], [-1, =1], [-1 = 1])

d,(100) ([1, 1, [~1,1], [1, —1]) to d=(10 — 1) ([1,1], [1, 1], [~1, —1]) to
dy(00 — 1) ([1, —1], [-1,1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 —1])

or

d,(100) ([1,1], [=1,1], [1, —1]) to d7(10 — 1) ([1, 1], [=1,1], [~ 1, —1]) to
d2(00 — 1) ([=1,1], [-1,1], [-1,-1]) to 1 (0 — 1 = 1) ([-1, 1], [-1, =1}, [-1 = 1])

or

d,(100) ([1, 1], [1, 1], [~ 1,1]) to d=(10 — 1) ([1,1], [1, —1],[~1, —1]) to
dy(00 — 1) ([1, —1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 —1])

or

d,(100) ([1, 1], [1, 1], [~ 1,1]) to d=(10 — 1) ([1, 1], [1, —1], [~1, —1]) to
dy(00 — 1) ([-1,1],[1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([-1, 1], [-1, —1],[-1 —1])

ForQZ%

347

The switch combination sequence for the nearest three vector moving from sector IB to

ID for 2-cell is given by:

d5(110) ([1,1], [1,1], [1, =1]) to d1(100) ([1,1],[1, =1], [1, =1]) to

dr(10 — 1) ([1, 1], [1, =1, [~ 1, —1]) to
d>(00 — 1) ([1, 1], [1, —1],[-1 = 1))
d2(110) ([7 ]a[la ]

d7(10 — 1) ([1, 1], [1, =1], [-1, —1]) to

d>(00 — 1) ([-1,1], [1, =1}, [-1 = 1])

or

d5(110) ([1,1], [1,1], [1, =1]) to d1(100) ([1,1],[=1,1], [1, =1]) to

d7(10 — 1) ([1,1], [=1, 1], [-1, —1]) to
dy(00 — 1) ([1, 1], [=1,1], [-1 = 1])

do(110) ([1,1], [1, 1], [1, —1]) to dy(100) ([1, 1], [=1, 1], [1, —1]) to

d7(10 — 1) ([1,1], [=1, 1], [=1, —1]) to
dy(00 = 1) ([=1, 1], [=1,1], [-1 = 1])

d5(110) ([1,1],[1,1], [=1,1]) to d1(100) ([1,1],[=1,1],[=1,1]) to

(1, —1]) to d1(100) ([1, 1], [1, —1], [1, —1]) to
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dr(10 — 1) ([1, 1], [~1, 1], [~ 1, —1]) to
dy(00 — 1) ([1, —1], [-1,1],[-1 — 1))

do(110) ([1,1], [1, 1], [~ 1, 1]) to d1(100) ([, 1], [=1,1],[=1,1]) to
d7(10 — 1) ([1,1],[-1,1], [-1, —1]) to
do(00 — 1) ([~1,1], [~ 1, 1], [-1 — 1])

d5(110) ([1,1], [1,1], [=1,1]) to d1(100) ([1,1],[1, =1],[=1,1]) to

dr(10 — 1) ([1, 1, [1, =1, [~ 1, —1]) to

dy(00 — 1) ([1, 1], [1, —-1],[-1 — 1))

do(110) ([1,1], [1, 1], [~ 1, 1]) to d1(100) ([1, 1], [1, —1],[~1,1]) to
d7(10 — 1) ([1,1],[1, =1], [-1, —1]) to

do(00 — 1) ([=1,1], [1, —1], [-1 — 1])

E.1.3 Region C

Duty Cycles

Vi, = di Xy + disXys + dr X7

. 2 2 3 1
(mg coswt, m, sinwt) = dl(\/;, 0) + d13(2\/;, 0) + d7(\/; %)

2 2 3
a t=1\/=di +2¢/=d —d
M COS W \/;14- \/;13—1—\/;7

1
V2

dy = V2m, sin wt

2 2 3
Mg COS Wt = \/;dl + 2\/;d13 + \/;\/éma sin wt

dy +dig+ds =1

dr

mg sinwt =

d1 =1- d13 - \/ima sin wt

2 2 2 2
M, COS wt = \/; — \/;dlg — ﬂ\/;ma sin wt + 2\/;d13 + \/gma sin wt

\Fd 1 ]2
— =M, coswt — —=mgsinwt — /| =
3 V3 3
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—My, COS Wt — —=my, sinwt —

3 1
di = 1—4/=m, t+—mgsinwt+ 1 — V2m,sinwt
1 \/;m COs w —I—\/ﬁm sin wt + \/_m sSin w

3 1
= 2—- \/jma coswt — —=my, sinwt
2 V2

Switch Combination

The switch combination sequence for the nearest three vector moving from sector /C' for
2-cell is given by:

di(0—-1-1)([1,-1],[-1,-1],[-1,—1]) to di3(1 — 1 — 1) ([1, 1], [-1, —1],[-1,—1]) to
d;(10 — 1) ([1,1],[1, —1], [-1, —1]) to d1(100) ([1, 1], [1, —1],[1, —1])

dy(0—1—1)([1,=1],[-1,=1],[-1, =1]) to di3(1 — 1 — 1) ([1,1],[-1, —1], [-1, —1]) to
d7(10 — 1) ([1, 1], [1, =1, [-1, —1]) to d1(100) ([1, 1], [1, —1], [-1,1])
d1(0 —1- 1) ([ 7_1]7[ L, - ] [_1 ]) to d13(1 —-1- 1) ([171]7 [_17_1]a [_17_1]) to
d7(10 — 1) ([1,1],[~1,1], [~1, —1]) to d(100) ([1,1],[~1,1],[~1,1])
di(0—1—-1)([1,-1],[-1,—1],[-1,—1]) to dy3(1 — 1 — 1) ([1,1],[-1, —1],[-1, —1]) to
d7(10 — 1) ([1,1],[~1,1], [~1, —1]) to d(100) ([1,1],[~1,1],[1, —1])
di(0—1—-1)([-1,1],[-1,—1], [-1,—1]) to dy3(1 — 1 — 1) ([1,1],[-1, —1],[-1, —1]) to
d7(10 — 1) ([1,1],[1, =1], [~1, —1]) to dy(100) ([1,1],[1, —1],[1, —1])
di(0—1—1)([-1,1],[-1,=1],[-1, —1]) to di3(1 — 1 — 1) ([1,1],[~1, —1], [~1, —1]) to
d7(10 — 1) ([1,1],[1, =1], [-1, —1]) to dy(100) ([1,1],[1, —1],[-1,1])
di(0—1—-1)([-1,1],[-1,—1],[-1,—1]) to dy3(1 — 1 — 1) ([1,1],[-1, —1],[-1, —1]) to
d7(10 — 1) ([1,1],[-1,1],[~1, —1]) to dy(100) ([1,1],[~1,1],[-1,1])
di(0—1—-1)([-1,1],[-1,—1],[-1,—1]) to dy3(1 — 1 — 1) ([1,1],[-1, —1],[-1, —1]) to
d7(10 — 1) ([1,1],[-1,1], [-1, —1]) to dy(100) ([1,1], [~1,1],[1, —1])
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E.1.4 Region D
Duty Cycles

Vi, = doXo + dr X7 + d14X14
1 1 1 2
(maq coswt, mg sinwt) = d2(%7 ﬁ> + d?(\/ga ﬁ) + d14(\/;7 V2)

1 3 2
Mg COS Wt = %dg + \/;d7 + \/;dm

1
Mg Sinwt = ——dy +

V2

d2+d7+d14:1

1
—d; +V2d
\/5 7 14

dg = \/ﬁma sinwt — d7 — 2d14

3
Mg coswt = \/_\/_ma sin wt — \/_ \/_2d14 + \/7d7 + —=dyy

1

= \/gmasmwt \/_ \/7d14+\/7d7+\/7d14
L i t—l—\/7d

= —mgsinw =
V3 3

d \/§ t ! in wt
=/ =m, coswt — —=m, sinw
7 2 \/§

My Sinwt — 2d14

3
dy = 2mg, sinwt — 4/ =m, t+ —
2 \/_msmw \/;mcosw —I—\/§

3 _ 3
= —=mgsinwt — [ =m, coswt — 2dy4
V2 2
diy = 1—dy—dy

3 1 3 3
= 1—4/=mgcoswt + —m,sin wt — —=m, sinwt + \/jma coswt + 2d
\/; V2 NG 2 H

= 1- \/ﬁma sin wt + 2dq4

dig = \/ima sinwt — 1

3 3
dy = §ma sin wt — \/;ma coswt — 2\/§ma sin wt + 2

1 3
= ——F—=mgsinwt — {/ =mg, coswt + 2
V2 \/;
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Switch Combination

The switch combination sequence for the nearest three vector moving from sector 1D for
2-cell is given by:

dy(00 — 1) ([1, 1], [1, —1],[-1,—1]) to d7(10 — 1) ([1,1],[1, —1],[-1,—1]) to
di4(11 — 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [1, —1])

dy(00 — 1) ([1, —1], [1, —1],[-1,—1]) to d7(10 — 1) ([1,1],[1, —1],[-1,—1]) to
di4(11 — 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [-1, 1])

dy(00 — 1) ([-1,1],[1, —1],[-1,—=1]) to d7(10 — 1) ([1,1],[1, —1],[-1,—1]) to
dis(11 = 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [1, —1])

d(00 — 1) ([-1,1],[1, —1],[-1,—1]) to d7(10 — 1) ([1, 1], [1, —1],[-1,—1]) to
di4(11 — 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [-1, 1])

d»(00 — 1) ([1, 1], [-1,1],[-1,—=1]) to d7(10 — 1) ([1,1],[-1, 1],[-1,—1]) to
dis (11— 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [1, —1])

dy(00 — 1) ([1, 1], [-1,1],[-1,—=1]) to d7(10 — 1) ([1,1],[-1, 1],[-1,—1]) to
dis(11 = 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [-1, 1])

dy(00 — 1) ([-1,1],[-1,1],[-1,-1]) to d7(10 — 1) ([1,1],[-1,1],[-1,—1]) to
di4 (11— 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [1, —1])

dy(00 — 1) ([-1,1],[-1,1],[-1,—-1]) to d7(10 — 1) ([1,1],[-1,1],[-1,—1]) to
di4(11 — 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [-1, 1])
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E.2 Sector 11

< Xs (04/2)(01-1)
5 = Xiq
A i
o
(*llf (11_1)
Q
|
(019, Xsl X, (11?)
o EEN F)e
\ 11
X, §ooo)
(00) (-1-1-19)

Figure E.2: Regions of vector modulation of the 2-cell multicell converter in the second

sector
E.2.1 Region A
Duty Cycles
Vi = doXo + daXo + d3 X3
(Mg coswt, my sinwt) = dy(0,0) + dg(i, L) + dg(—i, L)
6’ V2 6’ V2
M, COS wt = \/Lédg — %dg
Mg Sinwt = —=dy + Ldg
V2 2
do+dy+ds=1

do = —V2m, sinwt + 1

3 1
dy = | S coswt + —=myg sinwt
2 \/;m coswt + \/ﬁm sin w

3 1
ds = —/=m, t+ —mgsinwt
3 \/;mcosw+\/§m5mw
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For 0 < 7

The switch combination sequence for the nearest three vector moving from sector I'A to
1T A for 2-cell is given by:

d>(00 — 1) ([1, —1], [1, —1],[-1, —1]) to do(000) ([1, —1], [1, —1],[1, —1]) to

d3(010) ([17 _1]7 [17 1]7 [17 _1]) to d2(110) ([ ) ]7 [17 1]7 [17 _1])

d2(00 — 1) ([-1,1], [1, =1}, [=1, =1]) to do(000) ([-1,1], [1, 1], [1, =1]) to
d3(010) ([ ) ]7[ 71]7[ ) ]) to d2(110) ([17 1]7 [17 1]7 [17_1])
dy(00 — 1) ([1, —1], [-1, 1], [-1, —1]) to do(000) ([1, —1], [-1,1],[-1,1]) to
ds(010) ([1, —1], [1,1], [-1,1]) to d2(110) ([1, 1], [1, 1], [-1,1])

dy(00 — 1) ([=1,1], [=
d3(010) ([-1, 1], [1, 1],
d(00 — 1) ([1, =1], =1, 1], [~ 1, —1]) to do(000) (1, —1],[~1,1], [1, —1]) to
d3(010) ([1’_1]7[ 1] [1 ]) to d2(110) ([171]7[171]7[ 7_1])

d(00 — 1) ([=1,1], =1, 1], [~ 1, —1]) to do(000) ([—1, 1], [~1,1], [1, —1]) to
d3(010) ([_17 1]7[ 71]7 [17 _1]) to d2(110) ([17 1]7 [17 1]7 [17 _1])

dy(00 — 1) ([1, =1, [1, =1], [=1, —1]) to do(000) ([1,
ds(010) ([1, =1, [1, 1], [=1,1]) to dy(110) ([1, 1], [1,
dQ(OO_l) ([_17 ] [ _1] [ L, - ]) to dO(OOO) ([_171]7[17_1]’[_171]) to
d3(010) ([1,1], [1, 1], [~ 1, 1]) to do(110) (1, 1], [1, 1], [~ 1, 1])

1,1],[~1, —1]) to do(000) ([=1,1],[~1,1],[~1,1]) to
[—1,1]) to da(110) ([1,1],[1,1],[-1,1])

1,11, -1, [~1,1]) to
[—

1, [=1,1)

For 0 > 7

The switch combination sequence for the nearest three vector moving from sector I7A to
IITA for 2-cell is given by:
dz(—10 — 1) ([-1, 1], [1, —1],[-1, —1]) to d2(00 — 1) ([1, —1],[1, —1], [-1, —1]) to
4o(000) ([1, 11,1, ~1], [1, ~1]) to ds(010) ([1, 1], 1,1], 1, 1))
or
da(—10 — 1)
do(000) ([-1
or

dy(—10 — 1) (=1, —1], [=1, 1], [~1, =1]) to da(00 — 1) ([1, —1], [~1,1], [~ 1, —1]) to

[—1,—1],[1, 1], [~ 1, —1]) to da(00 — 1) (=1, 1], [1, 1], [~ 1, —1]) to
1], [~ 11,1, ~1]) to dy(010) ([~1, 1, [1, 1], [1, ~1])
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do(000) ([1, —1], [~1,1], [~ 1, 1]) to d3(010) ([1, —1], [1, 1], [~1, 1])
d3(—10 = 1) (
do(000) ([—1,

dy(—10 — 1) (=1, —1], [=1, 1], [~1, =1]) to ds(00 — 1) ([1, —1], [~1, 1], [~1, —1]) to

do(000) ([1, —1], [-1,1], [1, —1]) to ds(010) ([1, —1],[1, 1], [1, —1])

[~1,—1],[~1,1], [~ 1, —1]) to ds(00 — 1) (=1, 1],[~1,1], [~1, —1]) to
11,1, [1,1]) o da(010) ([, 1] [1, 1], [ 1, 1)

dy(—10 — 1) (=1, —1], [=1, 1], [1, =1]) to ds(00 — 1) ([~1, 1], [~1,1], [~ 1, —1]) to
do(000) ([-1,1], [-1,1], [1, —1]) to ds(010) ([—1,1],[1,1],[1, —1])

dy(—10 — 1) ([=1, —1], [1, = 1], [~1, —1]) to d5(00 — 1) ([1, —1], [1, 1], [~ 1, —1]) to
do(000) ([1, —1], [1, —1],[-1,1]) to ds(010) ([1, —1],[1, 1], [-1,1])

dy(—10 — 1) (
dy(000) ([—1,

[—1,—1],[1, 1], [~ 1, —1]) to da(00 — 1) ([=1, 1], [1, 1], [~1, —1]) to
1] [1 _1] [ L, 1]) to d3(010) ([_1’ 1]’ [1’ 1]’ [_17 1])

E.2.2 Region C
Duty Cycles
Vi = daXg + d14X14 + ds X

1 1 2
(mg coswt, my sinwt) = do(—=, —2) + d14(\/g, V2) + ds(0,V2)

(=)

1

V6

1
mg Sinwt = —d + V2, +V2d
/2 2 14 7

d2+d14+d8:1

4 — 1My COS wt + —Mgy SIN WU —

= —\/§ma sin wt + 2

= —1{/ =My COSW —=My SN W
8 2 \/5

m, cCoswt =
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Switching Combinations

The switch combination sequence for the nearest three vector for sector I1C for 2-cell is
given by:

do(110) ([1, 1], [1, 1], [1, —1]) to d14(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([1, —1],[1,1],[-1,—=1]) to d2(00 — 1) ([1, —1],[1, —1], [-1, —1])
do(110) ([1, 1], [1, 1], [1, —1]) to dy4(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([1, —1],[1,1],[-1,—1]) to d2(00 — 1) ([1, —1],[-1, 1], [-1, —1])
do(110) ([1, 1], [1, 1], [1, —1]) to dy4(11 — 1) ([1, 1], [1, 1],[—-1,—1]) to

dg(01 — 1) ([—1,1],[1,1],[-1,—1]) to d2(00 — 1) ([-1, 1], [1, —1], [-1, —1])
do(110) ([1, 1], [1, 1], [1, —1]) to dy4(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([—1,1],[1,1],[-1,—1]) to d2(00 — 1) ([-1,1],[-1, 1], [-1, —1])
d>(110) ([1, 1], [1, 1], [=1,1]) to d14(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([1, —1],[1,1],[-1,—1]) to d2(00 — 1) ([1, —1],[1, —1], [-1, —1])
do(110) ([1, 1], [1, 1], [=1,1]) to d14(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([1, —1],[1,1],[-1, —1]) to d2(00 — 1) ([1, —1],[-1, 1], [-1, —1])
do(110) ([1,1], [1,1],[=1,1]) to dya(11 — 1) ([1, 1], [1, 1], [-1, —1]) to

dg(01 — 1) ([—1,1],[1,1],[-1,—1]) to d2(00 — 1) ([-1,1],[1, —1], [-1, —1])
do(110) ([1,1], [1,1], [=1,1]) to dya(11 — 1) ([1, 1], [1, 1], [=1, =1]) to

dg(01 — 1) ([—1,1],[1,1],[-1,—=1]) to d2(00 — 1) ([-1, 1], [-1, 1], [-1, —1])

E.2.3 Region B

Duty Cycles

mg COS W
T S1 W
\/_2 2 ® \/_2 °

d2+d8+d3:1

d \/§ t ! inwt+ 1
=/ =my, coswt — —=m, sin w
2 5 NG



CHAPTER E — SwWITCHING COMBINATIONS 356
= \/ima sinwt — 1

3 1
dy = —| =My coswt — —=my, sinwt + 1
3 \/;m COS W \/im S w

For 0 < 3

The switch combination sequence for the nearest three vector moving from sector 11C' to
11B for 2-cell is given by:

dy(00 — 1) ([1, —1], [1, —1],[-1,—1]) to dg(01 — 1) ([1, —1], [1, 1],[-1,—1]) to

d3(010) ([1, —1], [1,1], [1, —1]) to da(110) ([1,1],[1, 1], [1, —1])

dQ(OO_l) ([ ]7[ 7_1]7[ 1, - ]) to dS(Ol_l) ([1 1]7[171]7[_1a_1]> to
d3(010) ({1, =1], [1,1], [=1,1]) to dy(110) ([1, 1], [1, 1], [=1,1])

ds(00 — 1) ([1, —1], [~ 1, 1], [~ 1, —1]) to ds(01 — 1) ([1, —1], [1, 1], [~1, —1]) to
d3(010) ([1’ _1]7 [ 1] [ ]) to d2(110) ([17 1]7 [17 1]7 [17 _1])

d>(00 — 1) ([1, —1], [-1,1], [=1, =1]) to ds(01 — 1) ([1, =1}, [1, 1], [-1, —1]) to
ds(010) ([1, —1], [1,1], [=1,1]) to d(110) ([1, 1], [1, 1], [-1,1])

dy(00 — 1) ([-1,1],[1, —1],[-1,—1]) to dg(01 — 1) ([-1,1],[1,1],[-1,—1]) to
d3(010) ([_17 1]7 [ ) 1]7 [ ) _1]) to d2(110) ([17 1]7 [17 1]7 [17 _1])
dQ(OO - 1) ([_17 ] [ _1] [ L, - ]) to dS(Ol - 1) ([_17 1]7 [17 1]7 [_1’ _1]) to
d3(010) ([~ 1, 1], [1, 1], [~ 1, 1]) to da(110) ([L, 1], [1, 1], [~ 1, 1])
ds(00 — 1) ([-1,1], [~ 1, 1], [-1, —1]) to ds(01 — 1) ([—1, 1], [1, 1], [-1, —1]) to
d3(010) ([~ 1, 1], [1, 1], [1, —1]) to da(110) ([L, 1], [L, 1], [L, —1])
ds(00 — 1) ([-1,1], [~ 1, 1], [-1, —1]) to ds(01 — 1) ([—1, 1], [1, 1], [-1, —1]) to
d3(010) ([~ 1, 1], [1, 1], [~ 1, 1]) to da(110) ([L, 1], [, 1], [~ 1, 1])

For 0 > 7

The switch combination sequence for the nearest three vector moving from sector I1B to
11D for 2-cell is given by:

dz(—10 — 1) ([-1, 1], [1, —1],[-1, —1]) to d2(00 — 1) ([1, —1],[1, —1], [-1, —1]) to
4s(01 = 1) ([1, ~1],[1,1], [~ 1, ~1]) to ds(010) ([1, ~1],[1,1], 1, ~1]

or
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ds(—10 — 1) (=1, =1, [1, —1], =1, —1]) to da(00 — 1) ([1, —
dg(01 — 1) ([1,-1],[1,1],[~1, —1]) to ds(010) ([1, —1],[1, 1],
ds(—10 — 1) (=1, =1], [1, —1], [=1, —1]) to da(00 — 1) ([~1, 1], [1, —1], [~1, —1]) to
dg(01 — 1) ([-1,1],[1,1],[-1, —1]) to d3(010) ([-1, 1], [1,1],[1, —1])

dy(—10 — 1) ([=1, —1], [1, =1],[—1, —1]) to dx(00 — 1) ([-1,1],[1, =1], [-1, —1]) to
dg(01 — 1) ([-1,1],[1,1],[-1, —1]) to d3(010) ([-1, 1], [1,1],[-1,1])

d3(—10 — 1) ([-1, —1], [-1,1], [-1, —1]) to d2(00 — 1) ([1, —
dg(01 — 1) ([1,—1],[1,1], [-1, —1]) to d5(010) ([1, —1],[1,1],[1, —
d3(—10 — 1) ([-1, —1], [-1,1], [-1, —1]) to d2(00 — 1) ([1, —
ds(01 — 1) ([1, —1], [1, 1], [~ 1, —1]) to d5(010) ([1, —1], [1, 1],
dy(—10 — 1) ([=1, —1], [-1,1],[—1, —1]) to dx(00 — 1) ([-1,1],[~1,1], [-1, —1]) to
d8(01 T 1) ([_17 1]7 [17 1]7 [_17 _1]) to d3(010) ([ L, 1]7 [17 1]7 [17 _1])

dy(—10 — 1) ([=1, —1], [-1,1],[—1, —1]) to dx(00 — 1) ([-1,1],[~1,1], [-1, —1]) to
d8(01 T 1) ([_17 1]7 [17 1]7 [_17 _1]) to d3(010) ([_17 1]7 [17 1]7 [_17 1])

1],[1, 1], [~1, -1]) to
[—1,1])

1, [=1, 1, [=1, =1]) to
1])

1],[-1,1,[~1, ~1]) to
[—1,1]

-
1,1])

E.2.4 Region D

Duty Cycles

1 2
mg, coswt = ———d —\/jd
NG 3 3015

1
mg Sinwt = —d +V2ds + V2d
NG 3 8 15

ds+dg +dis =1

= —\/§ma sin wt + 2

= —MmM, COSW —=M, SN W
8 2 \/§

= —4t/ —=m,, coswt _|_ —m, Sl —
15 2 a \/_ nw
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Switch Combinations

The switch combination sequence for the nearest three vector for sector 11D for 2-cell is
given by:

d3(010) ([1, —1], [1,1], [1, —1]) to ds(01 — 1) ([1, —1], [1,1], [~1, —1]) to

dl5(_11 - 1) ([_L _1]7 [17 1]7 [_17 _1]) to d3(_10 - 1) ([_17 _1]a [17 _1]7 [_17 _1])
d3(010) ([1, —1], [1,1], [1, —1]) to ds(01 — 1) ([1, —1], [1,1], [~ 1, —1]) to

dl5(_11 - 1) ([_L _1]7 [17 1]7 [_17 _1]) to d3(_10 - 1) ([_17 _1]a [_17 1]7 [_17 _1])
d3(010) ([1, —1], [1,1], [~ 1, 1]) to ds(01 — 1) ([1, —1], [1,1], [~ 1, —1]) to

d15(_11 - 1) ([_1’ _1]7 [17 1]7 [_1’ _1]) to d3(_10 - 1) ([_17 _1]’ [1’ _1]7 [_1’ _1])
d3(010) ([1, —1], [1,1], [~ 1, 1]) to ds(01 — 1) ([1, —1], [1,1], [~1, —1]) to

d15(_11 - 1) ([_1’ _1]7 [17 1]7 [_1’ _1]) to d3(_10 - 1) ([_17 _1]’ [_17 1]7 [_1’ _1])
d3(010) (=1, 1], [1,1], [1, —1]) to ds(01 — 1) (=1, 1], [1,1], [~ 1, —1]) to

d15(_11 - 1) ([_1’ _1]7 [17 1]7 [_1’ _1]) to d3(_10 - 1) ([_17 _1]’ [1’ _1]7 [_1’ _1])
d3(010) (=1, 1], [1,1], [1, —1]) to ds(01 — 1) (=1, 1], [1,1], [~ 1, —1]) to

d15(_11 - 1) ([_1’ _1]7 [17 1]7 [_1’ _1]) to d3(_10 - 1) ([_17 _1]’ [_17 1]7 [_1’ _1])
d3(010) ([-1,1], [1,1],[-1,1]) to dg(01 — 1) ([-1, 1], [1,1],[-1, —1]) to

d15(_11 - 1) ([_1’ _1]7 [17 1]7 [_1’ _1]) to d3(_10 - 1) ([_17 _1]’ [1’ _1]7 [_1’ _1])
d5(010) ([—1,1], [1,1],[=1,1]) to dg(01 — 1) ([~1,1],[1,1],[-1, —1]) to

0315(_11 - 1) ([_L _1]7 [17 1]7 [_17 _1]) to d3(_10 - 1) ([_17 _1]a [_17 1]7 [_17 _1])
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E.3 Sector II1

Figure E.3: Regions of vector modulation of the 2-cell multicell converter in the third

sector
E.3.1 Region A
Duty Cycles
1 2
mg coSwt = ———=ds — 1/ =d
e
mg Sinwt = —d
\/5 3
ds+ds+dy=1
d L inwt + \/g t+1
= ———=mgSsinw —My, COS W
0 \/i 9

3 1
dy = —/ =g cos wt — —=my sin wt
4 \/;m COS W \/im S1n w

ds = \/ﬁma sin wt

For@ﬁ%”

The switch combination sequence for the nearest three vector moving from sector I7A to
I1ITA for 2-cell is given by:

ds(010) ([1, —1], [1, 1], [1, —1]) to do(000) ([1,—1],[1, —1], [1, —1]) to

43(—=100) (=1, —1], [1, —1],[1, =1]) to ds(=10 — 1) (=1, 1], [1, 1], [~1, ~1])
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or

d5(010) ([—1,1],[1,1], 1, —=1]) to do(000) ([—1,1],[1, =1], [1, —1]) to

d4(_100) ([_1’ _1]7 [17 _1]’ [1’ _1]) to d3(_10 - 1) ([_1’ _1]7 [17 _1]’ [_17 _1])

d5(010) ([1, —1], [1,1],[=1,1]) to do(000) ([1, —1], [=1,1],[1,1]) to

ds(—100) ([-1, -1}, [-1,1],[-1,1]) to d3(—10 — 1) ([-1, —1],[-1,1],[-1, —1])

d5(010) ([—1,1],[1,1],[=1,1]) to do(000) ([—1,1],[=1,1],[=1,1]) to

ds(—100) ([-1, -1}, [-1,1],[-1,1]) to d3(—10 — 1) ([-1, —1],[-1,1],[-1, —1])

d3(010) ([1, —1], [1,1], [1, —1]) to do(000) ([1,—1],[-1, 1], [1, —1]) to

ds(—100) ([-1, -1}, [-1,1],[1, —1]) to d3(—10 — 1) ([-1, —1],[-1,1],[-1, —1])

or

d5(010) ([—1,1],[1,1],[1, =1]) to do(000) ([—1,1],[=1,1], [1, =1]) to

d4(_100) ([_L _1]7 [_17 1]7 [17 _1]) to d3(_10 - 1) ([_L _1]7 [_17 1]7 [_17 _1])

or

d5(010) ([1, —1], [1,1], [~ 1, 1]) to do(000) ([1, —1], [1, —1], [~1, 1]) to

d4(_100) ([_L _1]7 [17 _1]a [_17 1]) to d3(_10 - 1) ([_L _1]7 [17 _1]a [_17 _1])

or

d5(010) ([—1, 1], [1,1], [~ 1, 1]) to do(000) ([—1, 1], [1, —1], [~1, 1]) to

d4(_100) ([_1’ _1]7 [17 _1]’ [_17 1]) to d3(_10 - 1) ([_1’ _1]7 [17 _1]’ [_17 _1])

Forez%r

360

The switch combination sequence for the nearest three vector moving from sector I11A

to IV A for 2-cell is given by:

dy(011) ([1,—1], [1, 1], [1,1]) to d5(010) (1, —1], [1, 1], [1, —1]) to
do(000) ([1, —1], [1, —1], [1, —1]) to d4(—100) ([-1,—1],[1,—1], [1, —1])
dy(011) ([=1,1],[1,1],[1,1]) to d5(010) ([-1,1],[1,1],[1, 1)) to
do(000) ([—1,1], [1, —1], [1, —1]) to d4(—100) ([-1,—1],[1,—1], [1, —1])
dy(011) ([1,—1], [1, 1], [1,1]) to d5(010) ([1, —1],[1,1],[~1,1]) to
do(000) ([1, —1], [-1,1],[-1,1]) to dsy(—100) ([-1, —1],[-1, 1], [-1,1])
dy(011) ([=1,1],[1,1],[1,1]) to d5(010) ([-1,1],[1,1],[~1,1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [_17 1]) to d4(_100) ([_17 _1]a [_17 1]7 [_17 1])

or



CHAPTER E — SwWITCHING COMBINATIONS 361

dy(011) ([1, —1], [1, 1], [1, 1]) to ds(010) (1, —1], [1, 1], [1, —1]) to
dO(OOO) ([1’ - ] [ ] [1 _1]) to d4(_100) ([_17 _1]’ [_17 1]7 [17 _1])
dy(011) ([=1,1], [1, 1], [1, 1]) to ds(010) (|=1, 1], [1, 1], [1, —1]) to
do(000) ([=1,1], [-1,1], [1, —=1]) to dy(—100) ([-1, —1], [-1,1], [1, -1])
ds(011) ([1,—1],[1, 1], [1, 1]) to d3(010) ([1, —1], [1,1],[~1,1]) to
do(000) ([1, —1], [1, —1], [~1,1]) to d4(—100) ([-1,—1],[1, —1], [-1,1])
ds(011) ([—1,1], 1, 1], 1, 1]) to d3(010) ([—1, 1], [1, 1], [~1,1]) to
do(000) ([-1,1], [1, —1],[-1,1]) to d4y(—100) ([-1,—1],[1,—1], [-1,1])

E.3.2 Region C

Duty Cycles

Mg COS Wt = ——dg \/7d15 - \/7619

d+fd+ ——d,
3 15 \/5

mg sin wt =

V2

d3+d15+d9:1

dis = V2m, sinwt — 1

1 3
dz3 = ———=my, sinwt + |/ =mg, cos wt + 2
V2 2

1 3
dg = ———=myg sinwt — 1/ =my, coswt
V2 2

Switch Combinations

The switch combination sequence for the nearest three vector for sector I71C for 2-cell is
given by:

d3(_10 - 1) ([_L - ]7 [ ) ] [_17 _1]) to d15(_11 - 1) ([_L _1]7 [17 1]7 [_17 _1]) to
d9(_110) ([_1’_1]7[ 1] [ 1]) to d3(010) ([1’_1]7[171]7[17_1])

d3(—10 — 1) ([-1,—1], [1, —1], [-1, —1]) to dy5(—11 — 1) ([-1,—1], [1, 1], [-1, —1]) to
d9(_110) ([_1’_1]7[ 1] [ ]) to d3(010) ([_171]7[171]7[17_1])

d3(—=10 — 1) ([=1, =1], [1, 1], [-1, =1]) to di5(—=11 — 1) ([-1, =1], [1,1],[-1, —=1]) to
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d9(_110) ([_L _1]7 [17 1]7 [_17 1]) to d3(010) ([17 _1]7 [17 1]7 [_17 1])
ds(—10 — 1) (-1, —1], [1, —1], [-1, —1]) to dy5(—11 — 1) ([-1, —1],[1,1],[-1, —1]) to
d9(_110) ([_L _1]7 [ 1] [ 1 1]) to d3(010) ([_17 1]7 [17 1]7 [_17 1])
ds(—10 — 1) (-1, -1}, [-1, 1], [-1, —1]) to dy5(—11 — 1) ([-1, —1],[1,1],[-1, —1]) to
d9(_110) ([_1’ _1]7 [ 1] [1 _1]) to d3(010) ([1’ _1]7 [17 1]7 [17 _1])
dy(—10 — 1) (=1, —1], [=1, 1], [1, =1]) to dis(—11 — 1) ([~1, —1], [1, 1], [-1, —1]) to
d9(_110) ([_1’_1]7[ 1] [1 ]) to d3(010) ([_171]7[171]7[17_1])
dy(—10 — 1) (=1, —1], [=1, 1], [1, =1]) to dis(—11 — 1) ([~1, —1], [1, 1], [~ 1, —1]) to
d9(_110) ([_1’ _1]7 [ 1] [ 1 1]) to d3(010) ([1’ _1]7 [17 1]7 [_1’ 1])
ds(—10 — 1) ([-1, —

1], [~1,1],[~1, =1]) to dy5(—11 — 1) ([-1, —1], [1,1],[~1, —1]) to
do(—110) ([-1, —1], [1, 1], [~

[
1,1)) to ds(010) ([—1,1], [1,1],[~1,1])

E.3.3 Region B

Duty Cycles

1 3 2
mg coswt = —%dg — \/;dg — \/%d;;

1 1
—ds + —d
NoRVo

d3+d9—|—d4:1

1 3
ds = %masinwth \/;wswt—i- 1

dy = —V2m, sinwt + 1

d \/g t+ L t—1
= —1{/ = COSW — SIN Wil —
9 2 \/5

For@ﬁ%”

mg sin wt =

The switch combination sequence for the nearest three vector moving from sector I171C
to I'11B for 2-cell is given by:

ds(010) ([1, —1], [1,1], [1, —1]) to do(—110) ([-1, —1],[1,1],[1, —1]) to

43(—=100) (=1, —1], [1, —1],[1, =1]) to ds(—10 — 1) (=1, 1], [1, ~1], [~1, ~1])



CHAPTER E — SwWITCHING COMBINATIONS 363

d3(010) ([1, —1],[1, 1], [1, =1]) to dg(—110) ([—1, —1],[1,1],[1, —1]) to
d4(_100) ([_1’ _1]7 [_1’ 1]’ [1’ _1]) to d3(_10 - 1) ([_1’ _1]7 [_1’ 1]’ [_17 _1])
d3(010) ([—1,1],[1, 1], [1, =1]) to dg(—110) ([—1, —1],[1,1],[1, 1)) to
d4(_100) ([_L _1]7 [17 _1]a [17 _1]) to d3(_10 - 1) ([_L _1]7 [17 _1]a [_17 _1])
ds(010) ([—1,1],[1, 1], [1, —1]) to do(—110) ([-1, —1],[1,1],[1, —1]) to
ds(—100) ([-1, —1],[-1,1],[1, —1]) to d3(—10 — 1) ([-1, —1],[-1,1],[-1, —1])
d3(010) ([1, —1],[1,1],[~1,1]) to dy(—110) ([—1, —1],[1,1],[~1,1]) to
d4(_100) ([_L _1]7 [17 _1]a [_17 1]) to d3(_10 - 1) ([_L _1]7 [17 _1]a [_17 _1])
d3(010) ([1, —1],[1,1],[~1,1]) to dg(—110) ([—1, —1],[1,1],[~1,1]) to
d4(_100) ([_L _1]7 [_17 1]7 [_17 1]) to d3(_10 - 1) ([_L _1]7 [_17 1]7 [_17 _1])
d5(010) ([=1,1], [1,1], [~ 1,1]) to de(—110) ([—1, —1], 1, 1], [~1, 1]) to
d4(_100) ([_L _1]7 [17 _1]a [_17 1]) to d3(_10 - 1) ([_L _1]7 [17 _1]a [_17 _1])
d5(010) ([=1,1], 1, 1], [~ 1,1]) to de(—110) ([—1, —1], 1, 1], [~1, 1]) to
d4(_100) ([_1’ _1]7 [_1’ 1]’ [_17 1]) to d3(_10 - 1) ([_1’ _1]7 [_1’ 1]’ [_17 _1])

Forez%r

The switch combination sequence for the nearest three vector moving from sector I/1B
to 111D for 2-cell is given by:

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[1, —1]) to

do(—110) ([-1, —1], [1,1], [1, —1]) to d4(—100) ([-1, —1],[1, —1], [1, —1])

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[1,—1]) to

do(—110) ([-1, —1], [1,1], [1, —1]) to d4(—100) ([-1, —1],[-1, 1], [1, —1])

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[-1,1]) to

do(—110) ([-1, —1], [1,1],[=1,1]) to d4(—100) ([-1, —1],[1, —1], [-1,1])

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[-1,1]) to

do(—110) ([-1, =1}, [1,1],[=1,1]) to d4(—100) ([-1, —1],[-1,1],[-1,1])

or
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dy(011) ([=1,1], [1,1],[1,1]) to d5(010) ([-1,1],[1, 1], [1, =1]) to
do(—110) ([=1, —1],[1,1],[1, —=1]) to da(—100) ([-1, —1],[1, —1],[1, 1))
dy(011) ([=1,1], [1,1],[1,1]) to d5(010) ([-1,1],[1,1], [1, =1]) to
do(—110) ([=1, —1], [1,1],[1, 1)) to da(—100) ([-1, —1],[=1,1],[1, 1))
dy(011) ([=1,1],[1,1],[1,1]) to d5(010) ([~1,1],[1,1], [=1,1]) to
do(—110) ([=1, —1],[1,1],[=1,1]) to da(—100) ([-1, —1],[1, —1],[=1,1])
dy(011) ([=1,1],[1,1],[1,1]) to d5(010) ([-1,1],[1,1], [=1,1]) to
do(—110) ([=1, —1],[1,1],[=1,1]) to da(—100) ([-1, —1],[=1,1],[=1,1])

E.3.4 Region D

Duty Cycles

m, CoOSwt = — \/7d4—\/7d9 \/7d16

mg Sinwt = —dg

V2

d \/g t ! inwt —1
= —/=m, coswt — —=m, sin wt —
16 9 \/5

d \/g t L t+ 2
=4/ =mg, COSwWt — —=M, COS W
4 5 o)

dg = V2m, sin wt

Switching Combinations

The switch combination sequence for the nearest three vector for sector 111D for 2-cell
is given by:

ds(—100) ([-1, —1], [1, —1], [1, —1]) to do(—110) ([-1, —1],[1,1],[1, —1]) to

di(—111) ([-1, —1], [1, 1], [1, 1]) to d4(011) ([1, —1], [1, 1], [1, 1])

d4(~100) (=1, ~1], [1, ~1], L, ~1]) to do(—110) (|-
dig(—111) ([—1, —1], [1, 1], [1, 1]) to d4(011) ([-1, 1],

or

1,-1],[1,1], 1, =1]) to
1,1, [1, 1)
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dy(—100) (|—1, —1],[=1,1], [1, 1)) to do(—110) ([-1, —1], [1, 1], [1, —1]) to
dig(—111) ([=1, —1], [1,1],[1,1]) to d(011) ([1, =1],[1,1], [1,1])
dy(—100) (=1, —1],[=1,1],[1, —1]) to do(—110) ([-1, —1], [1, 1], [1, —1]) to
dig(—111) ([=1, —1],[1,1],[1,1]) to d(011) ([=1,1],[1,1], [1,1])
dy(—100) ([-1, —1], 1, =1], [=1,1]) to do(—110) ([~1, =1], [1,1],[=1,1]) to
dig(—111) ([=1, —1],[1,1],[1,1]) to d4(011) ([1, =1],[1,1], [1,1])
dy(—100) ([-1, —1], 1, =1], [=1,1]) to do(—110) ([~1, —1], [1,1],[=1,1]) to
dig(—111) ([=1, —1],[1,1],[1,1]) to d(011) ([=1,1],[1,1], [1,1])
dy(—100) ([-1, —1], [=1,1], [=1,1]) to do(—110) ([~1, =1], [1,1],[=1,1]) to
dyo(—111) (=1, —1],[1,1],[1,1]) to dy(011) ([1, —1],[1,1],[1,1])
dy(—100) ([-1, —1], [=1,1], [=1,1]) to do(—110) ([~1, =1], [1,1],[=1,1]) to
dyo(—111) (=1, —1],[1,1],[1,1]) to dy(011) ([—1,1],[1,1],[1,1])

E.4 Sector IV

Figure E.4: Regions of vector modulation of the 2-cell multicell converter in the fourth

sector
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E.4.1 Region A

Duty Cycles

2 1
scoswt = —|=dy — —d
M, COS W 50 \/65
inwt 1ol
Mg sinwt = ———
\/55

do+dy+ds =1

1 . 3
do = —=mygsinwt + §m“ coswt +1

V2

3 1
dy = —| Sy coswt + —=my, sin wt
4 \/;m COS W +\/§m sin w

ds = —V2m,, sin wt

For@ﬁ%r

The switch combination sequence for the nearest three vector moving from sector I/1A
to IV A for 2-cell is given by:

d4(—100) ([-1, —1], [1, —1], [1, —1]) to dp(000) ([1,—1],[1,—1], [1, —1]) to
ds(001) ([1,—1], [1, —1], [1,1]) to d4(011) ([1,—1],[1, 1], [1,1])

d4(—100) ([-1, —1], [1, —1], [1, —1]) to dp(000) ([-1,1],[1,—1], [1, —1]) to
ds(001) ([—1,1], [1, —1], [1,1]) to d4(011) ([—1,1],[1, 1], [1,1])

ds(—100) ([-1,—1],[-1,1],[-1, 1]) to dp(000) ([1, —1],[-1,1],[-1,1]) to
ds(001) ([1, —1], [=1,1],[1,1]) to d4(011) ([1,—1],[1, 1], [1,1])

ds(—100) ([-1, =1}, [-1,1],[-1, 1]) to dp(000) ([—1,1],[-1,1],[-1,1]) to
ds(001) ([—1,1],[=1,1],[1,1]) to d4(011) ([—1,1],[1, 1], [1,1])

ds(—100) ([-1, =1}, [-1,1],[1, —1]) to dp(000) ([1,—1],[-1,1],[1, —1]) to
ds(001) ([1, —1], [=1,1],[1,1]) to d4(011) ([1,—1],[1, 1], [1,1])

ds(—100) ([-1, =1}, [-1,1],[1, —1]) to dp(000) ([—1,1],[-1,1],[1, —1]) to
ds(001) ([—1,1],[=1,1],[1,1]) to d4(011) ([—1,1],[1, 1], [1,1])

ds(—100) ([-1, —1], [1, —1],[-1, 1]) to dp(000) ([1,—1],[1,—1],[-1,1]) to
ds(001) ([1, —1], [1, —1], [1,1]) to d4(011) ([1,—1],[1, 1], [1,1])
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dy(—100) ([-1, —1], [1, =1],[=1,1]) to do(000) ([—1,1],[1, =1],[~1,1]) to
d5(001) ([—1,1], [1,=1],[1,1]) to ds(011) ([—1,1], [1,1],[1,1])

Forez%”

The switch combination sequence for the nearest three vector moving from sector IV A
to IV A for 2-cell is given by:

ds(—1—10) (-1, 1], [-1, —1],[1, —1]) to d4(—100) ([-1, 1], [1, —1],[1, —1]) to

4o(000) ([1, 11,1, ~1], [1, ~1]) to ds(001) ([1, 1], [1, 1], [1, 1)

ds(—1 —10) (=1, —1], [-1, —1], [1, =1]) to da(—100) ([~1, —1], [L, —1], [1, —1]) to
do(000) ([—1, 1], [1, —1], [1, —1]) to d5(001) ([—1, 1], [1, —1], [L, 1])

ds(—1—10) (-1, -1}, [-1, —1], [-1,1]) to d4(—100) ([-1, —1],[-1,1],[-1,1]) to
dO(OOO) ([17 _1]7 [_17 1]7 [_17 1]) to d5(001) ([17 _1]a [_17 1]7 [17 1])

ds(—1 —10) (=1, —1], [-1, —1], [~1,1]) to da(—100) ([~1, —1], [~ 1, 1], [~1,1]) to
do(000) ([—1,1],[=1,1], [<1,1]) to d5(001) ([—1,1],[—1,1],[1,1])

ds(—1 —10) (=1, —1], [=1, —1], [1, =1]) to da(—100) ([~1, —1], [~ 1, 1], [1, —1]) to
do(000) ([1, —1], [-1,1],[1, —1]) to d5(001) ([1, —1],[-1,1], [1,1])

ds(—1 —10) (=1, —1], [~1, —1], [1, =1]) to da(—100) ([~1, —1], [~1, 1], [1, —1]) to
do(000) ([-1,1], [-1,1], [1, —1]) to ds(001) ([—1,1],[~1,1],[1,1])

ds(—1 — 10 ([~1, —1], [-1, =1], [~ 1, 1]) to da(—100) ([=1, =1], 1, —1],[~1,1]) to
dO(OOO) ([1’ _1]7 [17 _1]’ [_17 1]) to d5(001) ([17 _1]’ [1’ _1]7 [17 1])

ds(—1 —10) (
do(000) ([~1

[—1,-1],[=1, =1],[=1,1)) to ds(—100) ([-1, —1], [1, =1],[~1,1]) to
1] [1 _1] [ 171]) to d5(001) ([_1’1]’[1’_1]7[171])

E.4.2 Region C

Duty Cycles

2 2 3
acoswt = —/=dy — 24| =dig — | =d
Mg COS \/; 4 \/; 16 \/; 10
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mg sinwt = ———d

\/510

dy +dig +dip=1

3 1
dig = —\[ =My, t+ —=mgsinwt — 1
16 \/;m coswt + \/ﬁm Sin w

d \/g t+ ! t+2
=4/ =mg, coswt + —=my, cosSw
4 5 NG

dig = —\/ﬁma sin wt

Switching Combinations

368

The switch combination sequence for the nearest three vector for sector IV C' for 2-cell is

given by:

dy(011) ([1,—1], [1, 1], [1,1]) to dyg(—111) ([—1, 1], [1,1],[1,1]) to
dio(—101) ([-1, —=1],[1, 1], [1,1]) to d4(—100) ([-1, —1],[1, 1], [1, —1])
dg(011) ([1,—1], [1, 1], [1,1]) to dy(—111) ([—1, 1], [1,1],[1,1]) to
dio(—101) ([-1, —=1],[1, 1], [1,1]) to d4(—100) ([-1, —1],[1, —=1],[-1,1])
d4(011) ([1, =1}, [1,1], [1,1]) to dis(—111) ([-1, —1],[1, 1], [1,1]) to
dio(—101) ([-1, =1],[=1,1],[1,1]) to d4(—100) ([-1, —1],[-1,1],[1, 1))
dy(011) ([1, —1], [1,1], [1,1]) to dis(—111) ([-1, —1],[1, 1], [1,1]) to
dio(—101) ([-1, =1],[=1,1],[1,1]) to d4(—100) (-1, —1],[-1,1],[-1,1])
ds(011) ([—1,1],[1,1], [1,1]) to dig(—111) ([-1, —1],[1,1],[1,1]) to
dio(—101) ([-1, —=1],[1, 1], [1,1]) to d4(—100) ([-1, —1],[1, 1], [1, —1])
ds(011) ([—1,1],[1,1], [1,1]) to dig(—111) ([-1, —1],[1,1],[1,1]) to
dio(—101) ([-1, =1],[1, —=1],[1,1]) to ds(—100) ([-1, —1],[1, =1],[~1,1])
d4(011) ([=1,1], [1,1],[1,1]) to dig(—111) ([-1, 1], [1,1],[1,1]) to
dio(—101) ([-1, =1],[=1,1],[1,1]) to ds(—100) ([-1, —1],[-1,1],[1, —=1])
d4(011) ([=1,1], [1,1],[1,1]) to dig(—111) ([-1, —=1],[1,1],[1,1]) to
dio(—101) ([-1, =1],[=1,1],[1,1]) to ds(—100) ([-1, —1],[-1,1],[~1,1])

or
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E.4.3 Region B

Duty Cycles

m, COSwt = — \/7d4

mgsinwt = —

le_—

1
—d - —=d
V2 2
dy +dyo+ds =1

ds = \/ima sinwt + 1

1
dig = ———=my, Sin wt — §ma coswt — 1
T2 2

d \/g t L inwt + 1
=/ =m, coswt — —my, sinw
5 2 \/5

For@ﬁ%r

369

The switch combination sequence for the nearest three vector moving from sector IV C

to IV B for 2-cell is given by:

dy(—100) ([=1, —1], [1, =1], [1, =1]) to dio(—101) ([—
d5(001) ([1, —1], [1, =1], [1,1]) to da(011) ([1, —1], [1,

or

dy(—100) ([=1, =1], [1, =1], [1, =1]) to dio(—101) ([—
d5(001) ([—1,1],[1, =1], [1,1]) to dg(011) ([—1,1], [1,

dy(—100) ([—1, 1], [1, —1], [~1,1]) to dyo(—101) ([
ds(001) ([1,—1], 1, =1], [1,1]) to dy(011) ([1, —1],]1
d4(—100) (-1, —1],[1, =1],[~1,1]) to dio(—101) (
ds5(001) ([=1,1], 1,

or

ds(—100) ([-1, 1], [-1,1],[1, —1]) to dyo(—101) ([—
—1],[~1,1], [1,1]) to ds(011) ([1, —1], [L,

or

dy(—100) (=1, 1], [=1,1], [1, —1]) to dio(—101) ([~
1, [1,1])

ds(001) ([—1,1], [~1,1], [1, 1]) to da(011) ([~1, 1], 1
dy(—100) ([—1, —1], [~1,1], [~ 1, 1]) to dio(—101) ([~
ds(001) ([1, —1], [~1, 1], [1, 1]) to dy(011) ([1, —1], [1,

[
—1],[1,1]) to dy(011) ([—1, 1], [1,

1,-1],[1, -1],[1,1]) to
1], [1,1])

1,-1],[1, -1],[1,1]) to
1], [1,1])

—1,-1],1,-1],[1,1]) to
1, [1,1])

—1,-1],[1,—1],[1,1]) to

1], [1,1])

1,-1],[-1,1],1,1]) to
1], [1,1])

1,—1],[-1,1],[1,1]) to

1,-1],[-1,1],[1,1]) to
1], [1,1])



CHAPTER E — SwWITCHING COMBINATIONS 370

dy(—100) ([—1,—1], [~1,1], [=1,1]) to dyo(—101) ([—1, —1],[=1,1], 1, 1]) to
d5(001) ([—1,1], [=1,1],[1,1]) to ds(011) ([—1,1], [1,1],[1,1])

Forez%”

The switch combination sequence for the nearest three vector moving from sector IV B
to IV D for 2-cell is given by:

ds(—1 — 10) ([=1, —1],[=1, =1], [1, =1]) to ds(—100) (-1, —1],[1, —1],[1, —=1]) to
le(_lol) ([_L _1]7 [17 _1]? [17 1]) to d5(001) ([17 _1]a [17 _1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [1, —1]) to da(—100) ([=1, —1], 1, —1], 1, —1]) to
le(_lol) ([_L _1]7 [17 _1]? [17 1]) to d5(001) ([_17 1]7 [17 _1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [1, —1]) to da(—100) ([=1, =1], [~1, 1], [1, —1]) to
le(_lol) ([_L _1]7 [_17 1]7 [17 1]) to d5(001) ([17 _1]a [_17 1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [1, —1]) to da(—100) ([=1, —1], [~1, 1], [1, —1]) to
le(_lol) ([_L _1]7 [_1’ 1]’ [1’ 1]) to d5(001) ([_1’ 1]’ [_17 1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [~ 1, 1]) to da(—100) ([=1, =1],[1, —1],[~1,1]) to
le(_lol) ([_L _1]7 [17 _1]’ [1’ 1]) to d5(001) ([17 _1]’ [1’ _1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [~ 1, 1]) to da(—100) ([=1, =1], 1, —1],[~1,1]) to
le(_lol) ([_L _1]7 [17 _1]’ [1’ 1]) to d5(001) ([_1’ 1]’ [1’ _1]7 [17 1])

ds(—1 — 10 ([~1, —1], [-1, =1], [~ 1, 1]) to da(—100) ([=1, =1],[~1,1],[~1,1]) to
le(_lol) ([_L _1]7 [_1’ 1]’ [1’ 1]) to d5(001) ([17 _1]’ [_17 1]7 [17 1])

ds(—1 —10) (=1, =1],[=1, =1],[~1,1]) to ds(—100) (-1, —1],[~1,1],[~1,1]) to
le(_lol) ([_L _1]7 [_1’ 1]’ [1’ 1]) to d5(001) ([_1’ 1]’ [_17 1]7 [17 1])

E.4.4 Region D

Duty Cycles

1 1 2
Mg COSwt = ———=ds — —=dyg — 1/ =d
\/6 5 \/5 10 \/; 17
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1 1
o ds — ——dyy— V2
\/5 5 \/5 10 17

ds +dip+di7 =1

mg sinwt =

di7 = —V2m, sinwt — 1

d \/g t+ ! t+2
=/ =m, coswt + —=m, cosw
5 2 \/5

3 1
dip = —\[ =My, t+ —=mgsinwt
10 \/;m coswt + \/ﬁm Sin w

Switch Combinations

The switch combination sequence for the nearest three vector for sector IV C' for 2-cell is
given by:

ds5(001) ([1, =1}, [1, —=1], [1,1]) to dio(—101) ([-1, —1], [1, 1], [1,1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [17 _1])
ds(001) ([1, =1}, [1, —=1], [1,1]) to dio(—101) (-1, —1], [1, 1], [1,1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [_17 1])
ds5(001) ([—1, 1], [1, =1], [1,1]) to dio(—101) ([-1, —1], [1, —=1], [1,1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [17 _1])
ds(001) ([—1, 1], [1, =1], [1,1]) to dio(—101) (-1, —1], [1, —=1], [1,1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [_17 1])
ds(001) ([1, —1], [~1,1], [1,1]) to dio(—101) ([—1, 1], [~1, 1], [1, 1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [17 _1])
ds(001) ([1, —1], [~1,1], [1,1]) to dio(—101) ([—1, —1], [~1, 1], [1, 1]) to

dl?(_1 - 11) ([_L _1]7 [_17 _1]7 [17 1]) to d5(_1 - 10) ([_17 _1]a [_17 _1]a [_17 1])
ds(001) ([—1,1], [~1,1], [1,1]) to dyo(—101) ([—1, —1], [~1, 1], [1, 1]) to

d17(_1 - 11) ([_1’ _1]7 [_1’ _1]7 [17 1]) to dS(_l - 10) ([_17 _1]’ [_17 _1]’ [1’ _1])
d5(001) ([-1,1],[-1,1],[1,1]) to dyo(—101) ([—1,—1],[-1,1],[1,1]) to

d17(_1 - 11) ([_1’ _1]7 [_1’ _1]7 [17 1]) to dS(_l - 10) ([_17 _1]’ [_17 _1]’ [_17 1])
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E.5 Sector V

1 _1]
J6' 2
Xs (10
(0-10)
¢} D
X17(-1-11) X,;,(0-11) 2 _Xlz(l_l])
- Ey_\@J (02

Figure E.5: Regions of vector modulation of the 2-cell multicell converter in the fifth

sector

E.5.1 Region A

Duty Cycles

t 1d + 1d
mg CoOsSwt = ——— —
NV
1 1
mg Sinwt = ———=ds — —=d
27 V2
d0+d5+d6:1

do = V2m, sinwt + 1

1 3
ds = —ﬁma sin wt — \/;ma cos wt

d \/g t L in wt
= —Mg COSWT — —=M, SIN W
6 2 \/5

For@ﬁ%”

The switch combination sequence for the nearest three vector moving from sector IV A
to V A for 2-cell is given by:

ds(001) ([1, —1], [1, —1], [1, 1]) to do(000) ([1,—1],[1, —1], [1, —1]) to

450 = 10) ([1, ~1], [=1, 1], [1, =1]) to d5(—1 — 10) (=1, ~1], [~1, ~1], 1, ~1])



CHAPTER E — SwWITCHING COMBINATIONS

ds(001) ([=1, 1], [1,
deg(0 — 10) ([—1,1],
ds(001) ([1, —1], [-1,1],[1,1]) to do(000) ([1,—1],[-1,1],[-1,1]) to

de¢(0 —10) ([1, —1],[-1, —1],[-1,1]) to d5(—1 — 10) ([-1, —1], [-1, —1],[-1, 1])
ds(001) ([-1,1],[-1,1],[1,1]) to do(000) ([-1,1],[-1,1],[-1,1]) to

de¢(0 —10) (-1, 1], [-1, —1],[-1,1]) to d5(—1 — 10) ([-1, —1],[-1, —1],[-1, 1])
ds(001) ([1, —1], [-1,1],[1,1]) to do(000) ([1,—1],[-1, 1], [1,—1]) to

de(0 —10) ([1, —1], [-1, —1],[1, —1]) to d5(—1 — 10) ([-1, —1], [-1, —1], [1, —1])
d5(001) ([_17 1]7 [_
ds(0 — 10) (|1, 1],
ds(001) ([1, 1], [1, —1], [1,1]) to do(000) ([1, 1], [1, —1], [=1,1]) to

d6(0 o 10) ([17 _1]7 [_17 _1]7 [_17 1]) to d5(_1 o 10) ([_L _1]7 [_17 _1]7 [_17 1])
d5(001) ([=1,1],
dg(0 — 10) ([-1,

—1],[1,1]) to do(000) ([-1,1],[1, 1], [1, —1]) to
[_1’ _1]7 [17 _1]) to d5(_1 - 10) ([_1’ _1]7 [_1’ _1]7 [17 _1])

1,1],[1,1]) to dy(000) ([-1,1],[-1,1],[1, —1]) to
[_17 _1]7 [17 _1]) to d5(_1 - 10) ([_L _1]7 [_17 _1]7 [17 _1])

11,[1,1]) to do(000) ([~1,1], [1, —1],[~1,1]) to

[1,-1],[1,1
1),[-1,—1],[=1,1)) to ds(—1 — 10) ([=1, 1], [~1, =1],[~1,1])

FOI"QZ%’r

373

The switch combination sequence for the nearest three vector moving from sector VA to

VIA for 2-cell is given by:

de(101) ([1, 1], [1, —1], [, 1]) to d5(001) ([, —1], [1, —1], [L, 1]) to
do(000) ([1, —1], [1, —1], [1, —1]) to dg(0 — 10) ([1, —1], [-1, —1], [1, —1])
dg(101) ([1,1], 1, —1], [1,1]) to ds5(001) ([-1,1],[1, 1], [1,1]) to
do(000) ([-1, 1], [1, —1], [1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1], [1, —1])
dg(101) ([1,1], [=1,1],[1,1]) to ds5(001) ([1, —1],[-1,1],[1,1]) to
do(000) ([1, —1], [-1,1],[-1,1]) to dg(0 — 10) ([1, —1], [-1, —1],[-1, 1])
dg(101) ([1,1], [=1,1],[1,1]) to ds5(001) ([-1,1],[-1,1],[1,1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [_17 1]) to dG(O T 10) ([_17 1]7 [_17 _1]7 [_17 1])

or
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ds(101) ([1,1], [=1,1], [1, 1]) to ds(001) ([1, —1],[=1, 1], [1,1]) to
do(000) ([1, —1], [-1, 1], [1, —1]) to dg(0 — 10) ([1, —1], [-1, —1], [1, —1])
de(101) ([1,1], [=1,1], [1, 1]) to ds(001) (=1, 1], [=1,1],[1,1]) to
do(000) ([—1,1], [=1,1], [1, =1]) to ds(0 — 10) ([~1,1],[~1, —1], [1, —1])
dg(101) ([1,1], 1, —1],[1,1]) to d5(001) ([1, —1],[1, —1],[1,1]) to
do(000) ([1,—1], [1, —1],[-1,1]) to dg(0 — 10) ([1, —1], [-1, —1],[-1, 1])
dg(101) ([1,1], 1, —1],[1,1]) to d5(001) ([—1,1],[1, —1],[1,1]) to
do(000) ([-1,1], [1, —1],[-1,1]) to dg(0 — 10) ([-1, 1], [-1, —1],[-1,1])

E.5.2 Region C

Duty Cycles

1 2
= dy— | Zd
\/6 5 3 17

M, COSwWt = —

1
Mg sinwt = _ﬁd5 — \/§d17 — \/§d11

d5+d17+d11:1

= —4/—=m,, cOSwt — —m,, sl —
17 2 a \/_ n w

ds = \/ﬁma sinwt + 2

—My COSWt — —=my, Sinw

Switch Combinations

The switch combination sequence for the nearest three vector for sector VC for 2-cell is
given by:

ds(—1—10) ([1,1],[-1, —1],[1,—1]) to d17(—1 — 11) ([-1, —1],[-1,—1], [1,1]) to
dy (0 —11) ([1, 1], [=1, =1, [1,1]) to d5(001) ([1, —1], [1, —1], [1,1])
ds(—1—10) ([1,1],[-1, —1],[1,—1]) to d17(—1 — 11) ([-1, —1],[-1,—=1], [1,1]) to
d11 (0 —11) ([1, 1], [-1, 1], [1,1]) to d5(001) ([1, —1], [-1,1], [1,1])

ds(—1 —10) (=1, —1], [=1, = 1], [1, =1]) to diz(~1 — 11) ([~1, —1], [~ 1, —1], [1, 1]) to
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dy1 (0 — 11) ([=1,1],[~1, —1], [1,1]) to ds(001) ([—1, 1], [1, —1], [1, 1])
ds(—1 —10) ([1,1], [=1, = 1], [1, =1]) to dys(—1 — 11) ([~1, —1], [~ 1, —1], [1, 1]) to
1 (0 — 11) ([1, 1], [~1, =1], [1,1]) to ds(001) ([—1, 1], [~1, 1], [1, 1])
ds(—1 —10) ([1,1], [-1, = 1], [~1,1]) to dys(—1 — 11) ([~1, —1], [~ 1, —1], [1, 1]) to
di1(0—11) ([1,—1],[-1, 1], [1,1]) to d5(001) ([1, —1], [1, —1],[1, 1])
ds(—1 —10) ([1,1], [-1, = 1], [~1,1]) to dis(~1 — 11) ([~1, —1], [~ 1, —1], [1, 1]) to
di1(0—11) ([1,—1],[-1, —1], [1,1]) to d5(001) ([1, —1], [-1, 1], [1,1])
ds(—1 —10) ([1,1], [-1, = 1], [~1,1]) to dys(—1 — 11) ([~1, —1], [~1, —1], [1, 1]) to
di1(0 —11) ([-1,1],[-1, —1], [1,1]) to d5(001) ([—1, 1], [1, —1],[1,1])
ds(—1 —10) ([1,1], [-1, = 1], [~1,1]) to dys(~1 — 11) ([~1, —1], [~ 1, —1], [1, 1]) to
di1(0 —11) ([-1,1],[-1, —1], [1,1]) to d5(001) ([—1, 1], [-1, 1], [1,1])

E.5.3 Region B

Duty Cycles
1 1

mg coswt = ———=ds + —=d
V6 VG
in wt L V2d L
Mg Sinwt = ———=ds — - —
\/5 5 11 \/§ 6

d5+d11+d6:1

1 3
ds = —=mygsinwt — | =mg, coswt + 1
V2 2

dyy = —\/ﬁma sin wt

3 1 )
dg = éma coswt + —mysinwt + 1

V2

For@ﬁ%”

375

The switch combination sequence for the nearest three vector moving from sector VC' to

V' B for 2-cell is given by:
ds(001) ([1, —1], [1, —1], [1, 1]) to dy (0 — 11) ([1, —1], [~1, —1], [, 1]) to
d6(0 o 10) ([17 _1]7 [_17 _1]7 [17 _1]) to d5(_1 o 10) ([_L _1]7 [_17 _1]7 [17 _1])
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or

ds(001) ([1, —1], [1, —1], [1,1]) to dy1(0 — 11) ([1, —1],[—
de(0 — 10) ([1, —1], [-1, —1],[-1,1]) to d5(—1 — 10) ([—

or

ds(001) ([1, —1], [-1,1],[1,1]) to dy1(0 — 11) ([1, —1],[—
de(0 — 10) ([1, —1], [-1, —1],[1, —1]) to d5(—1 — 10) ([—

or

ds(001) ([1,—1], [-1,1],[1,1]) to dy1(0 — 11) ([1, —1],[—
de(0 — 10) ([1, —1], [-1, —1],[-1,1]) to d5(—1 — 10) ([—

d5(001) ([~1,1], [1, 1],
ds(0 — 10) (=1, 1],[~1, -
d5(001) ([~1,1], [1, 1],

ds(0 — 10) (=1, 1], [~1,~1], [-1
d5(001) ([~1,1], [~
4s(0 — 10) (-1, 1],
d5(001) ([~1,1], [~
4s(0 - 10) (1,1},

1,1],[1
-

1,1],[1,
(-1, -1],[-1

FOI"QZ%’r

[1,1]) to di1 (0 — 11) ([~1,1], [~
1], [1, =1]) to ds(—=1 = 10) ([~

[1,1]) to di1 (0 — 11) ([~1,1], [~
1)) to ds(=1 = 10) ([-

,1]) to dqy1(0 —11) (=1, 1], [—
1, —1],[1, —1]) to ds(—1 — 10) ([—

1]) to d11(0 — 11) ([-1, 1], [—
1)) to ds(=1 = 10) ([-

1
1

L
1
L
1
L
1

L
1

1
1

1
L

) _1]7 [17 1]) to
) _1]7 [_1’ _1]7 [_1’ 1])

—1],[1,1]) to
) _1]7 [_17 _1]7 [17 _1])

—1], [1,1]) to
) _1]7 [_17 _1]7 [_17 1])

—1],[1,1]) to
) _1]7 [_17 _1]7 [17 _1])

—1],[1,1]) to
) _1]7 [_17 _1]7 [_17 1])

, —1], [1,1]) to
) _1]7 [_17 _1]7 [17 _1])

, —1], [1,1]) to
_1]7 [_1’ _1]7 [_1’ 1])

376

The switch combination sequence for the nearest three vector moving from sector VB to

V' D for 2-cell is given by:

de(101) ([1,1], [1, —1], [1, 1]) to ds(001) ([, —1], [1, —1], [1,1]) to
di1(0—11) ([1,=1],[-1,—1], [1,1]) to dg(0 — 10) ([1, —1],[-1, —1], [1, —1])

or

de(101) ([1,1],[1, —1],[1,1]) to ds(001) ([1, —1], 1, —1],[1,1]) to
di1 (0 —11) ([1, =1, [=1, =1],[1,1]) to de(0 — 10) ([1, —1],[~1, =1],[~1,1])

dG(lol) ([1’ 1]’ [1’ _1]7 [17 1]) to d5(001) ([ ] [1 _1]
d11(0 - 11) ([_L 1]’ [_17 _1]’ [1’ 1]) to dG(O - 10) ([ 1
dG(lol) ([1’ 1]’ [1’ _1]7 [17 1]) to d5(001) ([ ] [1 _1]
dy (0 —11) (=1, 1], [~1, 1], [1, 1]) to ds(0 — 10) ([~1

or

[1,1]) to
AL =

1,—1],[1, —1])

[1,1]) to
AL =

1, —1],[-1,1])
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ds(101) ([1,1], [=1,1], [1, 1]) to ds(001) ([1, —1],[=1, 1], [1,1]) to
di1(0—11) ([1,—1],[-1,—1], [1,1]) to dg(0 — 10) ([1, —1],[-1, —1], [1, —1])
de(101) ([1,1], [=1, 1], [1, 1]) to ds(001) ([1, —1],[=1,1],[1,1]) to
di1(0—11) ([1,—1],[-1, 1], [1,1]) to dg(0 — 10) ([1, —1],[-1, —1], [-1,1])
dg(101) ([1,1],[=1,1],[1,1]) to d5(001) ([—1,1], [=1,1],[1,1]) to
di1(0 —11) ([-1,1],[-1,—1], [1,1]) to dg(0 — 10) ([-1,1],[-1, —1], [1, —1])
dg(101) ([1,1],[=1,1],[1,1]) to d5(001) ([-1,1], [=1,1],[1,1]) to
di1(0 —11) ([-1,1],[-1, 1], [1,1]) to dg(0 — 10) ([-1,1],[-1,—1],[-1,1])

E.5.4 Region D

Duty Cycles

1 2
M, coswt = —d —l—\/jd
NG 6 318
1
mg sinwt = ———d —V2dy; — V2d
/s 6 11 18

d6+d11+d18:1

d \/§ t L inwt —1
= \[=myg coSwt — —=m, sin wt —
18 2 \/5

dg = \/ﬁma sinwt + 2

—mg, COS wt — —=MMy, SN W1
1 2 \/5

Switch Combinations

The switch combination sequence for the nearest three vector for sector VD for 2-cell is
given by:

dg(0 — 10) ([1, —1], [-1, —1],[1,—1]) to d11(0 — 11) ([1, —1], [-1, —1], [1,1]) to

d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [1’ _1]7 [17 1])

de(0 — 10) ([1, —1], [-1, —1],[1,—1]) to d11 (0 — 11) ([1, —1], [-1, —1], [1,1]) to

d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [_17 1]7 [17 1])

dg(0 — 10) ([1, —1], [-1, —1],[-1,1]) to d11(0 — 11) ([1, —1], [-1, —1], [1,1]) to
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0318(1 - 11) ([17 1]7 [_17 _1]7 [17 1]) to d6(101) ([17 1]7 [17 _1]7 [17 1])
do(0 — 10) ([1, —1], [=1, —1],[~1,1]) to d1, (0 — 11) ([1, 1], [~ 1, —1], [L, 1]) to
0318(1 - 11) ([17 1]7 [_17 _1]7 [17 1]) to d6(101) ([17 1]7 [_17 1]7 [17 1])
do(0 — 10) (=1, 1], [~ 1, —1], [1, =1]) to d1, (0 — 11) ([~1, 1], [~ 1, —1], [L, 1]) to
d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [1’ _1]7 [17 1])
do(0 — 10) (=1, 1], [~ 1, —1], [1, =1]) to d1, (0 — 11) ([~1, 1], [~ 1, —1], [L, 1]) to
d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [_17 1]7 [17 1])
d¢(0 —10) (-1, 1], [-1, —1],[-1,1]) to d11(0 — 11) ([-1,1],[-1,—1],[1,1]) to
d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [1’ _1]7 [17 1])
do(0 — 10) (=1, 1], [-1, —1], [~1,1]) to di, (0 — 11) ([~1,1], [~ 1, —1], [L, 1]) to
d18(1 - 11) ([17 1]7 [_1’ _1]7 [17 1]) to d6(101) ([1’ 1]’ [_17 1]7 [17 1])
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E.6 Sector VI

x(%) % [\E OJ {fl’(iol)‘ 9 X13[2
D

<é§é%§

[

5
-

J§§ \\\\ &{J;riéj
(0-10) (1-19
c

(g

(1-19

Figure E.6: Regions of vector modulation of the 2-cell multicell converter in the sixth

sector

E.6.1 Region A

Duty Cycles

1 2

coswt = ——dg + 1| =d

m, COS W \/66 31
in wi Ly
Mg SInwt = ———
V2

de +dy +dop =1

d \/g t+ ! inwt + 1
= —/ =My, cos wt + —=my, sin w
0 2 \/5

= —mgsinw —My, COS W
1 o) 5

dg = —\/§ma sin wt

FOI'HSHT’T

The switch combination sequence for the nearest three vector moving from sector VA to
VIA for 2-cell is given by:

de¢(0 — 10) ([1, —1], [-1, —1],[1, —1]) to do(000) ([1, —1], [1, —1],[1, —1]) to

4, (100) ([1,1], [1, =1, [1, ~1]) to dg(101) ([1,1], 1, ~1], 1,1])
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dg(0 — 10) ([-1,1],[-1, —1],[1, —1]) to do(000) ([-1,1], [1, —1],[1, —1]) to
d1(100) ([1, 1], [1, —1], [1, —1]) to dg(101) ([1, 1], 1, —1], [1,1])

dg(0 — 10) ([1, —1], [=1, —1],[=1,1]) to do(000) ([1, —1], [~1,1],[~1,1]) to
d;(100) ([1,1],[-1,1],[-1,1]) to d6(101) ([1,1],[-1,1],[1,1))

dg(0 —10) ([-1,1],[-1, —1],[-1,1]) to do(000) ([-1,1],[-1,1],[-1,1]) to
d;(100) ([1,1],[-1,1],[-1,1]) to d6(101) ([1,1],[-1,1],[1,1))

dg(0 — 10) ([1, —1], [=1, =1, [1, =1]) to do(000) ([1, —1], [~1,1], [1, —1]) to
d;(100) ([1, 1], [-1,1],[1, —1]) to d(101) ([1,1],[-1,1],[1,1])

de(0 —10) ([-1,1],[-1, —1],[1, —1]) to do(000) ([-1, 1], [-1,1],[L, —1]) to
d;(100) ([1, 1], [-1,1],[1, —1]) to dg(101) ([1,1],[-1,1],[1,1])

dg(0 — 10) ([1, —1], [-1, —1],[-1,1]) to do(000) ([1, —1], [1, 1], [-1,1]) to
di(100) ([1,1], [1, —1],[-1,1]) to de(101) ([1, 1], [1, —1], [1,1])

dg(0 — 10) ([-1,1], [-1, —1],[-1,1]) to do(000) ([-1,1], [1, 1], [-1,1]) to
d;(100) ([1,1], [1, —1],[-1,1]) to d6(101) ([1,1],[1,—=1], [1,1])
For 6 > HT”

The switch combination sequence for the nearest three vector moving from sector VIA
to I A for 2-cell is given by:

di(0—-1-1)([1,-1],[-1,-1],[-1, —=1]) to ds(0 — 10) ([1, —1], [-1, —1], [1, —1]) to
dO(OOO) ([1’ _1]7 [17 _1]’ [1’ _1]) to dl(loo) ([17 1]7 [17 _1]’ [1’ _1])
di(0—1-1)([-1,1],[-1,—1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1], [1, —1]) to
dO(OOO) ([_17 1]7 [17 _1]’ [1’ _1]) to dl(loo) ([17 1]7 [17 _1]’ [1’ _1])
di(0—1-1)([1,-1],[-1,-1],[-1, —1]) to dg(0 — 10) ([1, —1], [-1, —1],[-1,1]) to
do(000) ([1, —1], [-1,1],[-1,1]) to dy1(100) ([1,1],[-1,1],[-1,1])
di(0—1-1)([-1,1],[-1,—1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1],[-1,1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [_17 1]) to dl(loo) ([17 1]7 [_17 1]7 [_17 1])

or
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(0 —1—1) ([, —1],[~1, —1], [-1, =1]) to dg(0 — 10) ([1, —1], [~ 1, —1], [1, —1]) to
do(000) ([1, —1], [=1,1], [1, =1]) to d1(100) ([1,1],[~1,1],[1, 1))
d(0—1—1)([=1,1],[~1, —1],[-1, =1]) to dg(0 — 10) (|1, 1], [~ 1, —1], [1, —1]) to
do(000) ([—1,1], [=1,1], [1, =1]) to d1(100) ([1,1],[~1,1],[1, 1))
di(0—1—1)([1,=1],[~1, =1], [=1, =1]) to dg(0 — 10) ([1, =1],[~1, =1],[1,1]) to
dO(OOO) ([1’ _1]7 [17 _1]’ [_17 1]) to dl(loo) ([17 1]7 [17 _1]’ [_17 1])
di(0—1—1)([-1,1],[~1,=1], [=1, =1]) to dg(0 — 10) ([-1,1],[~1, =1],[~1,1]) to
do(000) ([-1,1], [1, —1],[-1,1]) to dy1(100) ([1,1],[1,—1],[-1,1])

E.6.2 Region C

Duty Cycles

1 2 3
Mg COSwWt = %dg + \/;dlg + \/;dm

1 1
mg Sinwt = ———d —V2dg — —=d
/2 6 18 o) 12

de +dig +dip =1

dig = —V2m, sinwt — 1

d \/g t+ ! inwt + 2
= —/ =My cos wt + —=my, sin w
6 2 \/5

mg COS wt mg S1IN W
12 \/_ [

Switching Combinations

The switch combination sequence for the nearest three vector for sector VIC' for 2-cell is
given by:

de(101) ([1, 1], [1, —1], [1,1]) to dys(1 — 11) ([1, 1], [-1, —1],[1,1]) to

d12(1 - 10) ([17 1]7 [_1’ _1]7 [17 _1]) to dG(O - 10) ([1’ _1]7 [_1’ _1]7 [17 _1])

de(101) ([1, 1], [1, —1], [1,1]) to dys(1 — 11) ([1, 1], [-1, —1],[1,1]) to

d12(1 - 10) ([17 1]7 [_1’ _1]7 [17 _1]) to dG(O - 10) ([_17 1]7 [_1’ _1]7 [17 _1])

de(101) ([1, 1], [1, —1], [1,1]) to dys(1 — 11) ([1, 1], [-1, —1],[1,1]) to
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0312(1 - 10) ([17 1]7 [_17 _1]7 [_17 1]) to d6(0 - 10) ([17 _1]7 [_17 _1]7 [_17 1])
ds(101) ([1,1], [1, =1], [1, 1]) to dis(1 — 11) ([1, 1], [~ 1, —1], [1,1]) to
0312(1 - 10) ([17 1]7 [_17 _1]7 [_17 1]) to d6(0 - 10) ([_17 1]7 [_17 _1]7 [_17 1])
ds(101) ([1,1], [~1,1], [1, 1]) to dis(1 — 11) ([1, 1], [~ 1, —1], [1,1]) to
d12(1 - 10) ([17 1]7 [_1’ _1]7 [17 _1]) to dG(O - 10) ([1’ _1]7 [_1’ _1]7 [17 _1])
ds(101) ([1,1], [~1,1], [1, 1]) to dis(1 — 11) ([1, 1], [~ 1, —1], [1,1]) to
d12(1 - 10) ([17 1]7 [_1’ _1]7 [17 _1]) to dG(O - 10) ([_17 1]7 [_1’ _1]7 [17 _1])
de(101) ([1,1],[—1, 1], [1,1]) to dys(1 — 11) ([1,1],[-1, —1], [1,1]) to
d12(1 - 10) ([17 1]7 [_1’ _1]7 [_1’ 1]) to dG(O - 10) ([1’ _1]7 [_1’ _1]7 [_1’ 1])
ds(101) ([1,1], [~1,1], [1, 1]) to dis(1 — 11) ([1, 1], [~ 1, —1], [1,1]) to
d12(1 - 10) ([17 1]7 [_1’ _1]7 [_1’ 1]) to dG(O - 10) ([_17 1]7 [_1’ _1]7 [_1’ 1])

E.6.3 Region B

Duty Cycles

1 3 2
Mg COSwWt = 76% + \/;dlg + \/;Ch

mg sinwt =

1 1
—dg — —=d
\/56 \/512

d6+d12+d1:1

d \/g t L inwt + 1
= —14/ =My COSWT — —=M, SIN W
6 2 \/5

= ——m,sinwt + {/ =m, cos wt —
12 NG 5

dy = \/ima sinwt + 1

ForegnT”

The switch combination sequence for the nearest three vector moving from sector VIB
to VIC for 2-cell is given by:
de(0 —10) ([1, —1], [-1, —1],[1, —1]) to dio(1 — 10) ([1, 1], [-1, —1], [1, —1]) to
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d;(100) ([1, 1], [1, —1], [1, —1]) to dg(101) ([1,1],[1, —1], [1,1])

dg(0 —10) ([1, —1], [-1, —1], [1, =1]) to di2(1 — 10) ([1, 1], [-1, —1], [1, —1]) to
di(100) ([1,1], [-1, 1], [1, =1]) to de(101) ([1, 1], [-1,1], [1,1])

dg(0 — 10) ([-1,1],[-1, —1],[1, —1]) to dio(1 — 10) ([1, 1], [-1, —1], [1, —1]) to
d;(100) ([1, 1], [1, —1], [1, —1]) to dg(101) ([1, 1], 1, —1], [1,1])

dg(0 — 10) ([-1,1],[-1, —1],[1, —1]) to di2(1 — 10) ([1, 1], [-1, —1], [1, —1]) to
d;(100) ([1, 1], [-1,1], [1, —1]) to dg(101) ([1,1],[-1,1], [1,1])

de(0 —10) ([1, —1], [-1, —1], [-1,1]) to dio(1 — 10) ([1, 1], [-1, —1], [-1,1])
di(100) ([1,1], [1, 1], [=1,1]) to dg(101) ([1, 1], [1, —1], [1,1])

de(0 —10) ([1, —1], [-1, —1], [-1,1]) to dio(1 — 10) ([1, 1], [-1, —1], [-1,1])
d;(100) ([1,1], [-1,1],[-1,1]) to d6(101)([1 1], [-1,1], [1,1])

de(0 —10) ([-1,1], [-1, —1],[-1,1]) to dio(1 — 10) ([1, 1], [-1, —1], [-1,1])
d;(100) ([1, 1], [1, —1],[-1,1]) to d6(101)([1 1], [1, —1], [1,1])

de(0 —10) ([-1,1], [-1, —1],[-1,1]) to dio(1 — 10) ([1, 1], [-1, —1], [-1,1])
d;(100) ([1, 1], [-1,1],[-1,1]) to d6(101)([1 1], [-1,1], [1,1])
For 6 > “T’T

The switch combination sequence for the nearest three vector moving from sector VIB
to VIC for 2-cell is given by:

di(0—1-1)([1,-1],[-1,-1],[-1, —1]) to dg(0 — 10) ([1, —1], [-1, —1], [1, —1]) to

di2(1 —10) ([1,1],[-1,—=1], [1, —1]) to d1(100) ([1, 1], [1, —1],[1, —1])
di(0—1-1)([1,-1],[-1,-1],[-1, —1]) to dg(0 — 10) ([1, —1], [-1, —1], [1, —1]) to

di2(1 —10) ([1,1],[-1,—=1], [1, —1]) to d1(100) ([1, 1], [-1, 1], [1, —1])
di(0—-1-1)([1,-1],[-1,—-1],[-1, —1]) to ds(0 — 10) ([1, —1], [-1, —1],[-1,1]) to

di2(1 —10) ([1,1],[-1,—1],[-1,1]) to d1(100) ([1, 1], [1, —1],[-1,1])
di(0—-1-1)([1,-1],[-1,-1],[-1, —1]) to ds(0 — 10) ([1, —1], [-1, —1],[-1,1]) to

di2(1 —10) ([1,1],[-1,—1],[-1,1]) to d1(100) ([1, 1], [-1,1],[-1,1])
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di(0—1-1)([-1,1],[-1,—1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1], [1, —1]) to
di5(1 — 10) ([1,1],[-1, 1], [1, —1]) to dy(100) ([1,1],[1, —1],[1, —1])
di(0—1-1)([-1,1],[-1,—1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1], [1, —1]) to
dyo(1 — 10) ([1, 1], [~1, —1], [1, —1]) to dy(100) ([1, 1], [~1, 1], [1, —1])
di(0—1-1)([-1,1],[-1,-1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1],[-1,1]) to
dio(1 — 10 ([1, 1], [~1, —1], [~ 1,1]) to dy(100) ([1, 1], [1, —1], [~1,1])

di(0—1—1)([-1,1],[-1, —1],[~1, —1]) to dg(0 — 10) ([-1,1],[-1, —1],[~1,1]) to
di2(1 —10) ([1,1], [-1, —1],[-1,1]) to d1(100) ([1, 1], [-1, 1], [-1,1])

E.6.4 Region D

Duty Cycles

2 3 2
m, COS W \/;1+\/;12+ \/;13

Mg Sinwt = ———=dy

V2

diy +dig+diz =1

dip = —\/ﬁma sin wt

3 1
dy = —\/ 21 cos wt + —=myg sin wt + 2
1 \/;m COS W \/im S1n w

—MmM, COS wt + — Mgy SINWT —
13 2 \/_ t

Switching Combinations

The switch combination sequence for the nearest three vector for sector VID for 2-cell is
given by:

d;(100) ([1, 1], [1, —1], [1, —1]) to di2(1 — 10) ([1, 1], [-1,—1],[1, —1]) to
dis(1—1-1)([1,1],[-1,-1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1],[-1, —1], [-1, —1])
d1(100) ([1, 1], [1, —1], [1, —1]) to d12(1 — 10) ([1, 1], [-1,—1],[1, —1]) to
dis(1—-1-1)([1,1],[-1,-1],[-1,-1]) to d1 (0 — 1 = 1) ([-1, 1], [-1, —1],[-1, —1))

or
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d1(100) ([1,1],[~1,1],[1, —=1]) to dia(1 — 10) ([1,1],[-1, —1], [1, —1]) to
dis(1—1—1)([1,1],[=1, =1],[=1,=1]) to 1 (0 — 1 = 1) ([1, 1], [=1, 1], [~1, =1])
d1(100) ([1,1],[~1,1],[1, —=1]) to dia(1 — 10) ([1,1],[-1, —1], 1, —1]) to
dis(1—1—1)([1,1],[=1, =1],[=1,=1]) to d1 (0 — 1 = 1) ([~1,1],[=1, 1], [~1, 1))
d1(100) ([1,1], [1, 1], [=1,1]) to dya(1 — 10) ([1,1],[-1, —1],[=1,1]) to
dis(1—1—=1)([1,1],[=1, =1],[=1,=1]) to d1 (0 — 1 = 1) ([1, 1], [=1, 1], [~1, =1])
d1(100) ([1,1], [1, 1], [=1,1]) to dia(1 — 10) ([1,1],[-1, —1],[=1,1]) to
dis(1—1—1)([1,1],[=1, =1],[=1,=1]) to d1 (0 — 1 = 1) ([~1,1],[=1, —1],[~1, =1])
d1(100) ([1,1],[~1,1],[=1,1]) to dia(1 — 10) ([1,1],[-1, —1],[=1,1]) to
dis(1—1—1)([1,1],[=1, =1],[=1,=1]) to &1 (0 — 1 — 1) ([1, 1], [=1, —1],[~1, =1])
d1(100) ([1,1],[~1,1],[=1,1]) to dia(1 — 10) ([1,1],[-1, —1],[=1,1]) to
dis(1—1—1)([1,1],[=1,=1],[=1,=1]) to &1 (0 — 1 = 1) ([~1,1],[=1, 1], [~1, =1])

385
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E.7 Combination of switching states

In this section we show the first and third switching states combinations only since the
second and the fourth combination follow directly from first and third combinations re-
spectively. Also we only show combinations for reference vector moving through regions
C, B and D and region A since the combinations for reference vector moving through
regions C and D and region B can be derived from the combinations for reference vector

moving through regions C, B and D.

E.7.1 First Combination for reference vector moving through

regions C, B and D

IC

di(0—1—1)([1,~1],[~1, —1], [=1, =1]) to dys(1 — 1 — 1) ([L, 1], [=1, =1], [ 1, —1]) to
d7(10 - 1) ([1’ 1]’ [ ]7 [_1’ _1]) to dl(loo) ([1’ 1]’ [1’ _1]7 [17 _1])

to IB1

d,(100) ([1, 1], [1, —1], [1, —1]) to d=(10 — 1) ([1,1], [1, —1], [~1, —1]) to
dy(00 — 1) ([1, —1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 — 1])

to

di(0—1—1)([1,~1],[=1, —1], [=1 — 1]) to da(00 — 1) ([L, —1], [1, —1], [~1, —1]) to
d7(10_1) ([1’1]’[ ]7[ ]) to dl(loo) ([1’1]’[1’_1]7[17_1])
to 1B2

d5(110) ([1,1],[1,1], [1, =1]) to d1(100) ([1, 1], [1, —1], [1, —1]) to d7(10—1) ([1, 1], [1, —1], [-1, —1])
to

dQ(OO - 1) ([17 _1]7 [17 _1]a [_1 - 1])

to ID

ds(00 — 1) ([1, —1],[1, 1], [1, —1]) to d7(10 — 1) ([1, 1], [1, —=1],[~1, —1]) to

dra(11 — 1) ([1, 1], [1, 1], [~ 1, —1]) to da(110) ([1, 1], 1, 1], [1, —1])

to I1IC

dy(110) ([1, 1], [1, 1], [1, —1]) to dya(11 — 1) ([1, 1], [1, 1], [~ 1, —1]) to

ds(01 — 1) ([1, —1], [1, 1], [~1, —1]) to da(00 — 1) ([1, —1], [1, —1], [~1, —1])

to IIB1

dy(00 — 1) ([1, —1], [1, =1], [=1, =1]) to ds(01 — 1) ([1, =1], 1, 1], [~ 1, —1]) to
d5(010) ([1, —1], [1, 1], [1, —1]) to d»(110) ({1, 1], [1, 1], [1, —1])
to

do(110) ([1, 1], [1, 1], [L, —1]) to d3(010) ([, —1], [1
dg(01 — 1) ([1, —1],[1,1], [=1, =1]) to ds(00 — 1) (
to IIB2

dy(—10 — 1) ([=1, —1], [1, —1], [~1, —1]) to da(00 — 1) ([1, —1], [1, 1], [~ 1, —1]) to

], [1, —1]) to
[1’ ]7[ 1]’ [_17_1])
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ds(01 = 1) ([1,~1], [1,1], [~1,=1]) to ds(010) ([1, —1],[1, 1], [1, 1))

to 11D

ds(010) ([1, —1], [1,1],[1, —1]) to dsg(01 — 1) ([1, —1], [1,1],[-1, —1]) to
dia(—11 = 1) (=1, 1], 1, 1], [=1, 1)) to dy(~10 — 1) (=1, ~1], [1, =1}, [~1, 1))

to 111C

ds(—=10 = 1) ([~1, =1}, [1, =1], [~1, ~1]) to dis(~11 — 1) ((~1,~1], 1, 1, [~1, 1]} to
do(—110) ([-1, —1], [1, 1], [1, =1]) to d3(010) ([1, =1], [1,1], 1, —1])

to 111B1

ds(010) ([1, —1], [1,1], [1, —1]) to do(—110) ([-1, —1],[1,1],[1, —1]) to

ds(—100) ([-1, —1], [1, =1], [1, —1]) to ds(—10 — 1) ([-1, —1], [1, —1], [-1, —1])

to

ds(—10 — 1) (-1, 1], [1, —1],[-1, —1]) to d4(—100) ([-1, 1], [1, —1],[1, —1]) to
do(—110) ([-1, —1], [1, 1], [1, =1]) to d3(010) ([1, =1], [1,1], 1, —1])

to 111B2

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[1, —1]) to

do(—110) ([-1, —1], [1,1], [1, —1]) to d4(—100) ([-1, —1],[1,—1], [1, —1])

to 111D

d4(—100) ([-1, 1], [1, —1], [1, —1]) to do(—110) ([-1, —1],[1,1],[1,—1]) to
dig(—111) ([-1, —1], [1, 1], [1,1]) to d4(011) ([1, —1], [1, 1], [1, 1])

to IVC

ds(011) ([-1,1], [1,1], [1,1]) to dye(—111) ([-1, —1], [1,1],[1, 1]) to
dio(—101) ([-1, 1], [-1, 1], [1,1]) to d4(—100) ([-1,—1], [-1,1],[-1,1])

to IVB1

dy(—100) ([—-1, 1], [-1,1],[-1,1]) to dyo(—101) ([-1,—1],[-1,1],[1, 1]) to
ds(001) ([—1,1],[=1,1],[1,1]) to d4(011) ([—1,1],[1, 1], [1,1])

to

ds(011) ([-1,1], [1,1], [1,1]) to d5(001) ([-1,1],[—1,1],[1,1]) to

dio(—101) (-1, —-1],[-1, 1], [1, 1]) to d4(—100) ([-1,—1],[-1,1],[-1,1])

to IVB2

ds(—1—10) (-1, 1], [-1, —1],[-1,1]) to d4(—100) ([-1, 1], [-1,1],[-1,1]) to
dio(—=101) (=1, 1], [=1,1], [1, 1)) to ds(001) ([~1, 1], [1,1], [1, 1)

to IVD

ds(001) ([—1,1],[—1,1],[1,1]) to dio(—101) ([—1, —1],[—1,1],[1,1]) to

dia(—1 = 11) (=1, 1], [~1,=1], [1, 1) to d5(~1 = 10) (=1, ~1], [~1, 1], [~1, 1]
to VC

ds(—1—10) ([1,1],[-1, —1],[-1,1]) to dy7(—1 — 11) ([-1, —1],[-1,—=1], [1,1]) to
di1(0—11) ([-1,1],[-1, —1],[1,1]) to d5(001) (-1, 1], [-1, 1], [1, 1])

to VB1
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ds(001) ([-1,1],[=1,1],[1,1]) to dy;(0 — 11) ([-1, 1], [-1,—1],[1,1]) to

ds(0 —10) ([—1, 1], [=1, =1], [=1,1]) to ds(~1 — 10) ([~1, =1], [=1, =1], [-1,1])
to

ds(—1 = 10) ([=1, —1], [~1, = 1], [~1,1]) to d(0 — 10) ([~1,1], [~1, ~1], [~1, 1]) to

di(0—11) ([-1,1], [-1, - ] [1,1]) to d5(001) ([=1,1], [-1,1], [1, 1])

to VB2

de(101) ([1, 1], [-1, 1], [1,1]) to d5(001) ([-1,1],[—1,1],[1,1]) to

di1 (0 —11) (-1, 1], [-1, =1], [1,1]) to de(0 — 10) ([-1, 1], [-1, =1], [-1,1])

to VD

de(0 —10) ([-1,1],[-1, —=1],[-1,1]) to d11(0 — 11) ([-1, 1], [~

dig(1—11) ([1,1],[-1,—=1], [1,1]) to dg(101) ([1, 1], [-1, 1], [1,1

to VIC

de(101) ([1,1], [=1,1],[1,1]) to dys(1 — 11) ([1,1],[-1,—=1],[1,1]) to

dia(1 = 10) ([1, 1], [~1, ~1], [~1,1]) to de(0 — 10) (=1, 1], [1, ~1],[~1,1])

to VIB1
dg(0 —10) (

d;(100) ([1,

to

ds(101) ([1, 1], [=1,1], [1,1]) to d1(100) ([1, 1], [-1, 1], [-

o1~ 10) ([1,1], (-1, ~1) [, 1]) t0 do(0 — 10) (1.

to VIB2

di(0—1-1)([-1,1],[-1,-1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1, —1],[-1,1]) to

di2(1 —10) ([1,1],[-1,—=1],[-1,1]) to d1(100) ([1, 1], [-1,1],[-1,1])

to VID

d;(100) ([1,1], [-1,1],[-1,1]) to di2(1 — 10) ([1,1],[—1, —1],[—1,1]) to

dis(1—1-1)([1,1],[-1,-1],[-1,—1]) to d1 (0 — 1 — 1) ([-1, 1], [-1, —1], [-1, —1))

1,-1],[1,1]) to
)

[=1,1], [=1, =1], [=1,1]) to dio(1 = 10) (1, 1], [=1, 1], [=1,1]) to
1, [=1,1], [=1,1]) to 46(101)([ 1], [=1,1], [1,1])

1,1]) to
1], [=1, =1], [=1,1])

E.7.2 Third Combination for reference vector moving through

regions C, B and D

IC

di(0—-1-1)([1,-1],[-1,-1],[-1,—1]) to di3(1 — 1 — 1) ([1, 1], [-1, —1],[-1,—1]) to
d7(10 — 1) ([1,1], [1, =1}, [-1, =1]) to d1(100) ([1,1], [1, —1], [1, —1])

to IB1

d1(100) ([1,1], [1, 1], [1, =1]) to d7(10 — 1) ([1,1], 1, —1], [-1, —1]) to

dy(00 — 1) ([1, —1], [1, —=1],[-1,-1]) to d1 (0 — 1 — 1) ([1, —1], [-1, —1],[-1 — 1])

to

dy(0—1—1)([1,=1],[~1,—1],[~1 — 1]) to da(00 — 1) ([1, =1], [1, 1], [-1, —1]) to
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d7(10 — 1) ([1,1],[1, 1], [=1, —1]) to d1(100) (1, 1], 1, —1], [1, —1])
to IB2

d(110) ([1,1], [1, 1], [1, —1]) to d1(100) ([1, 1], [1, —1], [1, =1]) to d=(10—1) ([1, 1], [1, = 1], [=1, —1])
to

dy(00 — 1) ([1, =1], [1, =1], [-1 = 1))

to ID

dy(00 — 1) ([1, 1], [1, —1],[-1, —1]) to d7(10 — 1) ([1, 1], [1, —1],[-1,—1]) to

dis (11— 1) ([1,1],[1, 1], [-1, —1]) to do(110) ([1, 1], [1, 1], [1, —1])

to 1IC

dy(110) ([1, 1], [1, 1], [-1,1]) to dya(11 — 1) ([1, 1], [1, 1],[-1,—1]) to

dg(01 — 1) ([-1,1],[1,1],[-1, —1]) to d2(00 — 1) ([-1,1],[-1, 1], [-1, —1])

to I1B1

d2(00 — 1) ([-1,1], [-1,1], [-1, =1]) to ds(01 — 1) ([~1, 1], [1, 1], [-1, =1]) to
d5(010) ([=1,1], [1,1],[=1,1]) to da(110) ([1, 1], [1,1],[~1,1])

to

dy(110) ([1, 1], [1, 1], [-1,1]) to d3(010) ([-1,1],[1,1],[-1,1]) to

ds(01 — 1) ([=1,1], [1,1],[=1, —=1]) to d2(00 — 1) ([—1,1],[=1, 1], [~ 1, —1])

to I1B2

dz(—10 — 1) ([-1, 1], [-1,1],[-1,—1]) to d2(00 — 1) ([-1,1],[-1,1],[-1, —1]) to
ds(01 — 1) (=1, 1], [1,1], [ 1, ~1]) to d5(010) ([~1, 1], [1, 1], [~ 1, 1])

to IID

d3(010) ([-1,1], [1,1],[-1,1]) to ds(01 — 1) ([-1, 1], [1,1],[-1, —1]) to

dis(~11 = 1) ([=1, ~1], [1, 1], [-1, ~1]) to dy(~10 — 1) ([~1, ~1], [~1, 1], [~1, ~1])
to 111C

dy(~10 = 1) ([~ 1, 1], [1,=1], [ 1, 1)) to dus(~11 — 1) ([~1, ~1], [1, 1], [~1, ~1]) to
dy(~110) ([~1, ~1, [1, 1], [1, ~1]) to dy(010) ([1, ~1], L, 1],[1, ~1])

to ITIIB1

ds(010) ([1, —1], [1,1],[1, —1]) to de(—110) (|1, —1], 1, 1], [1, —1]) to

dy(=100) ([=1, =1, [1, =1], [1, 1)) to ds(—10 — 1) (=1, 1], [1,—1],[~1, ~1])

to

ds(—10 — 1) ([=1, —1], [1, —1], [ 1, —1]) to da(—100) ([—1, —1], [1, =1], 1, —1]) to
do(—110) ([-1, 1], [1, 1], [1, —1]) to d3(010) ([1, —1], [1, 1], [1, —1])

to I11B2

d,(011) ([1, =1],[1,1],[1,1]) to ds(010) ([1, —1], 1, 1], [1, —1]) to

do(—110) ([-1, —1], [1,1], [1, —1]) to d4(—100) ([-1, —1],[1, —1], [1, —1])

to IIID

dy(—100) (=1, —1],[1, —1], [1, =1]) to do(—110) ([—1,—1],[1, 1], 1, —1]) to
dig(—111) ([-1, —1], [1, 1], [1, 1]) to d4(011) ([1, —1], [1, 1], [1, 1])
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to IVC

ds(011) ([-1,1], [1,1],[1,1]) to dye(—111) ([-1, —1], [1,1],[1, 1]) to

dio(—101) (-1, —1],[-1, 1], [1, 1]) to d4(—100) ([-1,—1], [-1,1],[-1,1])

to IVB1

ds(—100) ([-1, -1}, [-1,1],[-1,1]) to dyo(—101) ([-1,—1],[-1,1],[1,1]) to

ds(001) ([—1,1],[=1,1],[1,1]) to d4(011) ([—1,1],[1, 1], [1,1])

to

ds(011) ([-1,1], [1,1], [1,1]) to d5(001) ([-1,1],[—1,1],[1,1]) to

dio(—101) ([-1, 1], [-1, 1], [1,1]) to d4(—100) ([-1,—1], [-1,1],[-1,1])

to IVB2

ds(—1—10) (-1, 1], [-1, —1],[-1,1]) to d4(—100) ([-1, 1], [-1,1],[-1,1]) to

d1o(—=101) ([-1, —1], [-1, 1], [1, 1]) to d5(001) ([—1, 1], [-1,1], [1, 1])

to IVD

ds(001) ([-1,1],[-1,1],[1,1]) to dyo(—101) ([-1, —1],[-1,1],[1,1]) to

diz(=1 —11) ([-1, —1], [-1, =1], [1,1]) to d5(—1 — 10) ([-1, 1], [-1, =1], [-1,1])

to VC

ds(—1—10) ([1,1],[-1, —1],[1,—1]) to d17(—1 — 11) ([-1, —1],[-1,—1], [1,1]) to

di1 (0 —11) ([1, 1], [=1, =1], [1,1]) to d5(001) ({1, —1], [1, =1}, [1, 1])

to VB1

ds(001) ([1, —1], [1, —1], [1,1]) to dy1(0 — 11) ([1, —1],[—

ds(0 — 10) ([1, —1], [-1, —1], [1, =1]) to d5(—1 — 10) ([~

to

ds(—1—10) ([-1, 1], [-1, —1],[1, —1]) to dg(0 — 10) ([1, —1],[-1, —1], [1, —1]) to

(0~ 10) (1, 1), -1, 1], [1, 1)) t0 ds(001) (1, ~1). [1, ~1, [1,1)

to VB2

de(101) ([1, 1], [1, —1], [1,1]) to d5(001) ([1, —1],[1,—1],[1,1]) to

di1(0—11) ([1,=1],[-1,—=1],[1,1]) to dg(0 — 10) ([1, —1],[-1, —1], [1, —1])

to VD

de(0 — 10) ([1, —1], [-1, —1],[1,—1]) to d11(0 — 11) ([1, —1], [-1, —1], [1,1]) to

dis(1 = 11) ([1, 1], [=1, 1], [1, 1)) to de(101) ([1, 1), [1, =1],[1, 1)

to VIC

de(101) ([1,1], [=1,1],[1,1]) to dys(1 — 11) ([1,1],[-1,—=1],[1,1]) to

dia(1 = 10) ([1, 1], [~1, ~1], [~1,1]) to de(0 — 10) (=1, 1], [~1, ~1],[~1,1])

to VIB1
dg(0 —10) (

d;(100) ([1,

to

de(101) ([1,1], [=1, 1], [1, 1]) to d(100) ([1,1],[=1,1],[=1,1]) to

) _1]7 [17 1]) to

1
1,-1],[-1,-1],[1,-1])

[=1,1], [=1, =1], [=1,1]) to dio(1 = 10) ({1, 1], [=1, 1], [=1,1]) to
1, [=1,1], [=1,1]) to 46(101)([ 1], [=1,1], [, 1])
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diz(1 = 10) ([1, 1], [<1, =1, [=1,1]) to dg(0 — 10) ([=1, 1], [~1,—1], [~1, 1])
to VIB2

di(0—1—1)([=1,1],[-1, —1],[~1, —1]) to dg(0 — 10) ([~1,1],
dia(1 = 10) ([1, 1], [~ 1, ~1], [~1,1]) to dy(100) ([L, 1], [~1, 1], [~
to VID

dy(100) ([1,1],[1,1], [=1,1]) to dia(1 — 10) ([1, 1], [~1, =1}, [~1,1]) to
dis(1—1—1)([1,1],[-1, =1],[-1, =1]) to dy(0 — 1 — 1) ([1,1],[1, —1],[~1, —1])

[—1,—-1],[-1,1]) to
1,1])

E.7.3 First Combination for reference vector moving through
region A
IA

d,(100) ([1,1], [1, —1], [1, —1]) to do(000) ([1, —1], [1, —1], [1, —1]) to da(00—1) ([1, —1], [1, —1], [-1, —1]
to di(0—1—1)([1,-1],[-1,-1],[-1 —1])

to

di(0—1-1) ([1, —1],[-1, —=1],[-1 = 1]) to d2(00—1) ([1, —1], [1, —1], [ 1, —1]) to dx(000) ([1, —1],[1, —
to dq1(100) ([1,1],[1,—1],[1, —1])

to T A2

d5(110) ([1,1], [1,1], [1, =1]) to d1(100) ([1, 1], [1, —1], [1, =1]) to do(000) ([1, —1], [1, =1], [1, —1])
to do(00 — 1) ([1, 1], [1, 1], [-1 = 1])
to IIA1

d>(00 — 1) ([1, —1], [1, —1], [=1, =1]) to do(000) (1, —1], [1, 1], [1, —1]) to
ds(010) ([1, —1],[1,1], [1, —1]) to dx(110) ([1,1],[1,1],[1, —1]) to
d(110) ([1, 1], [1, 1], [1, —1]) to d3(010) ([1, —1], [1, 1], [1, =1]) to

do(000) (1, =1], [1, =1], [1, —=1]) to d2(00 — 1) ([1, =1], [1, =1], [~1, 1))

to ITIA2

ds(—=10 — 1) ([-1, 1], [1, —1],[-1, =1]) to d2(00 — 1) ([1, —1],[1, —1], [-1, —1]) to
do(000) ([1, —1], [1, =1}, [1, —1]) to d5(010) ([1, —1], [1, 1], [1, —1])

to IITA1

d3(010) ([1, —1], [1, 1], [1, =1]) to do(000) ([1, —1], [1, = 1], [1, =1]) to

ds(=100) ([=1, =1], [1, =1], [1, =1]) to d3(—10 — 1) ([~1, —1], [1, =1}, [-1, ~1]) to
ds(—=10 — 1) (-1, 1], [1, —1],[-1, —1]) to d4(—100) ([-1, 1], [1, —1],[1, —1]) to
do(000) ([1, —1], [1, =1}, [1, —1]) to d5(010) ([1, —1], [1, 1], [1, —1])

to IITA2

ds(011) ([1, —1], [1, 1], [1,1]) to d3(010) ([1, —1],[1,1],[1, —1]) to

do(000) ([1, —1], [1, —1], [1, —1]) to d4(—100) ([-1, —1],[1, —1], [1, —1])

to IVA1

ds(—100) ([-1, =1}, [-1,1],[-1, 1]) to dp(000) ([—1,1],[-1,1],[-1,1]) to
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1}, [-1,1], [1,1]) to do(000) ([-1,1], [-1,1], [=1,1])

1], 1 ,—1],[-1,1]) to d5(—1 — 10) ([-1, —1], [
1—10)([ 1,-1],[~1,=1],[~1,1]) to dg(0 — 10) (|—1,1], [-

1}, [-1,1], [=1,1]) to d5(001) ([-1,1], [-1,1], [1, 1])
dg(101) ([1,1],[~1,1],[1,1]) to ds(001) ([-1,1],[~1,1],[1,1]) to
4o(000) ([=1, 1], [=1, 1], [=1, 1]) o ds(0 — 10) (=1, 1], [~1, 1], [~1,1])
to VIA1

de(0 —10) ([—1, 1], [-1, =1], [-1, 1]) to do(000) ([—1, 1], [-1, 1], [-1,1]) to
d1(100) (1, 1], [=1, 1], [-1,1]) to d6(101)([171]7[_171]7[171]) to

dg(101) ([1,1],[~1,1],[1,1]) to d1(100) ([1,1],[=1,1],[=1,1]) to

do(000) ([~1,1], [=1,1], [=1,1]) to dg(0 — 10) ([-1, 1], [-1, —1], [-1,1])

to VIA2
di(0—1—1)([-1,1],[-1, —1],[~1, —1]) to dg(0 — 10) ([-1,1],[-1, —1],[~1,1]) to
do(000) ([—1,1],[=1,1],[=1,1]) to d1(100) ([1,1],[~1,1],[-1,1))

E.7.4 Third Combination for reference vector moving through
region A
IA

d1(100) ([1,1], [1, 1], [1, —=1]) to do(000) ([1, —1], [1, —1], [1, =1]) to da(00—1) ([1, =1], [1, —1], [~1, —1]
to d(0—1—1)([1,-1],[-1,—1],[-1 = 1])

to

di(0—1-1) ([1, —1],[-1, —1],[-1 — 1]) to d2(00—1) ([1, —1], [1, —1], [-1, —1]) to dp(000) ([1, —1],[1, —
to dy(100) ([1, 1], [1, ~1], [1, ~1])

to 1A2

da(110) ([1, 1], [1, 1], [1, —1]) to d1 (100) ([1, 1], [1, —1], [L, —1]) to do(000) ([1, —1], [1, —1], [1, —1])
to do(00 — 1) ([1,—1], [1, —1],[-1 —1])

to ITA1

d>(00 — 1) ([-1,1],[-1,1],[-1, —1]) to do(000) ([-1,1],[-1,1],[—1,1]) to

ds(010) ([-1,1], [1,1],[=1,1]) to do(110) ([1, 1], [1,1],[-1,1]) to
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d»(110) ([1, 1], [1, 1], [-1,1]) to d3(010) ([-1, 1], [1,1],[—1,1]) to
do(000) ([-1,1],[-1,1],[-1,1]) to do(00 — 1) ([-1, 1], [-1,1],[-1, —1])
to ITIA2

dy(—10 — 1) (=1, —1], [=1, 1], [~1, =1]) to ds(00 — 1) ([~1, 1], [~1,1], [~ 1, —1]) to
do(000) ([—1,1],[-1,1], [- 1 1)) to d3(010) ([-1,1],[1,1],[-1,1])
to IIIA1

d3(010) ([1, —1], [1, 1], [1, —=1]) to do(000) ([1, —1], [1, =1],[1, =1]) to

ds(—=100) ([=1, =1], [1, =1], [1, =1]) to d3(—10 — 1) ([~1, =1], [1, =1}, [~1, ~1]) to
dy(—10 — 1) (=1, —1], [1, —1], [1, —1]) to da(—100) ([~1, —1], [L, —1], [1, —1]) to
do(000) ([1, —1], [t, —1], [1, —1]) to d3(010) ([1, —1], [, 1], [1, —1])

to IIIA2

dy(011) ([1, 1], [1,1], [1, 1]) to d3(010) ([1, 1], [1, 1], [L, —1]) to

do(000) ([1, =1], [1, =1], 1, =1]) to ds(—100) ([-1, —1],[1, —1],[1, —1])

ds(—100) ([-1, —1],[-1,1],[-1, 1]) to dp(000) ([—1,1],[-1,1],[-1,1]) to
ds(001) ([—1,1], [=1,1], [, 1]) to dy(011) ([—1, 1], [1, 1], [L, 1]) to

ds(011) ([-1,1], [1,1], [1,1]) to d5(001) ([-1,1],[—1,1],[1,1]) to

do(000) ([—1, 1], [=1,1], [~1,1]) to ds(—100) ([—1, —1],[~1, 1], [~1, 1])

to IVA2

dy(=1 = 10) (=1, ~1], [=1, 1], [=1, 1)) to dy(=100) (=1, —1], [=1,1], [1, 1]
do(000) ([-1,1], [-1,1], [-1,1]) to d5(001) ([-1,1], [-1,1], [1,1])

to VA1

ds(0 — 10) ([-1,1], [-1, —1], [-1,1]) to do(000) ([-1,1],[-1,1],[-1,1]) to
d1(100) ([1,1],[~1,1],[=1,1]) to d6(101)([1,1],[—1,1],[1,1]) to
dg(101) ([1,1],[~1,1],[1,1]) to d1(100) ([1,1],[=1,1],[=1,1]) to

do(000) ([—1,1], [-1,1], [-1,1]) to de(0 — 10) ([-1, 1], [-1, —1], [-1,1])

di(0—-1-1)([-1,1],[-1,-1],[-1, —1]) to dg(0 — 10) ([-1, 1], [-1,—-1],[-1,1]) to
dO(OOO) ([_17 1]7 [_17 1]7 [_17 1]) to dl(loo) ([17 1]7 [_17 1]7 [_17 1])



