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Abstract

Renewable energy sources are attracted a great deal of interest in recent years since they
are clean, endless and always available. Widely used power converters in renewable energy
sources are back-to-back converters included a AC-DC side, a DC-link capacitor and a DC-
AC side. Multilevel voltage source inverters are used in the DC-AC side that can reach high
voltages with low harmonics. By using appropriate modulation schemes, they can provide
higher performance and higher efficiency than the traditional converters.

Power losses are a serious subject in voltage source inverter. In order to improve the
efficiency of systems, we should decrease the power losses in the semiconductor devices.

The thesis finds a mathematical model of conduction and switching power losses in diodes,
IGBTs and MOSFETSs. Afterwards, we give an overview on two-level and three-level neutral
point clamped converter topologies and try to model properly these converters.Then, instan-
taneous power losses in both inverters are investigated. The next step is to give an overview
of modulation schemes such as pulse width modulation (PWM) and space vector modulation
(SVM). Then we try to improve SVM to reduce switching power losses by finding the time
intervals that the phase currents reach their maximum values and prevent switching during
these time intervals. At the end, the models are simulated and the results are compared with
each other.
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Chapter 1

Introduction

1.1 Introduction

Energy plays an important role in our life. As the world’s populations is growing, the energy
consumption increases. Research shows the total demand for energy will increase by 21% by
2030 [6].

Nowadays, fossil fuels such as natural gas and oil are usual energy sources. They are
non-renewable energy sources formed by natural processes. This means that these sources
take billion of years to be formed. Therefore, the rate of energy use is considerable more than
the fossil energy formations. In addition to this, when the fossil fuels burn, they contribute
largely to greenhouse gas emissions. To tackle the energy shortage and the pollution problem,
we can use renewable energy sources. Therefore, the renewable energy sources are of concern
for researchers. The renewable energy sources are more sustainable, reliable and more stable
sources. The most interesting renewable sources are supplied by the sun such as wind energy
or the solar energy.

Changes in the amount of sunlight arriving to different areas cause the temperature to
change. The temperature variations cause changes in atmospheric pressure. Differences in
atmospheric pressure create wind energy. Therefore, wind is an indirect type of solar energy.
Wind turbines convert the wind into electrical energy. Wind turbines are mounted on tall
towers where the wind is faster and less turbulent. The generator is connected to blades
by a gear. The generator produces electricity energy when the blades turn. This energy is
converted into the desirable AC energy by back to back converters (see Fig. 1.1 and Fig.
1.2) and filters.

Photovoltaics are other energy source. In this way, photo-voltaic panels convert light into
electricity. If the intensity of the light is increased, the power is generated by the photo-
voltaic panels. The photo-voltaic panels produce DC electricity. Therefore, a converter is
also needed to convert DC voltage to AC voltage to be connected to the electrical grid. In
practice, photo-voltaic can be connected to voltage source inverters to supply AC electricity
or be connected to a battery to store the energy.
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Wind turbines produce the electricity. The frequency and voltage, which are produced
by the generator, can not be directly connected to the grid system. Moreover, the photo-
voltaic panels generate DC electricity. Therefore, it is essential to have some strategies in
order to improve the power quality of the power system and be able to connect renewable
energy sources to the power system. Thus, modern power electronic technology plays an
important role in the integration of the renewable energy sources to the AC grid. Therefore,
it is necessary to find out the effective technologies for the renewable generation systems.
The conversion of either an input DC power or an input AC power at a given frequency and
voltage to an output power at desired frequency and voltage can be obtained with power
converters. Various power converters have been developed to fulfil the requirements of the
renewable energy generation. Each of them has some benefits and some drawbacks.

Widely used power converters in renewable energy systems are back-to-back converters.
It is composed of a controlled rectifier and a controlled inverter. The controlled rectifier has
a bidirectional power flow capability. The decoupling capacitor between rectifier side and
inverter side provides independent control capability of the two converters. The traditional
converter is back-to-back connected two-level converter (see Fig. 1.1). It converts the input
voltage into the two-level output voltage. Other type of the back-to-back converter is the
three-level back-to-back converter (see Fig. 1.2). The output voltage of this converter is
smoother due to the three output voltage levels.

For an efficiency point of view, a comparison of power losses in the two-level versus the
three-level inverter is included. The total power losses of semiconductor devices are divided
into the conduction losses and the switching losses [3]. The conduction losses can be obtained
based on the voltage-current characteristics (v-i) of the semiconductor devices. The switching
losses are calculated by using the switching energy losses given in the datasheets. Moreover,
the modulation schemes in both converter should be investigated to find the best solution.

| | C1== | | Re o b
Renewable Ro Lb ©f
Source — . 0
] ' Re Lo ef
—
) ) T I
| | | | |
< > < > 4——p <« > <€ >
Generator Rectifier DC-Link Inverter Load

Figure 1.1: Schematic circuit of two-level back-to-back converter.
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Figure 1.2: Schematic circuit of three-level back-to-back converter.

1.1.1 Thesis Objectives

The objectives of the thesis can be summarised as follows:

1.

2.

Overview of the semiconductors devices and their power losses (Chapter 2).

Model of both the two-level voltage source inverter and three-level neutral point clamped
voltage source inverter (Chapter 3).

. Model of the power losses of both the 2-level voltage source inverter and three-level

neutral point clamped voltage source inverter (Chapters 3).

Investigatation of modulation techniques for three-level neutral point clamped voltage
source inverter (Chapter 4).

Simulatation of the performance and comparison of the efficiencies (Chapter 5).

1.1.2 Thesis Organization

This thesis is organized by chapters in the following way.

1.

2.

Chapter one introduces the motivation of this thesis.

Chapter two focuses on the power losses in the power diodes, the IGBTs and the
MOSFETS, along with their features and applications.

Chapter three gives a mathematical model of the two-level VSI and three-level NPC
VSI and their losses.

Chapter four gives an overview on the modulation techniques such as pulse width
modulation (PWM) and space vector modulation (SVM) for 3-level NPC VSI.

_3-
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5. Chapter five focuses on the simulation and comparison of the efficiency in 2-level VSI
and 3-level NPC VSI.

6. Chapter six concludes the results obtained from the previous chapters.




Chapter 2

Modeling of Conduction and
Switching Losses

Nowadays, inverters are used to convert DC waveform to AC waveform. An ideal inverter
provides the desirable voltage\current waveform by turning the switches on and off. During
each switching period Ty [s], the switch conducts for a time up to toy (0 < toy < Ts) and
remains off for the rest of the period. Fig. 2.1 shows one leg of two types of voltage source
inverters. They are composed of a set of switches and diodes. In an ideal power semiconductor
device, the voltage drop across the switch is zero when it conducts, therefore, there are no
power losses. Correspondingly, during off-state, the leakage current in the ideal power switch
is zero. Therefore, the switch has no off-state power losses. Besides, it is assumed that the
power switch makes the transition between the on-state and off-state instantaneously. Hence,
there are no switching power losses either. However in practice, due to the semiconductor’s
physical structure, the semiconductor devices have power losses during both on-state and
off-state, and the switching performances.

In this chapter, the conduction and the switching losses of diodes, MOSFETs and IGBTs are
discussed. Afterwards, the model of losses are found from the voltage-current characteristics
(v-i ) of the semiconductor devices.

2.1 Power Diode

In the voltage source inverters (VSIs), we use diodes for many reasons. The most important
reason is to protect the switch from the reverse current damage caused by inductive loads. In
power electronics, there are two important types of power diodes, one of them is the Schottky
diode and the other is the P-i-N diode. The Schottky diode is composed of a metal and a
semiconductor drift region. It is a uni-polar device with fast switching behavior. It is used in
low voltage applications, because the conduction resistance will be increased for higher break
down voltage. Hence, for high voltage it is substituted by a P-i-N diodes [3]. The P-i-N

5
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o— o—
A k A
TX1 Dx1
Txi \ Dy1
C1== Dx5 Tx2 L Dx2 C1==
M *—e M
L *r—
Udc Udc
S S
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Figure 2.1: One leg of 2-L. VSI and 3-L. NPC VSI typologies.

diode is composed of the anode, the N-drift region and the cathode. The cathode is a highly
N doped region; the N-drift is a low doped concentration N region, N-drift is grown over the
cathode and the anode is a highly P doped region. The N-drift region allows the P-i-N diode
to block large reverse voltages depending on its low doping and width. Therefore, the P-i-N
diode is used for the high voltage converters, because it is lightly doped in the N-drift region.
The P-i-N diode drawback is its significant switching losses. Fig. 2.2 shows the schematic
symbol of a diode during on-state,where iy (t) [A] and uy (t) [V] are the current and the
voltage during conduction respectively.

+ oup(t) |

if(t) + - +

Anode Cathode
N-drift region

Figure 2.2: Schematic symbol of a diode.

In a power diode, we have four types of power losses. They are on-state power loss,
off-state power loss, forward recovery loss, and reverse recovery loss [3]. The first one is
on-state power loss. It occurs because of the voltage drop during the conduction. Secondly,
power loss appears due to the leakage current in the reverse mode. The leakage current is
small, therefore, it is considered insignificant [3]. Third and fourth, the switching losses arise
when turning the diode on and off. In these cases, the diode is faced with transients called
switching performances. At these stages, the diode has two situations; one of them is when

_6-
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the diode must be rapidly switched from the blocking state to the on-state. In this case,
there is a jump in the voltage across the diode. This is because, in the N-drift region, there is
no extra charge. Therefore, the impedance of the diode is high, hence the maximum forward
voltage drop Ugpp V] across the diode is very high [3]. When the drop voltage across the
diode reaches the turn-on voltage U,, [V] the forward current reaches the turn-on current I,
[A]. This phenomenon is referred to as the forward recovery (Fig. 2.3). The forward recovery
occurs in very small interval time. Therefore, we can consider it insignificant [3].

AORTAGE

Ugp[V] |- £ [A]

TIME f{s]

Figure 2.3: Forward recovery in a power diode (based on Fig. 1 in [1]).

The last type of loss occurs when the stored charges within the N-drift region of the diode
must be extracted before the diode is able to support the reverse voltage Ur [V]. Reverse
recovery time t,, [s] is defined as the time between the zero crossing of the forward current
to the time. This produces a large reverse current for a short reverse recovery time duration
called the reverse recovery. Fig. 2.4 shows the reverse recovery procedure in the diode.

>

if(t),u(t) 4

i)

»

TIME ¢ [s]

UgV]

Figure 2.4: Reverse recovery in a power diode (based on Fig. 5 in [2]).
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

Both the reverse recovery and the forward recovery occur during a very short time, how-
ever both of them are large. These are caused the big losses referred to as the switching
losses.

An ideal v-i characteristic of a P-i-N diode is depicted in Fig. 2.5. The diode has no
voltage drop across when it conducts. Moreover, there is no leakage current flowing through
the diode when it is in the off-state mode. In addition to these, electrons and holes are

instantaneously depleted from the N-drift regions resulting to no switching losses in the
diode.

if (t) A

"u, ()

Figure 2.5: An ideal characteristic of power diode.

In practice, the diode has non-ideal behavior which means the diode has the voltage drop
during the conduction mode and the reverse current during the off-state. Similarly, the diode
has the switching losses when the diode is turning on or off (see Fig. 2.6). The overall power
losses py_p (U,(t),t) are given by [3]

Pi—p (Vs(t),t) = pon—p (V5(t),t) + poss—p (V5(2), tZ+Prr—D (0s(1),t) + Pir—p (0s(1),t).

2

TV TV
~0 ~0

(2.1)

where po,—p (0,(t),t) [W] is the power loss during the on-state mode, posr—p (9;(¢),t) [W]
is the power loss during the off-state mode, p,,.—p (9,(t),t) [W] is the switching loss during
reverse recovery of the diode, ps,_p (9,(¢), t) [W] is switching loss during the forward recovery,
Y [K] refers to the junction temperature (see appendix A) and ¢ [s] stands for time .
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2.1. POWER DIODE

Figure 2.6: Characteristics of a typical power diode (based on Fig. 1 in [2]).

2.1.1 Conduction Losses of the Diode (p,,_p (¥;(t),t))

When the diode is in the forward mode, the on-state loss appears in a diode due to the
on-state voltage drop U,,. We use the v-i characteristic of the diode to model the on-state
power loss. Fig. 2.7 shows the relationship between the forward voltage us(¢) [V] and the
current density j(¢) [-25] of the diode based on the injection levels. The forward density
current increases in the three stages. At very low current density phase, the recombination
process within the space-charge layer of the P-N junction makes the current. In this Egase,
f
the on-state current density is exponentially proportional to the voltage, i.e. j; oc 6(2]“% ),
where ¢ [C] is the electron charge, k [%] is the Boltzmann’s constant (Its unit is joule over
kelvin) and 9 [K] is the absolute junction temperature . Under the low-level injection phase,
the diffusion of minority carriers injected into the N-drift region is dominating. Therefore,
the current density occurs by the diffusion. In this condition, thqeuon—state current density is
f
exponentially proportional to the forward voltage, i.e. jf oce k95" With further increase
in the on-state current density, the presence of a high concentration of both electrons and
holes in the N-drift region makes high-level injection current dqel?Sity' The current density
f
becomes exponentially proportional to the voltage, i.e. j; o< 6(2]“%) [3].
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

j, (t) Aoty
10 +
-3
10 T
T
10 71 qu/2KY;
e
05 1 15 udV]

Figure 2.7: An ideal characteristic of power diode (based on Fig. 5.7 in [3]).

The on-state loss is the main part of the total power losses. Therefore, it is important to
accurately estimate the on-state loss. The exact model of the on-state losses can be found
by calculating the precise relationship between the forward current and the on-state voltage.
However, the intrinsic parameters of the diode are not available in the datasheets. The v-i
characteristic of the diode is available in the datasheets. Therefore, the on-state losses can
be calculated with the approximation between the on-state current and the on-state voltage.
Fig. 2.8 shows this approximation by linearization.

if(t)lk

1
Ra® (0)[Q]

Up-p(9,(0) [V] gt

Figure 2.8: Forward characteristic of a typical diode.

As it can be seen, the forward characteristic of the diode can be linearized by the dy-
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2.1. POWER DIODE

namic resistance Ry_p(9,(t)) [©?] and the threshold voltage Uy,—p(9;(t)) [V] for the diode.
The dynamic resistance is the inverse slope of the v-i characteristic of the diode and the
threshold voltage is where the diode starts conducting. Both of these parameters are depen-
dent on the junction temperature, which means by increasing the junction temperature, the
threshold voltage decreases while the dynamic resistance increases. These relationships can
be expressed by [7], [§]

Uth D(ﬁJ max)ﬂJ min Uth—D(ﬁJ—min)ﬂJ—max
ﬁmem 79mea:]c
Utth(ﬂmein) - Utth(ﬁmeax)
ﬂmein - ﬁmeax

Uin—p (9 (1)) =

+ | 195(), (2.2)

and

Rd D(ﬁJ max)ﬁJ min Rd—D(ﬂJ—min)ﬁJ—mam
ﬁ]—mzn ﬁJ max
Ra—p(97-min) — Ra—p(¥7-maz)
19J—mzn 19J mazx

Ry p (9 (t) =

ul 10.(2). (2.3)

where ¥ _in [K] and ¥4 [K] are the minimum temperature and the maximum tem-
perature of v-i characteristics given in the datasheet respectively, Uy, p(9)_min) [V] and
Uih—p (01 _maz) [V] are the threshold voltage at the junction temperature 9., and 95z
respectively. Ry p(U_min) and Rq—p (¥ j_maz) are the dynamic resistance of the diode at the
junction temperature ¥, and 95,4, respectively (see Fig. 2.9). It should be mentioned
that the junction temperature ;(t) changes with the time (see (A.14)).

9, [kl 9 [k
If(t) J J-max
R,
R=Ranp(®,,,,) Q]
R>=Ran(,,,.,) Q]
U1 - Ul‘h D('SJ mln) [V]
Uz=Us-p(F.max) [V]
U, U, u(t)

Figure 2.9: Typical diode forward characteristics based on the junction temperature.
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

The forward characteristic is therefore linearized by Uwy,—p (¥ (t)) and Rq—p (9, (t)). It
is given by [9]

uy (t) = Ra—p (9 (1) iy (¢) [+ Un—p (95 () - (2.4)

where |if (t) | [A] is the amplitude of the forward current through the diode (in voltage source
inverters the forward current can be negative, therefore, the amplitude of forward current
should be considered.) and uy (¢) [V] is the voltage across the diode during the conduction.

The conduction power loss of the diode p,,—p (9;(t),t) [W] is the product of the voltage
and the current, i.e.

Pon—n (U(t),8) = iy (t) us (1), (2.5)
By inserting (2.4) into (2.5)

Pon—p (95(t), 1) = Ra-p (95(1)) (i(t))* + Unn-p(91(t))Iis (¢) . (2.6)

The above equation is therefore defined as the conduction losses in the power diodes.

2.1.2 Reverse Recovery Power Losses in Diode (p,._p (9;(t),t))

When the diode conducts, the minority charges @) [C] are stored in the N-drift region. These
minority charges must be depleted before the diode becomes reverse biased. Removal of these
charges is possible by two mechanisms [4]. The first one occurs by recombination inside the

diode called passive removal. The amount of minority charges recombined are dependent
dif (t)

n —7—. Other mechanism is active removal. It occurs by the negative diode current. The
remaining stored charge in the active removal is called reverse recovery charge Q... [C]. Active
dif (1)

removal depletes the reverse recovery charges in N-drift region. If is large enough, the

dif(t)
dt

equal to —YE [10], where Ug [V] is the reverse voltage across the diode and L [H] is the
inductance of the load . This value is large enough. Therefore we can say that the minority
charges in the conduction mode are almost equal to the reverse recovery charges. The process
of switching from the on-state to the off-state is called reverse recovery (see Fig. 2.4). Energy
loss during reverse recovery is given by

dt

minority charges have no time to recombine inside the diode. In power electronics is

Evrp (9,5(8),1) = /t i () e () d. (2.7)

where u,,.(t) [V] and 4,,(¢) [A] are both the voltage and the current during the reverse recovery
mode, and ¢, [s] is the time that the forward current i(¢) [A] starts to become negative inside
the diode and t. [s] is the time when i/(¢) becomes the leakage current. The w,, () is equal
to the on-state voltage drop across the diode from ¢, to ¢, [s| (this part can be considered
insignificant due to the small voltage drop) in addition to the reverse bias voltage Ug from
ty to t.. Therefore the reverse recovery energy loss E,._p (9;(t),t) is
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2.1. POWER DIODE

ty te

Evp (0,(t),8) = Uy / i (1)t +U / i (£) dt. (2.8)
ta , ty
~

Since i,,.(t) during the reverse recovery time t,, := t. —t, is the time rate of reverse recovery
charges, the area under the current-time is the reverse recovery charge (see Fig. 2.10) [11] .

QW‘ - /t:c iTT<t)dt7 (29)

If we assumed that ¢, — t;, is approximately equal to t. — t;, the right integral (2.8) can be
therefore approximated by }1 of the reverse recovery charges, i.e [12].

Eon (9(1), 1) URf”. (2.10)

E.—p (0,(t),t) [J] is a function of the forward current is(¢), the junction temperature 9 ,(¢)
and the reversed bias voltage Ug [13], [14], [15].

i (0,U, (DA | o
| TIME ¢ [s]
digt)
dt

\Y
L Ug V]
Pro@0:) A Reverse Recovery
Energy Loss |
o & ot t  TIMEC[]

Figure 2.10: Diode reverse recovery loss.
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

In the previous pages we see that the forward current passing through the diode is divided
into three regions. If we assume the rate of the forward current —d;—lf = % is high enough,
active procedure depletes the minority charge stored in the N-drift region (the recombination
procedure does not occur inside the diode) [13]. Therefore the reverse recovery charges Q.
are equal to the minority stored charges ) when the diode conducts. Since over the normal
operating range of the power diode, the diffusion current is dominating, the reverse recovery

charges are proportional to the square root of the forward current [4], [16] (see Fig. 2.11).

Qrr o 1 /is(t). (2.11)

on-state
stored
charge S
Q| IF s: 25t
g5 232 <88
8 ° £ 3 &3
19J-max [k]
19J—min [k]
> (A
Qeir(t)  Qefigt) Qe Ig(t) !

Figure 2.11: Diode stored charge Q in the N-drift region with on-state current (based on Fig.
2 in [4]).

In addition to these, the energy is proportional to the voltage applied across the diode [14].
Finally, the reverse recovery charge is proportional to the junction temperature [13], [15]. In
the datasheet, the reverse recovery charges is given under the test conditions; therefore it
needs to be changed to the operation mode. The final equation for the energy losses during
the reverse recovery is given by [17], [14]

Bo p(0(),1) = 28 [ Oy Un )05 (2.12)

4 Iffrated URfrated
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2.2. POWER MOSFET

where |if(t)| [A] is the amplitude of current’s diode in conduction mode, If_,q4teq [A] is the
forward current given in the datasheet for a specified reverse recovery charges @, Ur [V] is
the reversed bias voltage and Ug_,qeq [V] is the voltage given in the datasheet for a specified
reverse recovery charges Q).

The reverse recovery energy of the diode is dependent on the junction temperature. It is
given by [18], [13]

ETT_D(ﬁj(t), t) = Err—D(ﬁJU:O)a to)[l + Oéﬁ_D(ﬂJ(t) - ﬁj(to))]. (213)

where ay_p is the temperature coefficient of the reverse recovery losses of the diode.

This value can typically be calculated using data from the diode manufacturer. A good
approximation is 0.006 =] for the power diode [18].

The reverse recovery charge (), given in the datasheet is obtained from one switching
period T [s] under the conditions test. If we want to find the reverse recovery power loss
Prr—p(V0(t), ), we should calculate it in one switching period.

Do (D5(1).8) = / by ()i (1), (2.14)

and if switching frequency f, [Hz| is equal to

1
s = —, 2.15
fo=7 (2.15)
Therefore, the power reverse recovery loss is
prr7D<79J(t>7 t) = ErrfD(ﬁJ(t% t)fs (216)

2.2 Power MOSFET

A power MOSFET (Metal-Oxide—Semiconductor Field Effect Transistor) is a specific type of
transistor controlled by a voltage. Its main advantages are high input impedance that makes
it easy to drive and fast switching speed operating in the 10-50 [kH z]. At high breakdown
voltages the on-state voltage drop of the power MOSFET increases. Therefore, the power
MOSFET is usually used in applications where the operating voltages are below 200 [V].
Fig. 2.12 shows a schematic circuit diagram of the power MOSFET [3].
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Drain(d) | fgm(t)

+

| Yasm(t)
Gate(g)

Source(s)

Figure 2.12: Schematic circuit diagram of an n-channel power MOSFET.

In a power MOSFET), just like in all semiconductors, power losses come from four sources.
First, on-state power loss occurs when a voltage drop is across the MOSFET during con-
duction. Second, power loss appears due to leakage current in the reverse mode, but it is
considered insignificant due to the low leakage current. Third and fourth, the switching
losses occur when the MOSFET is turning on or off. In these two latter cases, the voltage
and the current must pass through the active region. Thus, the voltage and the current of
the MOSFET are causing the switching losses.

Fig. 2.13 shows the output voltage-current (v-i) characteristics for an ideal power MOS-
FET. v-i characteristics of the MOSFET is based on the drain current iy (t) [A] versus
drain-source voltage ugs—n(t) [V] as a function of the gate-source voltage u,_p(t) [V]. An
ideal MOSFET conducts current with zero voltage drop during the on-state and it blocks the
voltage with zero leakage current during off-state. Moreover, the ideal MOSFET can switch
between the on-state mode and the off-state mode instantaneously. Thus, the ideal MOSFET
does not have any power losses. However, in practice, the MOSFET does not behave in this
way. As the Fig 2.14 shows, the MOSFET has a voltage drop during conduction and the
leakage current during off-state. Moreover, it does not switch instantaneously. Therefore,
the overall power losses of the MOSFET py_n(9,(t),t) [W] are given by [3]

pru-m(V5(t),t) = Pon—n(Vs(2), t)"f‘?off—M (95(8), 1) +Psw—ri—on (V5 (t), ) +Psw—ri—or (Vs (t), t).

J

~0
(2.17)
where pon—n(05(t),t) [W] is the conduction loss of the MOSFET | posr_ns (94(t), ) [W] is
the off-state loss of the MOSFET, pgy—nr—on(V(t),t) [W] is the turn-on switching loss of the
MOSFET, psw—m—off(Vs(t),t) [W] is the turn-off switching loss of the MOSFET, and ()

[K] is the junction temperature.
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w® 4
Active
Region
[0]
©
)] O —
5 B
o =
g
)
Uysr (1)
Off-State ds-M

Figure 2.13: An ideal characteristic of power MOSFET.

i Active
Id-M (t) A Region

On-State
\

|
\
\
Increasing
Uy (DIV]

»
Uy (1)

Off-State

Figure 2.14: V-I characteristics of a typical power MOSFET
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

2.2.1 Conduction Losses of Power MOSFET (p,,_(V;(t),1))

Conduction loss of the power MOSFET is often calculated by a dynamic resistance Ry (9;(t))

[©2]. Fig. 2.15 shows how we can find the dynamic resistance from v-i characteristics of the
MOSFET.

Increasing
Uy (DIV]

»
uds-M (t)

Figure 2.15: Output characteristics of a typical power MOSFET.

Just like the diode, the dynamic resistance is dependent upon the junction temperature.
(A.14) shows that the junction temperature is a function of time. Moreover, Fig. 2.16
illustrates that by increasing temperature the dynamic resistance increases. The dynamic
resistance based on the junction temperature is therefore calculated by [7]

R, 19 —max 79 —min — R4 79 —min 19 —max
Ra-ar (95 (8)) = =2 ulds )% V) min) Vs

ﬁmein - ﬁmea:v
Rd—M(ﬁJ—min) - Rd—M<19J—ma:L‘)

ﬁJ—min - ﬁJ—maz

+]

195(1). (2.18)

where ¥ ;i [K] and e [K] are the minimum and the maximum junction temperature
of v-i characteristics given in the datasheet respectively and Ry ps (9 _min)and Ry a1 (97 maz)
are the dynamic resistances of the MOSFET at the junction temperature ¥ ;_ . and V702
respectively.
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id-M (t 'SJ-min [k] 1'?J-max [k]

Ry =Ram (8min) [Q]
R2 =Ra-m (9,0 [Q]

uds-M(t)

Figure 2.16: Typical MOSFET forward characteristics based on the junction temperature.

The forward characteristic of MOSFET are approximated by using Rq—s (95 (%))

udS_M(t) = Rd_M(ﬁj(t)”id_M(t)‘. (219)

where |ig_p(t)| [A] is the amplitude of the drain current flowing through the MOSFET and
ugs—p(t) [V] is voltage drop across drain-source in the conduction mode.
Now, the conduction power loss in the MOSFET is given by

Pon—m(D1(t),t) = ia—ns (t) [tas—nr (1), (2.20)

and it is equal to
Pon-m(95(t),1) = Raar (05()) (da-nr (1)) (2.21)

2.2.2 MOSFET Switching Losses (psuy—ar—on(Vs(t),t) & Dsw—nr—of(V(t), 1))

The switching losses of the MOSFET are created by the parasitic capacitances between the
terminals of the MOSFET. Fig. 2.17 illustrates the parasitic gate-source Cys [F], the gate-
drain Cyq [F| and the drain-source Cy, [F] capacitances. Cy, is the capacitance due to the
overlap of the source and the gate. It is a constant capacitance independent of the operation
voltage. Cyq consists of three parts, the first part is the capacitance associated with the
overlap of the gate and the P-region. The second part is the capacitance associated with
the N-region under the gate, and the last one is the capacitance between the gate and the
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CHAPTER 2. MODELING OF CONDUCTION AND SWITCHING LOSSES

source. This is a nonlinear function of gate-drain voltage of the power MOSFET wgq_p(%).

Finally the capacitance Cys is between the P-region and the N-region. It is dependent on
ugs—p(t) [19].

Source(s) Gate(g)

Ugs-m(t)
T
I_
O
2
3
I_
T
Ugg-m(t)

Figure 2.17: Cross-section of a power MOSFET with parasitic capacitances (based on fig 4
in [5]).

The capacitances are often named Cjgs [F|, Coss [F], and Cis [F] in the datasheets. Cyys is
the input capacitance and it is equal to C,q in addition to Cys. C, is called Miller capacitance
and it is equal to Cyq. Cyss is also referred to the output capacitance and it is equal to Cyq
in addition to Cy, [20]. All of these capacitances play an important role in determining the
switching performance for the power MOSFET. Fig. 2.18 shows the equivalent circuit for
the capacitances between the terminals of the power MOSFET [19], [21].

Oiss = ng + ng Crss = ng: Coss = Ogd + Ods‘ (222>

Drain(d)

?
igm(®)

JoH L
Haat® = Cgq }-4— Cis == Ugsm(t)
Gate(g) C }— —‘7

T

I
+ |

Ugs-m(t) J

Source(s)

Figure 2.18: Capacitances for the power MOSFET structure.
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2.2. POWER MOSFET

The parasitic capacitances can explain the switching losses in the power MOSFET. The
switching losses are dependent upon how the parasitic capacitances of the gate are charged.
These parameters are also weakly dependent upon the drain current, the supply voltage,
and the junction temperature. Fig. 2.19 shows the test circuit to determine the switching’s
waveform. There are two switches. The switch S is for the analysis of the turn-off behavior
and S5 is for the turn-on behavior.L [H] is an inductive load in parallel with a power diode
D. Ip [A] is the maximum current flowing through the load. Resistance R [Q] is used to
drive the MOSFET.

Ip[A]
L[H] D
Igm (B)
d
= e
S, ‘ :j T Upg V1
o N
E [Q] S
n—— Sy
o
T

Figure 2.19: Inductive switching Loss Test Circuit.

Fig. 2.20 shows the turn-on behavior of the MOSFET. Before the gate current is turned
on, the gate-source voltage ugs_n(t) [V] and the drain current iq_ps(t) are zero. When i, (%)
[A] flows, Cys and Cyy start to be charged and u,_p/(t) increases. During charging Cs, Cyq
remains constant because the drain-source voltage ugs—ps(t) is constant. The MOSFET is
off until ugs_ps(t) is less than threshold voltage Ury [V] of the MOSFET. Once the voltage
ugs—n(t) reaches Upy , drain current i4_p(t) starts to flow through the MOSFET. Since the
diode is parallel with the MOSFET, the g,/ (t) remains constant, because the diode can not
bear any voltage until all of the load current is passed through the power MOSFET. w,_y(t)
continues to rise to the plateau voltage Ugp [V], while the entire i4_/(t) has transferred from
the diode to the power MOSFET. When i4_/(t) is equal to Ip [A], ugs—nr(t) starts to reduce.
In this time, the gate current I, »; [A] is used to charge Cy4. Therefore, u,_p(t) remains
constant at the plateau voltage until ugs_ () reduces to the on-state voltage [22] . After
this time, wu,_p/(¢) increases until it reaches the gate supply voltage Ugg [V]. During the
time interval [t; — t3], the switching losses occur. The gate charge during the time intervals
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[t1 —t3] is defined as the gate switching charge Qg [C]. Qs is considered the most significant
parameter for the power MOSFET performance and it is given in the datasheets.

i g-M (t)A

I, 1A
TIME t[s]
t
UQ-M( 3 Qgsl[C] di[C] ‘ UGS [V]
———— > i
Qgs1[C]<%;:j2[C]
UspIVI[= R
Uy VN> A Qsw[C]
t’l t2 t3 -
(t) : TIME t[s
d-M /A :
Ip (Al
TIME t[s]
uds-M(t)“

TIME t[s]

%Turn-on Switchiing
Energy Loss:

.

>

TIME ¢[s]

Figure 2.20: Gate charge waveform of the power MOSFET during turn-on transition.

Fig. 2.21 illustrates the turn-off behavior of the MOSFET. The MOSFET is operating
in the on-state before it is turned off. The gate of the power MOSFET is connected to the
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source via the gate resistance R to discharge its capacitances and turns the MOSFET off.
ta—n (t) and ugs—ps(t) do not change until u,_p/(t) reaches to the plateau voltage Ugp. During
the time interval [0 — 4], Cyq remains constant because ugs_ps(t) is constant. wugs_pr(t) starts
to increase at time t4, In this time, i4_5/(f) is equal to Ip, because the current cannot be
transferred to the diode until the ugs_p/(t) exceeds the supply voltage Upg [V]. Since i4_ps(t)
remains constant, u,_p/(t) also is constant at the gate plateau voltage. At time t5, Ip starts
to transfer from the power MOSFET to the power diode. Since ugs_p(t) is constant, the
Cyq can also be assumed to remain constant during this phase. After this time, the u,_ /(%)
decreases until it becomes zero.

Ug_M(t)A
Usp[V]f-oo>
Urn[V]
b TIME't[]
S
Id-M(t)‘
TIME ¢ [s]
u A
ds""’() Ubs VI
Uon
TIME ¢ [s]
A Turn-off Switching :
'\9’ t ,t . ~o
Rt ) - Energy Loss | |
TIME ¢ [s]

Figure 2.21: The power MOSFET during turn-off transition.
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A simple method of calculating the switching energy loss of the power MOSFET based
on datasheet is desirable. As these can be seen from Fig. 2.20 and Fig. 2.21, an equation for
estimating the energy loss of the power MOSFET is given by

Broont@s(),) = Eawnton(05(6), 1) + Eswrr—opr(95(1), 1). (2.23)

where Egy—p—on (9 (t),t) [J] is the energy loss during turn-on MOSFET and Esyy—ar—orf(V(1))
[J] is the energy loss during turn-off MOSFET.

Since in practice, a free-wheeling diode is parallel to the MOSFET, the turn-on switching
loss in the worst is the sum of the turn-on switch energy loss without taking the reverse
recovery of the diode into account and the turn-on switch energy loss caused by the reverse-
recovery of the free-wheeling diode. It is given by [18]

1.
Eswafon(ﬁJ(t% t) = §|deM<t) ’UDS (ton + toff) + QT‘TUDS' (224)

where |ig_pr(t)| [4] is the amplitude of drain current flowing through the MOSFET when the
MOSFET is on, Upg [V] is the drain-source voltage across the MOSFET when the MOSFET
is off | t,, [s] and t,¢f [s] are the interval time [t; — t3] (see Fig. 2.20) and the interval time
[ty — t6] (see Fig. 2.21) respectively and @, [C] is the reverse recovery of the diode parallel
with the MOSFET.

Egw—m—ofr(Vs(t),t) is the energy loss during the MOSFET turn-off and is given by [18]

1.
Esw-v—opp(V(1), 1) = §!Zd—M(t)|UDS (ton + togs) - (2.25)

Moreover, the energy is proportional to the voltage drop across the MOSFET and the current
passing through the MOSFET. Therefore, (2.23) becomes [23]

ia-m ()], Ups
IDfrated UDSfrated ‘
(2.26)
where Ip_rateqd [A] and Ups_ratea [V] are the rated load current and the rated drain-source
voltage given in the datasheet.
The turn-on interval time |t,,| and turn-off interval time |t,;¢| can be obtained with a
good approximation by [20]
torsl = ltonl = 222 (2.27)

g

Eswa(ﬁJ(t% t) = (Eswafon (ﬁJ (t)a t) + EswafOff (79J<t>> t))

where I, [A] is the gate drive current and @y, [C] is the gate switch charge provided in the
power MOSFET datasheets.
Finally, the temperature dependency should be applied to the energy loss. It is given
by [18]
Eaw21(05(t),t) = Esw_nr (0 5(t0), to)[1 + ay_nr (V5(t) — D s5(t0))]- (2.28)
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where ay_)ps is the temperature coefficient of the switching loss. This is equal to 0.003 [%]
for the MOSFET.

Just like power diode, all the switching data in the MOSFET’s datasheet are found in
one period of switching 7 [s]. The switching power losses pg,—ar(Us(t),t) [W] in one period
of switching can be therefore calculated by

Do (05(8), 1) = Ti /T s na (B)iaar (1), (2.29)

J/

-~
Eswa/I('LgJ(tL t)

and if switching frequency f; [Hz| is equal to
f s —

Therefore, the switching power losses are
psw—M<79J(t)a t) = psw—M—off<0J(t>7 t)fi + \Ejsw—M—on (79J (t), t)fﬁ = Esw—M(ﬁJ (t>7 t)fs

-

psw—]\/l—off(ﬂJ(t)7t) pswafon('&J(t)at)

1
— 2.
T (2.30)

(2.31)

2.3 Power IGBT

An IGBT (Insulated Gate Bipolar Transistor) is a three-terminal power semiconductor device.
The IGBT combines the advantage of the MOSFET input characteristics and bipolar junction
transistor (BJT) output characteristics that makes it a voltage-controlled bipolar device. The
advantages of the IGBT are the low saturation voltage drop and a simple drive circuit due to
the high input impedance of the MOSFET. In case of IGBT, the on-resistance decreases with
the breakdown voltage in comparison to the power MOSFET. The IGBT is used therefore in
the high voltage breakdown (more than 200 [V]) [3]. Fig. 2.22 shows the schematic symbol
of the IGBT. Its terminals are called Emitter (E), Collector (C) and Gate (G).

Collector (c)

Gate (9)

Emitter (e)

Figure 2.22: IGBT circuit diagram symbol.
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In the IGBT, the losses are divided into four regions. First region is the on-state power
loss. It occurs when the IGBT is on. There is therefore a voltage drop across the IGBT.
Second, the power loss appears due to the leakage current in the reverse mode. It can be
considered insignificant because the leakage current is very small. Third and fourth are the
switching losses. They occur when the IGBT is turning on or off. In these two latter cases,
the voltage or current of the IGBT can not instantaneously become zero. The switching
losses happen therefore in these cases.

Fig. 2.23 shows the v-i characteristics of an ideal IGBT. The ideal IGBT conducts current
in the on-state mode with zero voltage drop. It blocks voltage in the off-state mode with
zero leakage current. In addition, the ideal IGBT can turn on or off instantaneously.

A Active
Icl(t) Region
2
g 2
() @ E
c 8 —
O 5>
£
u
Off-State ce-1(t)

Figure 2.23: An ideal characteristics of the IGBT.

In practice, the IGBT has non-ideal behavior. The Fig. 2.24 shows the IGBT has the
voltage drop during the conduction mode and has the reverse current during the off-state
mode. Moreover, it has the switching losses when the IGBT becomes on or off. The total
power losss py_(95(t),t) are given by [24]

ptl—[(ﬁJ (t>7 t) = pon—[(ﬁJ (t)a t) + poff—[ (19]’ t) + Psw—I—on (7~9J (t)a t) + psw—I—off (ﬁJ(t% t) .
T
(2.32)
where po,—1(9,(t),t) [W] is the power loss during the conduction, psr—; (¥04,t) [W] is the
power loss during the off-state mode, psy—r1—on(Vs(t),t) [W] is the turn-on switching loss and
Psw—i—off(Us(t),t) [W] is the turn-off switching loss.
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t) A Active

—~

c-l

Region
]
s | |
N
< ——»/ 2
(e} ®? >,
o=
/ T 63
/ £

Off-State Uee-1 (t)

Figure 2.24: The characteristics of a typical IGBT.

2.3.1 IGBT Conduction Losses (po,_1(9;(t),t))

The forward characteristic of an IGBT can be linearized by the threshold voltage Uy, (¥ (1))
[V] and the dynamic resistance Rq—; (9, (t)) [2] [25], [24]. The equation of the emitter-
collector voltage u—r(t) [V] based on the collector current i._;(t) [A] is given therefore
by [26]

tee—1 (t) = Upn—1 (0 (£)) + Ra—1 (05 (1)) [ic—r (£) | (2.33)
where |i.—g ()| [A] is the amplitude of the collector current passing through the IGBT.

Fig. 2.25 shows how we can find the dynamic resistance and the threshold voltage from
the output characteristic of the IGBT .

it
C-/( )A de-l [Q]
2
.<7) E
T S
LC) =]
UgpalV] Uge-(t)

Figure 2.25: Output Characteristics of a typical power IGBT.
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Similar to the diode, the dynamic resistance and the threshold voltage are dependent on
the junction temperature. These dependencies are given by [7]

U - 19 —max 19 —min_U — 19 —min 19 —mazx
Unr (0, (1)) = L=t mmas)Vs o1 min) .

ﬁJ—min - 19J—max
Uth—1(9 1—min) — Ush—1(¥ 1 —max)
ﬁJ—min - Q9J—maac

+ [95(t), (2.34)

and

~ Ra (V7 -maz)V-min — Ra—1(07-min)V 1 -max

B ﬁJ—min - 79J—mam

Rdfl (ﬁmein) - Rd71<79meax)
ﬁmein - ﬂmeaz

Ra—1 (9, (1)) ]

19,5 (t). (2.35)

+

where ¥, (t1) [K] and ¥,(t3) [K] are the minimum and maximum junction temperature of
v-i characteristics given in the datasheet (see Fig. 2.26), Uy (9 _min) and Uy 1(97—maz)
are the threshold voltages at the junction temperature 9;_,,;, and ¥ ;_,,.. respectively and
Ry 1(05_min) and Rg_;(¥)_mae) and the dynamic resistances of the IGBT at the junction
temperature 9;_,.;, and 9;_,,.. respectively.

I /(1)

1= Ry Bmin) Q]
Ry @, ) IQ]

2= J-max
U =U s (8 min) VI

U2 = Uth-l ('BJ-max) [V]

U1 U 2 Uce-/ (t)

Figure 2.26: Typical IGBT forward characteristics based on the junction temperature.

Now, the power loss in the IGBT is given by

pon—I(ﬁJ(t)v t) = |ic—I (t) |uce—1 (t) . (236)
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and it is equal to

Pon—1(95(t),t) = U1 (95 (1)) lic—r (t) | + Ra—1 (95 (1)) (i1 (1)) (2.37)

2.3.2 IGBT Switching Losses (psy—_1—on(¥7(t),t) & psw—1—0ff(Vs(t),1))

Fig. 2.27 illustrates the test circuit. This test circuit is used to obtain the switching wave-
forms. This test circuit is similar to the MOSFET’s test circuit. The IGBT’s turn-on and
turn-off switching waveforms are very similar to the MOSFET’s switching waveforms.

Ig [AT

L [H] D

el (1)

S2 j Uge-t () — UgglV]

L R [Q]
1 S1

Figure 2.27: The IGBT Switching Test Circuit.

Uge IV

Fig. 2.28 shows the IGBT’s turn-on waveforms obtained from the test circuit in Fig. 2.27.
When u,_;(t) increases to the threshold voltage Ury [V], the gate current i, ;(t) charges
the parasitic capacitances C,. and Cj.. In the time interval [0 — t1], Uee—s(t) and i.—;(t) do
not change. When wu,_;(t) passes the threshold voltage Urp, i.—r(t) starts to conduct. In
this region, i._(t) increases to the maximum load current I~ [A]. At the same time, ue_;(t)
reduces compared with the reverse bias voltage Ucg [V]. This is because i._r(t) passes
through the inductive load L [H]. The voltage across the inductive load (see Fig. 2.27)
increases, therefore u.._;(t) decreases a little. During the time interval [t1-t3] , the diode
current ip(t) decreases. Therefore, there is a reverse recovery. This current ip(t) is added
to i.—r(t). In the time ¢ [s], all the minority stored charges in the N-drift region is depleted
and the diode can bear the reverse voltage. Therefore, the collector-emitter voltage te._;(t)
reduces rapidly. After the time ¢4 [s], the IGBT turns on. The collector current is equal
to maximum turn-on current /o and the turn-on voltage drop across the collector-emitter is
equal to U,,.
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Ug_, (t)a
UgpIVI|.- =
UV o
t1 tz b t“ TIME ¢[s]
I (t)n : :
Ic[A]
TIME ¢[s]

TIME t[s]

% (t).1) Turn on SW|tch|qg
i i Energy Loss !

>
>

TIME t[s]

Figure 2.28: The turn-on waveforms of an IGBT.

Fig. 2.29 shows the IGBT’s turn-off waveforms obtained from the test circuit in Fig.
2.27. Before ty, u,_;(t) decreases to the plateau voltage Ugp [V]. At this time, the values
of Uee—s(t) and i._r(t) do not change. wu._s(t) starts to increase at time ¢4. In this interval
time, i._;(t) is equal to I, because the current cannot be transferred to the diode until the
Uce—1(t) exceeds the supply voltage Ucp. Since i._(t) is constant, u,_;(t) also is constant
at the gate plateau voltage. At time t5, i._;(t) starts to transfer from the IGBT to the
power diode. Therefore, the value of wu.._;(t) is maintained at Ugg, while i._;(t) decreases.
Finally, when the IGBT is ready to bear the reverse voltage, i._;(t) transfers to the diode
and becomes zero.
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Ug./(t)A

Uselv]
UmV]
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>
'
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Uce V]
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Energy Loss

)/\

>
>

TIME ¢ [s]

Figure 2.29: The turn-off waveforms of an IGBT.

Egw-1(05(t),t) = [Esw—r1-0n(V1(t),t) + Esw—1-07(9(t), )]

Uck

The switching losses of the IGBT based on the datasheet can be calculated by [18], [23]

1.49

IC—rated

|ic—l(t)| )(

UC’E—rated

Ea1(95(t),t) = Esw-1(05(t0), to)[1 + ag—r(9;(t) — 9;(to))]

)L (2.38)

where Eq,_1—on(V(t),t) [J] and Egy__ofr(9(t),t) [J] are the turn-on and turn-off energies
of the IGBT at the rated current Io_,qieq [A] and the rated voltage Ucg_rareq [V] respectively,
Ucg [V] is the reverse voltage across the IGBT when it is off and |i._(¢)| [A4] is the amplitude
of the collector current when the IGBT is off.

The below equation can be applied to (2.38) which yields [18]

(2.39)
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where ¥;(t) [K] is the junction temperature at time ¢ and «y_; is the temperature coefficient
the IGBT. This parameter is equal to 0.003 [] for the IGBT.

At the end, just like the diode and the MOSFET, the switching energy losses given in
the datasheet are found in one period of switching. Therefore, the switching power losses
Psw—1(¥4(t),t) in one period of switching can be therefore calculated by [27], [24]

T

[\ S/

Pew1(05(8),1) = / oo 1 (D)ie_1(D)dt (2.40)

-~

Esw—[(ﬁJ(t% t)

and if switching frequency fs [Hz| is equal to

1
= — 2.41
f= 2.41)
Therefore, the switching power losses are [28]
psw71<19J(t)a t) = Eswfl(ﬁ‘] <t>7 t) fs' (242)
psw—I—on(ﬂJ(t)a t) = Esw—]—on (Q9J (t)a t)fs (243)
psw—[—off<19J(t>7 t) = Esw—[—off (19(] (t), t) s* (244)

-39



Chapter 3

Modeling of Voltage Source Inverters

An inverter is basically a converter that converts DC to AC power. The inverter circuits can
be mainly divided into two classes based on their operation, current source inverters (CSIs)
and voltage source inverters (VSIs) [29]. Voltage source inverters are divided into several
topologies. The most important topologies are the two-level voltage source inverters and
the three-level neutral point clamped voltage source inverters. The main reasons to choose
a desired configuration for our circuit are various advantages such as lower common mode

voltage, reduced Electromagnetic Interference (EMI) generation, lower ) to supply and

dt

lower harmonic contents in the output voltage [30].

In this section, the structure of two-level voltage source inverter and three-level neu-
tral point clamped (NPC) voltage source inverter are investigated, then the losses in these
inverters are modeled.

3.1 Two Level Voltage Source Inverter (2-L VSI)

The three-phase two-level voltage source inverter is shown in Fig. 3.1. The inverter contains
six switches S, (t), Sp(t), Se(t), Sa(t), Sp(t) and S.(t). Each switches S,(t) and S.(t) (z €
{a,b,c}) is composed of a transistors T,(t) ( IGBT or MOSFET) with a P-i-N diode D, (t)
in parallel with each switch ( see Fig. 3.2).

The S,(t), Sy(t) and S.(t) are upper switches while S,(t), Sy(t) and S.(t) are lower
switches. The upper and the lower power switches of the same leg are complementary in
operation. This means if the upper switch is turned on, the lower switch must be turned off.
The output voltage of the inverter depends only upon the switching states Sgp.(t) and the DC-
link voltage Uy [V]. Therefore, the output voltages of the two-level inverter is independent
of the direction of the phase currents i*(t) [A] and they are equal to +% [V] and -Y= [V].
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c = S % S i) Ra Lo ug(t)
=
um (t) a
< .b b
b < b O R Lo 0]
C
t
Udc 4UM() & ic(t) Re Lc u%(t)

wl
)

wl
o
wl

Figure 3.1: Simplified two-level voltage source inverter.

3.1.1 Switching States and Commutations

Fig. 3.1 shows that the upper switches connect the AC terminals of the inverter (a, b, or
¢) to the positive DC-link voltage while the AC terminals of the inverter (a, b, or ¢) can be
connected to the negative DC-link voltage by the lower switches. Therefore, the number of
switching states are 2% = 8.

Drain (d) ° Collector (c)

. I .
. fd-m S R T e
X I_I + 1 X X +
Une. —_—
ds MA DX x G o'_‘lt ( ) Uce_/ A DX
- ate (g
Gate (g) -
Source (s) ° Emitter (e)

Figure 3.2: A switch of an inverter.

Tab. 3.1 gives the switching positions of each phase leg where 1 and 0 denote the on and
off state of the switch respectively. For example, if S,(t) is on then the leg of a is connected
to positive DC-link voltage and the voltage between leg of a and the mid-point M of two
capacitors is equal to u§,(t) = 4+=¢=. The phase current paths through the semiconductors are
shown in Fig. 3.3. The switching losses are created by the commutation processes between
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Se(t) | ut,(t) , x € {a,b,c}

1 i
_Uac

2

Table 3.1: Switching positions for each phase of the two-level voltage source inverter.

Sa(t) | To(t) | Ta(®) | Da(t) | Du(t)
, T €

i*(t) >0 {a,b,c}

1 On - - -
0 - - - On
i"(t) <0, z € {a,b,c}

1 - - On -

- On - -

Table 3.2: Conduction losses in the two-level voltage source inverter.

the different switching states. The distribution of the switching losses and the conduction
losses are given in Tab. 3.2 and Tab. 3.3 respectively.

For a positive phase current i*(t) > 0 (z € {a,b,c}), the conduction losses occur in the
T,(t) when the S,(t) is on or in the D,(t) when the S,(t) is off. The commutation from
S.(t) = 1 to S,(t) = 0 occurs by turning T,(t) off and turning D,(¢) on. In this way, the
turn-off switching power losses arise. The commutation from S,(¢) = 0 to S, () = 1 occurs
by turning D, (t) off and turning T, (¢) on. In this way, the reverse recovery power losses arise
in the diode and the turn-off switching power losses occur in T,(t). Fig. 3.3 shows the paths
of the positive phase current. As it can be seen, the conduction loss and the switching losses
occur in the T, (t) or D,(t) when the phase current is positive.

For a negative phase current i*(t) < 0 (z € {a,b,c}), the conduction losses occur in the
D,(t) when the S,(t) is on or in the T,(t) when the S,(¢) is off. The commutation from
S.(t) = 1 to S.(t) = 0 occurs by turning D, (¢) off and turning 7, (¢) on. In this way, the
turn-on switching power losses arise in 7,,(t) and reverse recovery power losses occur in D, (t).
The commutation from S,(t) = 0 to S,(t) = 1 occurs by turning D,(¢) on and turning 7, (t)
off. Therefore, the turn-off switching power losses occur in T, (¢). Fig. 3.3 shows the paths of
the negative phase current. In these situations, the conduction loss and the switching losses
occur in the D,(t) or T,(t).
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Sot) | Tu(t) | Tu(t) | Da(t) | Du(t)
i"(t) >0, z € {a,b,c}

1 —0 | Off - - On
00— 1| On - - Off
i*(t) <0, z € {a,b, c}
1—0] - On | Off -
0— 1| - Off | On -

Table 3.3: Switching losses in the two-level voltage source inverter.

Tx L jx ] l
TX DX Tx “DX
3 P(1)<0 L <0
:SC X S —;— D-O L ~
i"(t)>0 Vix(t)>0
G ! r Gy [
TX |\ DX Tx BX

Figure 3.3: Load current paths of the two-level voltage source inverter.

3.1.2 Modeling of Two-Level Voltage Source Inverters

Mathematical models are an important tool to analyze the dynamic performance of a voltage
source inverter. A mathematical model of the inverter must be established based on the
switching states and the DC-link voltage. A schematic diagram of the two-level inverter is
shown in Fig. 3.1.

The following assumptions are made in order to model the two-level inverter:

(A1). All semiconductor devices are identical and ideal with identical characteristics.

(A2). All parasitic elements of circuit are considered insignificant.

(A3). AC side is modelled by voltage sources ug(t) (z € {a, b, c}): hence voltage sources
are symmetrical. The three voltage sources are connected in star with a neutral connection
(0 point). Fig. 3.4 shows the model of the AC side. The AC side also has an internal
resistive-inductive impedance (R, - L,) [31]. (3.1) describes the sinusoidal voltage sources in
the AC side. They are an ideal symmetrical three-phase source with constant amplitude a
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[V] and constant frequency fo [Hz].

ud(t) - sin(27 fot + o)
ul(t) = |ubt)| = Uy s%n(27rf0t + ¢ — })—”) . (3.1)
u§(t) sin(27 fot + o — 5F)

a — .\ )—
R, L, U

b —m——\)——0
R. Lo ug()

C —-—(\9—

Figure 3.4: AC side model for three-phase system.

(A4). The values for R, [Q] and L, [H] are identical for all three phases, i.e. R, = R, =
R.=Rand L,=L,=L.= L.

As it can be seen from Fig. 3.5, S,(t) and S, (t) can be considered as a two-pole switch S;(t)
which may be connected to the positive or the negative voltage according to the modulation
strategy used.

Udc

Figure 3.5: One leg of a two-level voltage source inverter.

Therefore, Fig. 3.1 turns into Fig. 3.6.
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i" u?(t) >
C1==Uc1 Sa(t)o Ia(t) Ra La ug(t)

um®) S (1) e ut)
Su(t) b ot

vl < Ua(® _ &b I;(t) i, :’ oY 0,

Uge SO o U u’)
] Sq(t) [u™(t) ) R L uS(t)

ug(t) < v - A

sy ©
CZ=|= UCZ U|v|o(t)

Figure 3.6: Schematic circuit of the three-phase two-level VSI.

The two-pole switch S;(t) (i € {a,b,c}) is defined as

1, if Si(t) is on
Si(t) _{ 0, if S;(¢) is off.

Si(t) can be splitted into S(t) and S,(t). There are two switches in the each leg that are
complementary. Thus, either S, (f) or S.(t) is on (see Fig. 3.5).

Si(t) = Su(t) + Su(t). (3.2)

Tab. 3.4 shows the relation between the two-pole switches and the switching state.

Two-pole Switch

where

Si(t)

Sa(t)

1

0

1

Sa(t)
1
0

1

Table 3.4: Switching functions.

Sa(t) + S:(t) = 1.

(3.3)
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Therefore, the model of the three-phase two-level VSI can be described by using the following
equations:

(, di*(t) _ o o
L, il (t) —ug(t) — Rai®(t)
L,,di;it) — ub(t) — ub(t) — Ryi®(t) (3.4)
dic(t) . c c
| Le ikl (t) — ug(t) — Rea°(t)

ul(t) = ub, () + unro(t), (3.5)

where up0(t) [V] is the common-mode voltage between the mid-point of capacitors and the
neutral point of star connection.
The voltage between the phase a,b and ¢ and the mid-point (M) of the two capacitors are

(w2, (t) = S,(t)Uct — So(t)Ucs,
q s () = Sp(t)Ucr — Sy(t)Ucs, (3.6)

| () = Su(t)Uen — Se(t)Uon.

where Ugy [V] and Ugs [V]are the voltage across the capacitors C; and Cy respectively.
If the sinusoidal voltage sources are assumed ideal and balanced (assumption (A3)), then
the following holds

Vit >0 u®(t) +ub(t) +u(t) = 0,

(3.7)
Yt > 0:i%(t) +1°(t) +i°(t) = 0.
by summation of the phase voltages of (3.5) and using (3.7), up(%) is given by
uf(t) + uly () 4 us, (¢
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By combining (3.6), (3.8) and (3.5) the following expressions are obtained

(u“(t) _ [Su(t) — Sa(t) + Sb?)(t) + Se(t) Sa(t) + Sp(t) + SC(t)]UCQ,

]UCl - [ga(t> -

W () = [Su(t) — Sa(t) + Sp(t) + Se(t)

[Uc1 — [Su(t) —

3 3 . ]UCQa (39)
() = [S.(6) Sa(t) + Sbg(t) + SC(t)]Um 180 - Sa(t) + Sbg,(t) + SC(t)]UCQ.

If constant DC-link voltage Uy, and identical capacitances (C; = Cy) are used, then

Udc
2

Ut = Ugo = (3.10)

The phase voltages u®(t) based on the input DC-link voltage and the switching states are
obtained (S,(t) =1 — S.(t)) [32]

u®(t) v, |2 -1 -1
u™e(t) = [ub(t)] = & [1 2 1} Sape(t). (3.11)
w3 -1 -1 2
where switching states are
Sa(t)
Sape(t) = [Sb(t)] . (3.12)
Se(t)

and can have 2% = 8 different states.
Line-to-line voltages uf(t) can be calculated directly from (3.6) and (3.10) such that [33]

upy (t) ufy (t) =y (t) L -1 0
up(t) = () | = |ub(t) —us(t)| =Use | O 1 =1 Sape(t). (3.13)
ui (t) ugy () — uy (1) -1 0 1
The phase currents i%%(t) can be calculated by using (3.11) and (3.1)
(di*(t) _ 1., o o
D = L0 — o) = R (0]
di(t) 1

= ) — () — R0
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3.1.3 Instantanous Power Losses in Two-Level VSI (p®%¢ ,, | o (9,(t),1))

The total power losses in the power semiconductor devices of a two-level inverter are composed
of the on-state and the switching losses. If the switches are composed of an IGBT and an
inverse power diode, the conduction losses are found by (2.37) and (2.6).

Pan_1(05(t),1) U1 (05 (1)) lig_; () | + Ra1 (95 (1)) (2,
P ((05(t),1) = |Po_r(0s(t), )| = | Uner (95 (£)) |81 () | + Ra—yg (9, (1)) (i2_; (£))*| |
Pon—1(95(1), ) Uh—1 (95 (8)) [ig_; (1) | + Ra—r (95 (1)) (i5_;

Pon—p (05(t), 1) Uin—p(05(1))]i5 ()] + Ra-p (95(1)) (%

P2 5 (05(0.8) = |php (0308, 0) | = | U (05 (0)EH0)] + Raep (9,(0)) (i5(6))?

Pon—p (Vs(t), 1) Uih-p(05(1))|i5(t)] + Ra—p (0,(2)) (15

(3.15)

As it can be seen from Tab. 3.2, the conduction losses depend on the switching states and

the direction of currents. This means that we have the conduction power losses in the IGBT

if the switching state is one and the current direction is positive or the switching states is

zero and the current direction is negative; the conduction power losses in the diode if the

switching state is one and the current direction is negative or the switching states is zero the

and current direction is positive. The current direction and the switching states determine

which transistor or diode is on . The current direction can be found by appling the Heaviside
Step Function. Heaviside Step function is

1, ifz>0
H(‘”)_{ 0, if z <0.

Sa(t) 0 0
ViEeR:A(t)=1] 0 Sp(t) 0 |, (3.16)
0 0 St
matrix of B(t) as a column matrix such that
H( (1))
VteR: B(t)= |H(i®W))|, (3.17)
H(ie(t))
matrix of U(t) as a unit column matrix such that
1
VieR:U(t)= |1], (3.18)
1
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and finally, matrix of I(t) as an identity matrix such that

0
0] . (3.19)
|

The instantanous conduction power losses p®° ., (9;(t),t) [W] are given by

Pontar—1p(s(t), 1) = [on” (05 (1), O] AWB(t)  +[I(t) - AQ)U() — B(1)))

Sa(t) =1 and i*(t) > 0 Su(t) = 0 and i#(t) < 0
+ o (0 (1), O (AU () — B@)] + [I(t) = A@)]B(t) ). (3.20)

-~

Sz(t) =1and i*(t) < 0. Sg(t) =0 and i*(¢) > 0.

where [p2¢ (95(t),t)]T and [p2e , (95(t),t)]T are transpose of (3.14) and (3.15) respectively.

The switching power losses can be calclated from Tab. 3.3, (2.44) or (2.31) and (2.16).
The turn-on and turn-off switching power losses of the IGBT and the reverse recovery of the

diode are given by

p(slwflfon(ﬁa](t)? t))
p(slzbuc—l—on (ﬁJ(t)v t)) - pgw—[—on (79«] (t)v t))
pgw—]—on (19-] (t)7 t)) .
B r-on(05(1), ) (12200 (222 )1 g (0, (8) — 05 (t0))) fe
= | B t-an(0(0), D (L) () U 0105 (0) = D)) s |
Brwr1-on (05 (0, ) (1) (Lo ) 1+ gy (0() — 05 (t0))] £
(3.21)

pgfucflfoff(ﬁa](t)i)) = pgw—]—off 0,4(1),

lig_; (1)l Ucp 49

)
)
)
Eswr1-ops (s (8), (= ), 5) L+ aw—1(95(8) — 05(t0))] fs
(
(

b (¢ 1.49
0, () (e ) [ a1 (95 (8) = V(1)1 s | -

lig_; ()] :
Eswflfoff T9J t)a t>([(,‘—r1ated)( Lo )

UcE—rated
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pep (05(1),1)
pffffc D (ﬁJ(t)v t) = pgrfD (ﬁJ(t)v t)
Py (05(),1)

UnQer f(ITOL Y Un 0011 4y (0,(8) — 05 (ko)) £

Iffrated URf'rated

= | Un@e /( i (2)] (U 11 | (900 — D, | - (3:23)

If—rated UR—'rated

UnQe: ("?(t” ) (- )0'6[1+a19_1(i9j(t)—ﬁJ(to))]fs

Iff’r‘ated URf'rated

As it can be seen from Tab. 3.3, the switching power losses are dependent upon change in
the switching vector Sg.(t) and the direction of phase current (). When the switching
vector Sgup(t) goes from one to zero or vice versa, the switching power losses occur. We use
the discrete space to find these changes. Therefore, the switching vector, the phase currents
and the switching power losses are mapped from continuous space to discrete space such that

YVt € R : Sape(t) — Vk € Z 2 SupelH], (3.24
vt € R:i(t) — Vk € Z : i%[k], (
Vi e R:pip (05(0),1) = Yk € Z: pe pl9[k], k], (
Yt € R ple ar_on(0(8) 1) = Yk € Z: pla sy onl05[K] K], (
V€ R plul aroopp(05(1),8) = Yk € L2 plu yr_op[05[K], K, (3.28
(t),1) = Yk € Z: plar_ o0 [K], K, (
(t), 1) (

Ve R:p®e . (95(1),
—Vkel: psw I— off[ (k] k

sw—I—on

V€ R ply_op(05(1),

We compare the switching vector of Sgp.[k — 1] with Sge[k] to find when the changes occur
at switching vector. Then, the direction of the phase currents i%*[k] are used to find which
switches or diodes have the switching power losses. Just like the conduction power losses,
some matrices are introduced. The matrix of A[k] as a diagonal matrix such that

SJkl 00
VkeZ:AKl=| 0 Sk 0 |, (3.31)
0 0 Sk

matrix of B[k] as a column matrix such that

H{(i[k])
Vk € Z: Blk] = | H(@°k]) |, (3.32)
H(i°[K])
matrix of U[k] as an unit column matrix such that
1
VkeZ:Ukl=|1], (3.33)
1
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and finally, matrix of 7[k] as an identity matrix such that

(3.34)

o = O
_ o O

1
VkeZ: Ikl = |0
0

The total switching power losses p®© ,, ,[0,[k], k] are given by

pgg;c—QL—ID [0k, k] = (p%zc plU[k], k])T
(U[k—1]— A[ﬁ— 1)) A[k)B[K] + A[k — 1](I[k] — zi[k])(U[k] — BIk]))

Szlk —1] =0 and Sz[k] =1 and i*[k] > 0. Szlk —1] =1 and Sz[k] = 0 and i*[k] < 0.

+ (pgff I—- on[ [k]7k])T

(k1) — Al — DARBIE] +Alk — (I[k] — A[R)(UIK — Blk]))
Sz[k—1] =0 and Sy [k]—landz [k] > 0. Szlk—1] =1 and S;[rk]:(]andiz[k]<0.

+ (plle of U 1K], k)T
( (Alk = 1))(I[k] — A[K])B[k] + (I[k —1] — Alk — 1)) A[k](U[K] — B[k])).

-~

Sglk —1] =1 and Sz[k] = 0 and *[k] > 0. Szlk —1] =0 and S;[rk]:landix[k]<0.
(3.35)

where (p22 [ [k], K))T, (922, [0, 1K), K])T and (e, [9[K], K])T are transpose of (3.23),
(3.21) and (3.22) respectlvely
Then, a low pass filter is used to reconstruct the continuous switching power losses from

the discrete switching power losses [34].
Paus—ar—1pVs[k], K] = Peaar—rp(05(1).1). (3.36)

Finally, the total instantaneous power losses for a two-level voltage source inverter is given
by

p?cl;tcf217VS](Q9J(t)v t) = pgz;cf2L7[D(79J<t>7 75) + pzchszlD (ﬂJ(t)a t)- (3'37>

If the switches are composed of a MOSFET and an inverse power diode, we should only
replace the MOSFET’s equations with the IGBT’s equations.
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3.2 Three-Level NPC Voltage Source Inverter (3-L NPC
VSI)

Fig. 3.7 shows the schematic circuit of a three-phase three-level neutral point clamped voltage
source inverter. The inverter leg a consists of four transistors Ty (t), Tua(t), Tai(t) and To(t)
with four anti-parallel diodes D,;(t) to Dga4(t). The transistors are switched in pairs, the
complement transistors are T,;(t) and T,p(t). The switches Sq(t) and Sua(t) (S.(t) is a
switch and it is composed of a transistor T, (¢) and an anti-parallel diode D,(t)) are outer
switches while the switches Suo(t) and Sy (t) are inner switches. On the DC side of the
inverter, the DC-link capacitor is split into two capacitor C; and Cs, providing a neutral
point M. D,5(t) and Dyg(t) are connected to the neutral point and are called the clamping
diodes. When the transistors T, (¢) and T, (t) are on, the phase a is connected to the neutral
point M through either D,5(t) or Dyg(t).

Cc

Figure 3.7: Schematic circuit of the three-phase three-level NPC VSI.

3.2.1 Switch States and Commutations

Tab. 3.5 shows the switching states in the NPC inverter. In order to produce three-levels
voltage, only two of four switches in each phase leg are turned on at any time. Thus, the
total number of different switch states are 23 = 27. Because we have four switches and two
of them are switched in pairs (S,1(t) and S,(t)), the switching vector can be defined as a
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Se1(t) | Sea(t) | Ser(t) | Spalt) | ul,(t) , x € {a,b,c}

1 1 0 0 Uc1 [V]
0 1 1 0 0
0 0 1 1 —Ucy [V]

Table 3.5: Definition of switching states of three-level NPC VSI.

matrix such that

Sa1(t)  Saa(t)
Sun(t) = | Su(t) Sw(t)] - (3.38)
Scl(t) 502(t)

In Tab. 3.5, if the upper switches S;1(t) and S,2(t) are turned on, u%,(t) is equal to Ucy,
where u%,(t) is the voltage at terminal = (z € {a,b, c}) with respect to the neutral point M
and Ug; is the voltage across the capacitor Cy. If S,1(¢) and Syo(t) are on u,(t) = —Ucs,
where Ugy is the voltage across the capacitor Cy. If the inner two switches S, () and Syo(t)
are on, u},(t) is zero through the clamping diodes D,5(t) or D,(t). Depending on the
direction of phase current i*(t), one of the two clamping diodes is turned on. For instance,
if i%(t) > 0, D,5(t) should be turned on and the terminal x is connected to the neutral point
M through the conduction of D,5(t) and T,o(t). Therefore, uj,(t) has three voltage levels
UCl, 0, and _UCQ.

Fig. 3.8 illustrates the phase current paths i*(t) (z € {a,b,c}) in three-level NPC VSI.
Either the upper switches or the lower switches are on, two transistors or two diodes lie
within the phase current path. If the inner switches are on, the direction of i*(¢) determines
whether T, (t) or To(t) conducts. In this state, one transistor and one diode conduct. Tab.
3.6 summarizes the on-state losses, where [S;1(t) Sz2(t)] shows which one of the switches
Sz1(t) and Spo(t) are on. For example, [1 0] means S, (t) is on, while S,o(t) is off.

Commutation processes make the switching losses. The switching losses occur when the
switches are turning on or off. Here, for example, a commutation process from SL2(t) = [0 1]
to S12(t) = [1 1] is considered. Fig. 3.9 shows the schematic circuit diagram of the inverter
leg = (z € {a,b,c}) during commutation process when i*(¢t) > 0. The direction of the phase
current 7%(t) determines which switches should be turned on or off. In switching state S22(t)
= [0 1], the switches To(t) and Ty, (¢) are on while the switches T,;(t) and Ty (t) are off.
The clamping diode D,5 is turned on by the positive phase current i(t) > 0. When T} ()
is turned off and T, (t) is turned on, the clamping diode D,5(t) is reverse-biased. Therefore,
D,5 is turned off and the path of load current i*(¢) is forced to pass through T, ().
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‘I 17 “I1 or

Figure 3.8: The conduction current paths of three-level NPC VSI.

i*(t) >0,z €{a,b,c}
11] On - On - - - - - - -
1] - - On - - - - - On -
00 - - - - - On - On - -
i*(t) <0, z € {a,b, c}
11] - On - On - - - - - -
0 1] - - - - On - - - - On
[O O] - - - - On - On - - _

Table 3.6: Conduction losses in three-level NPC VSI.
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“0 177

Figure 3.9: Commutations in the three-level NPC VSI for positive current.

“Io17°

Figure 3.10: Commutations in the three-level NPC VSI for negative current.

Fig. 3.10 shows the commutation process when i®(¢) < 0. In SL2(¢) = [0 0], Tho(t) and
T,1(t) are turn-on and the clamping diode D,6(t) provides the path for the negative phase
current 1*(t). When S}2(¢) = [1 1], T (t) is turned off and the phase current forces diodes
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D,1(t) and D,»(t) to be turned on. The current i®(t) is commutated from T}, (¢) and D,(t)
to the diodes D,1(t) and D,o(t). Tab. 3.7 summarizes the switching losses.

S;,Z(t) Txl(t> Dml(t) Tx?(t> Dm?(t) Txl(t) Dac?)(t) Tx?(t) Dm4(t) D:v5(t) DIG(t)

i*(t) > 0, z € {a,b, c}

11— 01| Of - - - - - - - On -

01 — [11]| On - - - - - - - Off -

01 —10 | - - Off - - On - On | Off -

00— 01| - - On - - Off - Of | On -
i*(t) <0, z € {a,b, c}

11— 1 - Off _ Off | On _ _ _ _ On

01 — (11| - On - On | Of - - - - Off

00 — 01| - - - - - - Off - - On

01 — 100 | - - - - - - On - - Off

Table 3.7: Switching losses in three-level NPC VSI.

3.2.2 Modeling of the Three-Level NPC VSI

The three-phase three-level NPC VSI is composed of a DC-link capacitor, switches and diodes
which has been connected to the load. First the switches and load are modeled. Afterwards,
the modeling of the three-level NPC VSI is presented.

(3.1) can be used to model three-phase AC side. Moreover, the VSI is composed of the
power switches. All the switches in one leg of the three-level NPC VSI can be considered
as a three-pole switch which can connect the phase to any DC-link voltage according to the
modulation strategy. Therefore, the three-pole switchs S;(t) (i € {a,b,c}) are introduced.
Tab. 3.8 represents the three-pole switch. S;(t) is defined as [35]

SU(), i SL2(t)=[1 1]
Si(t) =4 SM(), i Skt [0 1]
SE(1), if Sh2(t)= [0 0]

where SY(t) means the upper switches are on or S}%(t) = [1 1], SM(¢) means the inner
switches are on or SL2(t) = [0 1], and S¥(t) means the lower switches are on or Sh?(t) =
[0 0]. Moreover, (3.39) shows that at any time only one of the SY(t), SM(t) and SE(t) is
one [35].

i € {a,b,c}, SV (t) + SM(t) + S} (t) = 1. (3.39)
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Figure 3.11: Power swtiches model.

The relationship between switching states and the three-pole switch shows in Tab. 3.8 .

Switching States Three-pole Switch
Sa1(t) | Sea(t) | Sur(t) | Saa(t) | Sit) | SY(t) | SM(t) | SE(H)
1 1 0 0 SY(t) 1 0 0
0 1 1 0 SM(t) 0 1 0
0 0 1 1 SE(t) 0 0 1

Table 3.8: Relationship between switching states and the three-pole switch.

Now, the modeling of the three-level NPC VSI is represented mathematically. Before
modeling two assumptions are taken.

(A1). All switching devices are ideal with identical characteristics.

(A2). All parasitic elements of circuit components are considered insignificant.

Fig. 3.12 shows the schematic diagram model of the three-phase three-level NPC VSI.
Therefore, the modeling of the three-phase three-level NPC VSI can be described by using
the following equations.
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A = u@(t) _
?D(“ >
SO i°(t) Ra Lo Up(t)
a_()o\= > -
C,==u e d o A
c1 | 5o = uP(t)
—('/5" ()] el ) T)
' R L ug (1)
sh(t)e () b Lb 0
M bl /™ > - )—1
u =1 °2| gl|f 420 .
dc _.c‘g: o 83 5 . = . u}C "
M
C,==Uc, Sfﬁ)fo\= I:(t) X -C ;
. =
By
)
o— Upo (1)

Figure 3.12: Schematic circuit of the three-phase three-level NPC VSI.

(, di*(t) a o
L, e u(t) — ug(t) — Rai®(t),
S Ly di;(t) = ub(t) — ub(t) — Ryi®(t), (3.40)
t
di(t) . ¢
\Lc o u(t) — ug(t) — Rei“(t)

ub(t) = ub, (t) + unro(t), (3.41)

where wuy0(t) is the voltage between the mid-point M of the capacitors and the neutral point
0 of star connection.
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The voltage between the phase a,b and ¢ and the mid-point of the two capacitors (M) are

(s (t) = SV (H)Ucs — SE()Uea + SM(t) - 0,

u, (t) = SY () Ucr — SE()Ucs + S (1) - 0, (3.42)
(i (t) = SZ (t)Ucr — SZ(t)Ucz + S () - 0.
where Ugy and Ugs are the voltage across the capacitors C and Cy respectively.
If the sinusoidal voltage sources are assumed ideal and balanced
u®(t) + ub(t) + u(t) =0,
(3.43)

i(t) +i°(t) +i°(t) = 0,

then, by summation of the phase voltages of (3.41) and using (3.43), ups(t) is given by

(1) + uly (8) + w5, (1)

upro(t) = — 3 (3.44)
By combining (3.42), (3.44) and (3.41) the following expressions are obtained
( SUt) + SY(t) + SY(t . SE(t) + SE(t) + SE.(t
ua(t) — [Sg(t) o ( ) bS( ) ( )]ch o [S(f(t) o ( ) b?() ) ( )]UC27
SUt)+ SY(t) + SY(t . SE(t) + SE(t) + SE(¢
ub(t):[Sg(t)— ( ) b3< ) ( )]UCI_[SIf(t)_ ( ) b3( ) ( )]U-C27
SU#) + SY(t) + SY(t . SE(t) + SE(t) + SE(¢
\
(3.45)
If constant DC-link voltage Uy. and identical capacitances C; = Cy are assumed, i.e.
Use
Uca =Uc1 = 2d ; (3.46)

thus, the phase voltages u®¢(t) based on the input DC-link voltage and the switching states

are obtained

u®(t) g2 -1 -1 SY(t) SE(t)
wbe(t) = |ub(t) | ==L -1 2 —1| | |[SV@)| - [SE@)|] . (3.47)
L%t)] ° [1 -1 2 ”sg(t)] Lf(ﬂ”
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where SY(t), SY(t) and SY(t) are the upper switches and SZ(t), SE(t) and SE(t) are the
lower switches that are complementary to the upper switches.
Line-to-line voltages u@¢(¢) can be calculated directly from (3.42) and (3.46) such that

ugh (1) g [1 =1 0] [[sV@] [k
- [0 - [ ] e 2 ST M) )
-1 0 1 SY(t) SE(t)
(3.48)

<

G (t) — uly (1)
ha (1) — sy (¢)
hu(8) —uy ()

<

<

uiii(t)

At the end, the relationship beween three-pole switch matrix and switching vector can
be presented by the Heaviside Step Function. The Heaviside Step Function is defined as

1, t>a«
H(t—a):{ 0, t<a.

where « is a constant. Thus,

SU(t) Sar(t) Saa(t)] 1 1 H(Sa(t) + Sa2(t) — 1)
SL(t) = {ng <t>} — H(|Sult sw(t)] HE H ) - [H(Sbmf) ¥ Sinlt) - 1>} ,
SY(t) Se(t) Sea(t) 1 | H(Sa(t) + Sea(t) — 1)
If Sz1(t) = 1 and SIQZ,) =1 then SY (t)(g.zg)
and
Sy (t) Sar(t) Sa2(t)] 14 1 H(Sa(t) + Saa(t) — 1)
SE(1) = [sm] — H [slﬂ(t) sb2<t>] H H )= [ H(Sn(t) + Silt) - 1)]
SH(1) Salt) Salt) 1 H(S (1) + 5at) ~1) |
If Sy1(t) = 0 and Sg2(t) = 0 then SL(t) =1

(3.50)
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3.2.3 Instantaneous Power Losses in Three-Level Neutral Point
Clamped Voltage Source Inverter (pi° o vpo vsr(9s(t),t))

The total power losses in the power semiconductor devices of a three-level NPC VSI are
composed of the on-state and the switching losses. If the switches are composed of an IGBT
and an inverse power diode, the conduction losses are found by (2.37) and (2.6).

st (00 0] [Uiner (g () iy (8) |+ Ras (9, (8)) (2 (1))?
Porr(05(),8) = | Dby (05 (1), t) | = | Uinr (9 () [i2_y (8) | + Rar (95 (1)) (i2_; (1))* ] ,
Pon—1(05(t), 1) Usnh—1 (95 (8)) lic_; () | + Ra—1 (0 (2)) (ig_; (lf))(2 |
3.01
P @(0.0]  [Un-oWa@EO] + Ra-p (0,(1) (i5(1)?
Porp (05(1),1) = | Dhup (95(8): 1) | = | Uin—p(9s(t))]d '
v s8] Ui p(@s ()15 + Ra_p (9,(1)) (5(1))?
(3.52)
As it can be seen from Tab. 3.6, the conduction losses depend on the switching vector
and the direction of currents. This means that we have the conduction power losses in the
IGBT if S.;2(t)= [1 1] and the i*(t) > 0 or SL?(t)= [0 1] and *(t) > 0 or S}2(t)= [0 0] and
i®(t) < 0 or SL2(t)= [0 1] and *(t) < 0, and the conduction power losses in the diode if
SL2(#)= [0 0] and i*(¢) > 0 or S}*(t)= [0 1] and ®(t) > 0 or SL2(¢)= [1 1] and i*(¢) < 0 or
Sh2(t)= [0 1] and #*(¢) < 0. Therefore, the phase current direction and the switching vector
determine which transistor or diode is on . The current direction can be found by appling
the Heaviside Step Function. Heaviside Step function is

~+

1, t>0
H(x):{o t<0.

Matrices of A;(t) and As(t) are defined as the diagonal matrices such that they split the
switching vector S'72(t) into two matrices.

abc
Sa(t) 0 0 Sa2(t) 0 0
VieR: A(t) = 0 Su() 0 |,At) = 0 S 0 |, (3.53)
0 0 Sal(t) 0 0 Selt)
matrix of B(t) as a column matrix such that

H(i*(1))

VteR: B(t)= |H(i*®)) |, (3.54)
H(ie(t))

matrix of U(t) as a unit column matrix such that

1
VteR:U®t) = |1], (3.55)
1
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and finally, matrix of I(t) as an identity matrix such that

VteR:I(t) = (3.56)

o O =
o = O
_ o O

The instantanous conduction power losses p®° .. ;1 vpe_vsr(9(t),1) are given by

abc

pgzc—:aL—ID—NPC—VSIwJ(t)a t) = [Pon_r(V(t), )]
( 2(A1 (1) A2(1) B(t))
Sp1(t) =1 and Szz()—landl (t) > 0.

o )~ A4 B

~

Spr(t) = 0 and Sea(f) = 1 and i%(¢) > 0.
+ [L(t) = Ai)][A)][U(t) — B()]
Su1(t) = 0 and Spa(f) = 1 and i%(t) < 0.
+ ?([I(t) - Al(t)”[(t) — A (1)][U() — B(1)]))
1(8) = 0 and Sya(t) = 0 and i (t) < 0.
+ [P D( J(t), )]
( 2(A:(1)A ()[ (t) — B(t)])
Sp1(t) = 1 and Sua(f) = 1 and i (t) < 0.
+ (1) — Ai(1)]A ()[ (t) — B(t)]

Sll()=0andszg():1 nd i*(t) < 0.

+2(() = A @) — A (1)) B(1))

~~

Sz1(t) =0 and Sz2(t) = 0 and i®(t) > 0.
) - AWA0BE) ). (3.57)

Sz1(t) = 0 and Szz( ) =1 and *(t) > 0.

where [p2c (9;(t),t)]T [W] and [p2c ,, (9;(t),t)]F [W] are transpose of (3.51) and (3.52)

on—1I
respectively.

The switching power losses can be calculated from Tab. 3.7, (2.44) or (2.31) and (2.16).
The turn-on and turn-off switching power losses of the IGBT and the reverse recovery of the
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diode are given by

b pgw—[—on (ﬁj (t)7 t))
pgwc I— on(ﬂj(t)7t>) = pgw—l—on(ﬁJ(t)’t))
pzwflfon (7‘9J (t)’ t))
B t-on(95(8), ) (=t (o -Uee MO0 a1 (05(8) — 95(t0)) s
ib
= | Bowermon(95(8), ) =l (0211 a1 (05(8) — 95(t)) s |
i, n 149
o t-on(95(8), 1) (=220 ) (=02 M1 4y (95(8) — 05 (1)) s
(3.58)
b psw I— off(ﬁJ(t)7t))
pgwc—l—off(ﬁJ(t)at)) = psw I off(ﬁJ(t)at))
psw I— off(ﬁ(](t%t))
i o 149
oo t-ops (95(),6) () (-Uee M1 4 a1 (05(8) — 95(t0)] s
it 4
oo 1-0p5 (05(), ) =2 (20220 4 g (95(8) — 95(t0)] i | -
i (t n (149
oo 1-0p5 (05(), ) (=20 (2022 M9 g (95(8) — 95(t0))] o
(3.59
e (9,(t), 1)
et o (0,(8),8) = |ph_p (95(8), 1)
e, (95(t), 1)
2 Qrr BAG] » 106
Ve y /(250 (28— )" [ 4 g (0,5(8) — 0.5 (t0))] 4
— | UrQur ( iz @)l )( Ur )0'6[14—0419_1(?%(15)—ﬁj(to))]fs (3.60)

4 Iffrated URf'rated

(1 + ap—1(95(t) — 05(t0))] fs

UrQrr ("?(t)' )( Ur )06

4 If—rated UR—Tated

As it can be seen, the switching power losses are dependent upon change in the switching
vector S12(t) and the direction of phase current i%%(t). The switching power losses occur
when the switching vector Sabc( ) goes from one to zero or vice versa. We use the discrete
space to find these changes. Therefore, the switching vector, the phase currents and the
switching power losses are mapped from continuous space to discrete space such that
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Vi€ R:SL2A(t) — Yk € Z: SL2[K], (3.61)

Vt € R :i%(t) — Yk € 7 : i%[k], (3.62)

Vt € R:p™e  (05(t),t) = Yk € Z: p™° ,[9,[k], K], (3.63)
V€ R pla aroon(05(8): 1) = Yk € Z: pla’ sy onlVs[K] K], (3.64)
VE € R :pl v orf(05(), 1) = Vk € Z:pl s s[05[K], K], (3.65)
Yt € R: Pl 1 on(Vs(t),t) = Yk € Z: plu ;o [05[K], K], (3.66)
Ve R :pl i (05(8),t) = Vk € Z: ple e [01K], K. (3.67)

We compare the switching vector of S'i2[k — 1] with S.;2[k] to find when the changes occur
at switching vector. Then, the direction of the phase currents i%¢[k] are used to find which
switches or diodes make the switching power losses. Just like the conduction power losses,
some matrices are introduced. The matrices of A;[k] and As[k| are defined as the diagonal

matrices such that they split the switching vector Sibi[k] into two matrices.

Sal[k] 0 0 SaZ[k] 0 0
VkeZ: Ak =] 0 Sulkl 0 |, A =] 0 Spkl 0 |, (368
0 0 Salk] 0 0 Selk]

matrix of B[k] as a column matrix such that

H(i"[k])
VkeZ: Bk = | H@[K]) | , (3.69)
H(i°[k])

matrix of U[k] as a unit column matrix such that
1
VkeZ: UK = [1], (3.70)
1
and finally, matrix of I[k] as an identity matrix such that

100
VkeZ:Ik]=|0 1 0f. (3.71)
00 1
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The total switching power losses p2%° .. ;n npo_vsrVs[k], k] are given by

p?Z)CfZ&LfIDfNPCfVSI [0k, k] = (p%ftiJ[k]v k])T
(([k = 1] = Ay[k — 1]) Ay [k] Ao [K] BIK]

S12[k]: [0 1] —)H 1] and i®[k] > 0.

+ (I[k] — Aq[k]) Aol —Vl](l[k] — As[k]) BIK]

S12[k]: [0 1] — [0 0] and *[k] > 0.

+ 2(U71K] — ARk — 1) — Aolk — 1) A>[k] Blk])

S12[k]: [0 0] — [0 1] and ®[k] > 0.
+ 2(A[k — 1(I[k] — Ai[k]) Ao [R](U[K] — B[k]))

-~

S12[k]: [1 1] — [0 1] and i®[k] < 0.

+ ([l = 1] = Ay [k — 1)) Ay [K] Ao [E](U [K] — BIK])

.

v~

S12[k]: [0 1] — [1 1] and ®[k] < 0.
+ (K] = Au[k]) A [k — 1] (T[K] — Az[k])(U[E] — BIK])
S12[k): [0 1] H‘[ao] and i®[k] < 0.
+ (5 r—on Vs (K], K])"
((I[k = 1] = Ay [k — 1]) Ay [k] A, [K] BIK]
S12[k]: [0 1] —>E 1] and i%[k] > 0.
+ (k] = A [K])(I[k — 1] = As[k — 1]) Ao[k] B[K]
S12[k]: [0 0] H‘[(? 1] and i®[k] > 0.
+ Ailk — 1(I[K] — Ai[k) As[k)(U K] — Blk])
S12[k]: [11] —>‘[Orl] and i®[k] < 0.
+ (I[k] = Au[k]) Ag[k — 1] (T[K] — Ao[k])(U[K] — BIK]))
S12[k]: [0 1] —>‘[80] and i®[k] < 0.
+ (pgfuc—l—off[ﬁJ[k]’ k)"
((Au[k = 1])(I[k] — As[K]) Ao[k] B[R]
S12[k]: [1 1] —:[(;1] and i*[k] > 0.
+ (I[k] = Ay [k]) As[k — 1] (I [k] — As[K]) B[K]
S12[k]: [0 1] —>‘[60} and i®[k] > 0.
+ (I[k = 1] = Au[k — 1]) Ay [k] Ao [k]) (U k] — BK])
S12[k): [0 1] —>H1] and i®[k] < 0.

+ ([K] = Au[k])(I[k — 1] — As[k — 1)) Ao[K]) (U [K] — BIK])).

J

S12[k]: [0 0] —>‘[6 1] and i%[k] < 0.

(3.72)
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where (e p[0s[K], k)T W], (Do _onlVs[K], KT (W] and (pe0 ;s [95[K], K])T [W] are
transpose of (3.60), (3.58) and (3.59).

Then, a low pass filter is used to reconstruct the continuous switching power losses from
the discrete switching power losses.

p(slz;C—?:L—ID—NPC—VSI [0]k], k] — p(slz;c—?)L—ID—NPC’—VSl(ﬁJ(t)’ t). (3.73)

Finally, the total instantaneous power losses for a two-level voltage source inverter is given
by

abc

Diot—si-npo—vsr(Vi(t), 1) = p?Z;aSLlefNPCfVSI(ﬁJ(t)7 t) + pgzc:aLIDNPCVSI(ﬁJ(t)(’ £). )
3.74

If the switches are composed of a MOSFET and an inverse power diode, we should only
replace the MOSFET’s equations with the IGBT’s equations.
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Chapter 4

Modulation Techniques for
Three-level NPC VSI

In all configurations of VSIs, semiconductor devices should be switched between on and off
to control the amplitude and frequency of the output voltage. Several different modulation
schemes based on switching frequency have been proposed for three-level NPC VSIs. First
group is when modulation schemes work with low switching frequencies. This means that
these types of schemes turn the switches on or off for a limited number during one cycle
of the output voltages. Selective harmonic elimination (SHE) and the space-vector control
(SVC) are modulation schemes that work with low switching frequencies. Second group
is when modulation schemes work with mixed switching frequencies. The mixed switching
frequencies allow a group of the switches operate at low switching frequencies while other
group of the switches to operate at high frequencies. Hybrid modulation scheme is from
this type. The last group is when the switches are turned on or off with high switching
frequencies. This means that these modulation turn the switches on or off many times in one
period of the fundamental output voltage [30]. Very interesting methods at high frequencies
are space vector modulation (SVM), phase shifted PWM and level shifted PWM. Fig. 4.1
shows the classification of multilevel modulation schemes. In this chapter, PWM and SVM
for a three-level NPC VSIs are defined and explained.
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Multilevel Modulation
Schemes

| )

High Switching
Frequency

Fundamental Switching
Frequency

|
l ) ! }

Phase Shifted
PWM

Mixed Switching
Frequency

Selective Harmonic
Elimination

Space Vector
Control

Space Vector
Modulation

Level Shifted
PWM

Hybrid
Modulation

Figure 4.1: Classification of multilevel modulation methods.

4.1 Pulse Width Modulation

As it can be seen from Fig. 4.2, sinusoidal PWM schemes can be divided into two groups
at high frequencies. The first group is phase shifted PWM technique. The second one is
level shifted PWM or carrier disposition modulation (CD). The level shifted PWM is also
categorized into Phase Disposition (PD), Phase Opposite Disposition (POD) and Alternative
Phase Opposite Disposition (APOD) [36].

High Switching
Frequency

4

Phase Shifted
PWM

Level Shifted
PWM

l

y

l

Phase Disposition (PD)

Phase Opposite
Disposition (POD)

Alternative Phase Opposite
Disposition (APOD)

Figure 4.2: Sinusoidal modulation schemes for Multilevel VSIs at high frequency.

In general, pulse width modulation is composed of n reference waveforms and m carrier
waveforms where n is determined by the number of phases and m depends on the number of
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levels of inverter. R

The reference waveforms are usually sinusoidal waveforms with amplitude U, [V] and fre-
quency f, [Hz]. In three-phase system, three reference sinusoidal waveforms are used that
are shifted of 120 electrical degrees from each other.

. ugef(t) R cos(27m f,t + gpr)zﬂ
U,ref(t> = Uref<t) = U, |cos(2m frt + o, — ?) _ (4.1)
Uy (1) cos(2m frt + o — 3F)

where ¢, [rad] is initial phase shift of reference waveform.

Moreover, one reference sinusoidal waveform can be used, afterwards this is shifted two times
with an appropriate electrical shift.

Any types of carrier waveforms can be used in PWM, like saw-tooth carrier, inverted saw-
tooth carrier, triangle carrier jetc (see Fig. 4.3).

/N NN

(a)

(b)

(c)

Figure 4.3: (a) Triangle carrier (b) Inverted sawtooth carrier (c) Sawtooth carrier.

However, certain harmonics are eliminated when triangle carrier waveforms are used with
the reference sinusoidal waveforms. Therefore, triangle carrier waveforms are used for in-
verters [37]. For a three-level NPC inverter, two triangle carrier waveforms are required. All
carriers have the same peak-to-peak amplitude U, [V] and frequency f. [Hz]. (4.2) gives the
Fourier series of triangle carrier waveform shown in Fig. 4.4.
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ug ()4

U.| :

C

»

T2 T Time t [s]

Figure 4.4: Triangle waveforms.

U AU 1 2(2i — 1)t
ue(t) = 5 3 27;:1 e cos 7 : (4.2)

where T, [s] is the period of the triangle carrier waveform.

Different types of modulation schemes are obtained by changing the place of triangle
carrier waveforms. The zero reference sinusoidal waveforms are placed in the middle of the
carrier waveforms. At every instant, carrier waveforms are compared with the references
waveforms. These can be mathematically described by using the Heaviside step function .

1, ifz>0
H("”)_{ 0, ifz <0.

Thus, the states of the switching vector for PWM are given by

Surlt) (] [Huls(t) = uaa(t) H(u, (1) — uealt))
S0 = [Sn() Salt) | = | Hluboy(t) — ua(t) Hluboy (1) —ua(®)| . (4.3)
Salt) Salt)]  [H(uEp(t) —ua(t)) H(ut, (1) — uealt))

The output voltage and the content of harmonics depend on the amplitudes and frequencies
of carrier and reference waveforms. Therefore, two indices are introduced to measure the
ability of a PWM schemes to deliver AC power. The amplitude ratio r4 is defined as the
ratio of the reference amplitude U, to the amplitude of peak-to-peak carrier band U,

U,
TA = <. (44)
Ue
Moreover, frequency ratio 7 is given by
e

Other important thing in the sinusoidal PWM is total harmonic distortion of voltage (T"H D,)
and it is defined by

THD, = ZZO?(%)?. (4.6)
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THD, is the summation of all harmonic of the voltage waveforms compared against the
fundamental waveform of the voltage.

In this section, Phase Shifted, Phase Disposition (PD), Phase Opposite Disposition (POD)
and Alternative Phase Opposite Disposition (APOD) modulation schemes are analyzed.

4.1.1 Phase Shifted PWM

In three-level NPC VI, two carrier signals are required in phase shifted pwm. Two triangular
carriers have the same peak to peak amplitude U, [V] and same frequency f. [Hz|, but the
carrier waveforms are shifted from each other. For three-level NPC VSI, the carriers are
phase shifted with an angle of 7 [rad]. In phase shifted PWM, the amplitude ratio r4 and
frequency ratio ry are

U,
rqg — =<. 4.7
AT T (4.7)
Moreover,
Je

Fig. 4.5 shows sinusoidal reference waveform and two triangular waveforms, the switching
waveforms and the line-to-live voltage in the three-level NPC VSI respectively. Fig. 4.6
illustrates TH D, and line-to-line voltage in three-level NPC VSI.

Reference and carrier waveforms

0 0.005 0.01 0.015 0.02  0.025 0.03 0.035 0.04 0.045 0.5

0 ! !
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
Time t [s]
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Sa2(t)

0 0.005 0.01 0.015 0.02  0.025 0.03 0.035 0.04 0.045 0.5

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
Time t [s]

Figure 4.5: Simulated waveforms in the three-level NPC VSI using phase shifted PWM (f,
=50 [Hz|, fo =750 [Hz], r4 = 0.8, and r;y = 15).

THD
I

0 \ \ \ | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5

ug(t) V]

-500 | | | | k | | | | :

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
Time t [s]

Figure 4.6: Line-to-line voltage total harmonic distortion (TTHD, = 67%) and line to line
voltage in the three-level NPC VSI using phase shifted PWM (f, = 50 [Hz], f. = 750 [Hz],
ra = 0.8, and ry = 15).
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4.1.2 Phase Disposition PWM

In three-level NPC VSI, two triangular carrier waveforms are in phase with same amplitude
U. [V] and frequency f. [Hz]. The phase disposition (PD) technique has only odd harmonics
for odd r¢ and yields odd and even harmonics for even r;. In phase disposition PWM, the
amplitude ratio 4 and frequency ratio r; are

U,
r4= —. 4.9
AT oT (4.9)
Moreover,
rf—%. (4.10)

Fig. 4.7 shows sinusoidal reference waveform and two triangular waveforms, the switching
waveforms and the line-to-live voltage in the three-level NPC VSI respectively. Fig. 4.8
illustrates TH D, and line-to-line voltage in three-level NPC VSI.

Reference and carrier waveforms

\ r‘ I L 1 A ‘r [ A l‘ i X L AVt

I\ /\\ I\\ II\ Il\ ,I\\ I\\ II\\ I/\ I\\ I\ / Iy I,\\ I\ A I/\ I\\ i II‘ I,\\ 1

Iy VI Vi ATEERY Vi
/A \ I\

Yy VY vy Ny y My vy Y vy

)

L»_l: .

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
Time t [s]
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Sa2(t)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5

ug(t) V]
500 | LnnnnAn
all } i 1
- M W iﬂnnﬂnr]J‘mr

oy I ugudu

- NA-R-RA

_lJ_ﬂJIJIJIJL
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Time t [s]

e
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JI_\ﬂﬂﬂﬂf
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Figure 4.7: Simulated waveforms in the three-level NPC VSI using phase disposition PWM
(fr =50 [Hz|, fo =750 [Hz], r4 = 0.8, and r; = 15).
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Figure 4.8: Line-to-line voltage total harmonic distortion (TTHD, = 41%) and line to line
voltage in the three-level NPC VSI using phase disposition PWM (f,. = 50 [Hz], f. = 750
[Hz], 74 = 0.8, and ry = 15).
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4.1.3 Phase Opposite Disposition PWM

In the phase opposite disposition (POD) modulation the carrier waveforms above or below
the zero reference value have the same amplitude U, [V] and frequency f. [Hz]. However,the
carriers are phase shifted with an angle of 7 [rad]. The phase opposite disposition technique
has odd symmetry for odd r¢ and quarter wave symmetry for even r;. In phase opposite
disposition PWM, the amplitude ratio r4 and frequency ratio r; are

rA= UAT . (4.11)
2U.
Moreover,

Fig. 4.9 shows sinusoidal reference waveform and two triangular waveforms, the switching
waveforms and the line-to-live voltage in the three-level NPC VSI respectively. Fig. 4.10
illustrates T'H D,, and line-to-line voltage in three-level NPC VSI.

Reference and carrier waveforms

L i
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—_
|

Uy \ \ \ \ \ \ \ \ \
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
U ge(t) [V]
500 W W W N N N {
-500 l l l l l l l l l

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.5
Time t [s]

Figure 4.9: Simulated waveforms in the three-level NPC VSI using phase opposite disposition
PWM (f, =50 [Hz], f. =750 [Hz], r4 = 0.8, and ry = 15).
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0.7
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Figure 4.10: Line-to-line voltage total harmonic distortion (TTHD, = 67%) and line to line
voltage in the three-level NPC VSI using phase opposite disposition PWM (f, = 50 [Hz], f.
=750 [Hz], r4 = 0.8, and r; = 15).
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4.1.4 Alternative Phase Opposite Disposition PWM

In Alternative phase opposite disposition (APOD) PWM, all triangular carrier waveforms
are phase-displaced by 7 [rad] alternatively. AOPD PWM is just like POD PWM in the
three-level NPC VSI, because we have two carrier waveforms. Therefore, all results for POD
PWM are valid also for APOD in the three-level NPC VSI.

4.2 Space Vector Modulation

A space vector PWM (SVM) method for a three-level NPC inverter is proposed in this section.
As the section (3.2.2) shows, each leg of three-level NPC VSI can be modeled into a three-
pole switch. Therefore, each leg has three states resulting a total of 27 possible of switching
states. If we assume (3.43), the relationship between switching states and the space vectors
can be derived. Therefore, (3.43) means if we have the phase voltage of two phases, we can
compute the phase voltage of third phase. Thus, it is possible to apply Clarke-transformation
to transform the three phases system to an equivalent two phases system [38].

=3l ¥ A . (4.13

where u,(t) [V] and ug(t) [V] are the instantaneous voltage vector in the a-f plane.
By inserting (3.47) into (4.13)

u R C IO el
{a(t)} :%[3 Mlg _Qg] Sy =[SO | (4.14)
2 sem] s

[STH @) sy ) sEE )T

A space vector 7(1&) is expressed in terms of the two-phase voltages in the a-3 coordinates
such that

() = ua(t) + jus(t). (4.15)
D) = [T (t)|e. (4.16)

where
17 (1) = \/ (ua())? + (us(t))?, 0(t) = arctan(Zigg). (4.17)

All twenty seven active vectors can be derived by inserting value of the switching vectors.
Tab. 4.1 summarizes the relationship between the space vectors and the switching vectors.
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Space Vector @ (t) | Switching Vector [SU=E(t) SY=L(t) SU-E(#)]T | [W(t)] | £ ()
[ [111],[000], [1-1-1] 0 ;
v, [100],[0-1-1] Use 0
[if [110],[00-1] Use z
i [010],[-10-1] Yee z
(i 011],[100] Use n
Us 001], [1-10] Ue | 4z
[ [101],[0-10] Bee &
77 [10-1] @ x
Us 01 -1] Vs | 1
U, [110] Vale | om
U1 F101] ViUp | Tm
U, 0-11] ViUs | B
U [1-10] Yalge | U
U [1-1-1] W |
U [11-1] e z
U s [[11-1] e Z
[y [111] Wee | g
U [-1-11] e &
U [1-11] Lo b

Table 4.1: Switching Vectors and Voltage vectors.
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The space vector 70 to 718 in Fig. 4.11 are stationary vectors, because they do not
move in space. The reference vector U e 7(t) rotates in the o~ plane at an angular velocity

w= @ =27 fy. (4.18)

where f; [Hz] is the fundamental frequency of the output voltage of three-level NPC VSI.

Sector 2
BA
Uis Usg U14
N
o
Q:G' - 0. %o
UQ 7 ")
a(t)
&
—_ U st
Use Uo [ > aq
U1 Uss
- Uy
4, T > Ty &
(%%9 10 U12 (‘39
) &S
U17 Uﬁ U18
Sector 5

Figure 4.11: Space vector diagram of the three-level NPC inverter.

Space vector PWM for three-level NPC VSI is implemented by considering the following
steps [39]
1. Determining the sector.
2. Find the region in the sector.
3. Calculate the switching times (T,, T, and T¢).
4. Design the switching sequences.

4.2.1 Determining the Sector

£ (t) or B(t) [rad] is obtained by (4.17). Then by using 6(t), the sector where 7 (t) lies can
be obtained. Tab. 4.2 shows the relationship between (t) and the sectors.
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0(t) [rad] U (t) location
0<0(t) <3 Sector 1
T<it)<Z Sector 2
%” <Ot)<m Sector 3
T <0(t) < %” Sector 4
it < 9(t) < B Sector 5
%’T <0(t) < 2w Sector 6

Table 4.2: Relationship among location of % (¢) and the sectors.

4.2.2 Find the Region in the Sector

If we assume that 7/ (¢) is in the sector 1, the relationship among  (¢) and regions are (see
Fig. 4.12) [40].

D1() = T (1) cos(0(¢)) — (m;;i—?,_ff(’f))) cos(%), (4.19)
Uy(t) = ms);l—?g“)) (4.20)
Bt B}
U14
@
/s \ . %
Uz u; =,
(1) ¥ 1)
XY
_Ysow / .
Uo T Uy U,

Figure 4.12: Regions of the sector 1.
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where 71(15) and 72(15) are projections of 7(15) on the stationary vectors of ﬁlg and 5214
respectively. Therefore, the relationship among 7(25) and the regions are

Regionl, if (1(t) and Ws(t) and (W1(t) + Wa(t))) < e
Region2, if W (t) > Y
Region3, if 72(t) > %

Regiond, if (1(t) and Ws(t)) < % and (,(t) + Wo(t)) > Ye.

Location of U (t) =

In general, the relationship among the location of 7(15) and all regions of each sector are
given by

W (t)sin(0(t) — (k—1)7)

T T
71(75) = 7(75) cos(O(t) — (k — 1)5) —( sin(Z) )cos(g), (4.21)
U (t)sin(0(t) — (k—1)Z
72(75) = () sin( ( ) — ( )3> (4.22)
sin(%)
where k € {1,2,3,4,5,6} is the sector number.
Fig. 4.13 shows the regions of each sector.
Sector 2

Uiz 611 U1g
Sector 5

Figure 4.13: Regions of each sector.
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4.2.3 Calculate the Switching Times (7,, T} and 7,)

7(15) can be made by three adjacent stationary vectors among 70 to ﬁlg. The switching
times calculation are obtained based on volt-second balancing principle [29]. This means
the product of 7(75) and switching period T} is equal to the sum of the stationary vectors
multiplied by the time interval. If we assume that the switching period Ty is sufficiently
small, 2 (t) can be considered constant during T,. Under this assumption, () can be
approximated by three adjacent stationary vectors ( three adjacent stationary vectors are
found by the previous steps). For example, if we assume that 7(15) is in the region four
from sector one (see Fig. 4.12), three adjacent stationary vectors are ﬁl, ﬁg and 527. The
volt-second principle says

DT, = UrT, + UsTy + UTo, (4.23)

T, =T, +T,+T.. (4.24)

where T, [s], T, [s] and T, [s]| are the switching times for ﬁl, ﬁg and ﬁ% respectively. If
(4.23), (4.16) and Tab. 4.1 are used, relationship among 7 (t) and the stationary vectors

1, 2 and 7 is

W (8)]e?OT, = U;‘JTOL - U;‘Cengb + \/iUdcej%’Tc. (4.25)

If we split (4.25) into the real and imaginary parts
Re : 3%2?’ cos(6(t))Ts =T, + gTb + %Tc, (4.26)
Im: 3‘7@' sin(0(t))Ts = §Tb + ETC. (4.27)

Udc 2 2

(4.26) and (4.27) together with Ty = T, + T, + T, are three equations for three variables.
Therefore, the switching times for the region four from the sector one are

T, =T,(1 — Qﬁ%ﬂ sin(6(t))), (4.28)
dc
T, = TS(2\/§M sin(= + 0(t))), (4.29)
Ude 3
U (t
7= 7,0 — 2v322Ol G T agyy), (4.30)
Ude 3
If we define x,, z;, and x. , we can extend the switching times for all sectors.
Lok = ﬁ'ﬁl]ﬂ sin(0(t) — (k — 1)%), (4.31)
dc
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Ty = \/3’?]2?' sin(g 1 O(t) — (k— 1)%), (4.32)
Tep = @@# sin(g —0(t) — (k — 1)%). (4.33)

where k € {1,2,3,4,5,6} is the sector number.
Tab. 4.3 shows the switching times for each sector.

Sector | Region T, [s] Ty [s] T. [s]
k 1 ﬁk Ts (2 xep) ﬁo Ts (1- 2 zpr) ﬁk-‘,—l T, (2 war)
k 2 Ur | T 2-2200) | Ussn | To @awr) | Uion | To (2 2o -1)
k 3 5}13% Ts (2 xar -1) ﬁ@rk Ts (2 xer) ﬁkﬂ T (2- 2 xpr)
k 4 3;& Ty (1- 2 z4k) ﬁﬁ—i—k T (2 xpr, -1) ﬁk+1 T, (1- 2 7g)

Table 4.3: Switching times for each sector.

where k € {1,2,3,4,5,6} is the sector number. Note that for the sector six, 37 and ﬁlg
are equal to U and U 13 respectively.

4.2.4 Design the Switching Sequences

The next step is to design the switching sequences. In practice, the switching sequences for
a 7(t) can be designed in many ways, but it should meet the following requirements:

(R1). The neutral point voltage uy(t)=Ugs(t) is defined as the voltage of capacitor Cs
(see Fig. 3.12). In practice, up/(f) changes with the switching state of the NPC VSI. This
means that u(t) changes with U to 76. If the upper switches (SY(¢) and/or SY(¢) and/or
SY(t)) produce the stationary vector ﬁl to Ug, the neutral point voltage uy(t) increases.

On contrary, if the lower switches (SZ(t) and/or S (t) and/or SE(t)) produce ﬁl to ﬁ(g,
the neutral point voltage uys(t) decreases. Therefore, the effect of switching state on wy ()
should be minimized [41].

(R2). Moving from one region or sector to the next one should be done by minimum number
of switchings [29].

(R3). Changing in one switching state to the next should be done by only two switches in
the same inverter leg.

(R4). The line-to-line output voltage waveform should be quarter-wave symmetry to eliminate
even-order harmonics (minimum THD).
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(R5). Try to minimize the switching losses of inverter.
Assuming that the fundamental harmonics of the phase voltages u¢(t) and currents i$%(t)

of three-level NPC VSI are [42]

(t; - %:) , (4.34)

_m ). (4.35)

where U; [V] is the amplitude of first harmonic of phase voltage, I; [4] is the amplitude of
first harmonic of phase current and ¢ [rad] is the load power factor angle.
The space vector expressions are provided by inserting (4.34) into (4.13) (see Fig. 4.14 )

w(t) = [uf(t)|e?, (4.36)

- -
:|Z1

i (t) = |71 (£)]edCO=9), (4.37)

|
cl

Us7 U4 U1g

Figure 4.14: Space vector of the first harmonic of phase voltage and current for 3. NPC VSI.
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The relationship among the sectors from one to six and first harmonic of phase voltage
u$(t) and phase current i(t) can be obtained by (4.34), (4.35), (4.36) and (4.37). Fig. 4.15
shows this relationship [43].

(1), uf(t)

ui(t)
/ i)
& S, gz Ss S, S5’ s <
& & 3 ™ o) [rad]

Figure 4.15: Relationship among the sectors and u{(t) and i{(¢) for 3L NPC VSI.

As it can be seen from Tab. 4.4, in each sector, the switches in one leg of the three-level
NPC VSI remain unchanged. For example, in the sector one, the switches in either leg ”a”
or leg ”¢” can be fixed.

Fig. 4.16 and Tab. 4.4 summarize the relationship among the sectors and the switching
vector, where x € {—1,0,1} and this means the switches can be either on or off.

Sector | [SU=L(t) SYE(t) SU-L(#)]T | Turn-on switches
1 1z a]or [z —1] SU(t) or SL(t)
2 w12 or [z —1] SU(t) or SL(t)
3 @ 1a]or [1za] SU(t) or SL(t)
4 —1 2z or [zl SU(t) or SE(t)
5 @ —1 2] or [z z 1] SU(t) or SE(t)
6 122 orfx—1a] SU(t) or SE(t)

Table 4.4: Relationship among the sectors and the switching vector.
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Sector 2

Sector 5

Figure 4.16: Relationship among the sectors and the switching vector.

Therefore, the upper or lower switches of one leg of the inverter can be remained un-
2

changed for maximum two sectors 6(t) = % [rad]. For example, the lower switches in leg
7¢”, SE(t), can remain unchanged in the sector one and sector two. Thus, we eliminate
switching losses for the leg ”¢” when the space vector lies in the sector one and two. How-
ever, if we want to meet the requirements R; and Ry, the switches of one leg do not change
for % [rad]. Becuase if the upper switches of one leg are on for 6(t) [rad], the lower switches
of the same leg must be turned on for 7+ 0(t) [rad]. Therefore, the upper and lower switch of
each leg are turned on every % [rad]. R; is met if the upper switches and lower switches are
turned on equally in one switching period. Moreover, Ry is met if uft*(0(t)) = —ufe(m—0(t)).
This means the upper switches and lower switches should be alternatively turned on every
% [rad]. Therefore, the space vector diagram is divided into six regions equally as shown in
Fig. 4.17. The upper switches are turned on in the shaded regions, while the lower switches
are turned on in the no shaded regions. As it can be seen from Fig. 4.17, we can define
the rotating angle ; [rad] between the axis o and p. Therefore, the shaded regions and no
shaded regions can rotate in the space vector diagram. The rotating angle 6; [rad] is given
by
="t T<o<l <01<2—7T
27T T2 - = 3

: (4.38)

wl
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The load power factor angle ¢ [rad] is used to determine the relationship among the phase
currents and the sectors. For example, if —F < ¢ < ¢ then the peak of phase current i{(t)
lies between the sector six and sector one. Therefore, SY(¢) should remain unchanged in the
sharing area among these sectors and the area one to reduce the switching power losses. Fig.
4.18 shows the relationship among the phase current i{(t), ¢ and 6, [44].

Ne,@%_) B A - .
Uss / 14 ?"@
U =
N 3 U. -
Ug Us Us XY
< U, > >
g Usg Uo 01 U —>q é
< 1 Uz =
Us
U1o Us U12
o
% — — — ©
z Uiz / Uy U1g ‘?SQ'@

Peak of Phase “a” lies in Area 1 and Area 4.
Peak of Phase “b” lies in Area 3 and Area 6.
Peak of Phase “c” lies in Area 2 and Area 5.

Figure 4.17: Alternative use of two switching sequences.

S |

7'*\e('t) [rad]
2

Figure 4.18: Phase current and the rotating angle.
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To find out how we reach Fig. 4.17, we assume impedance of load is given by
() = [F (1)), (4.39)

Therefore, the space vector for current is given by

— —5 N1 30(0)
— ui(t)  |ui(t)e? 1) I Ol

£ — _ : — t)|e? o( )) 4.40
2= T Fleeo — 10k .

It means the the stationary vectors from ﬁo to ﬁlg should be rotated for —¢(t) [rad] and
divided by |Z{ ()| to find the space vector for current (see Fig. 4.19).

v 2

cl

13

Figure 4.19: Solid lines are space vector of voltage and dashed lines are space vector for
current.

And we know that orthogonal stationary reference frame, in which « axis and 3 axis are
perpendicular to each other, but in the same plane as the three-phase reference frame. This
means that maximum current |i{ (¢)| is in phase with « axis (see Fig. 4.20).
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Figure 4.20: Combined vector three-phase reference frame and two-phase reference frame.

Fig. 4.21 is obtained by comibination of Fig. 4.19 and Fig. 4.20

4
NG")% B4 fe'sé

Area 4

Figure 4.21: How to divide the current space vector to find areas.

Therefore, Fig. 4.17 can be found by multiplying (4.39) in the current space vector. If
we consider (4.38), Fig. 4.22 and Tab. 4.4, we can find the relationship among the areas and
the sectors. For example, if the load power factor angle ¢ is between T [rad] and 7 [rad],
the peak of i{(t) (Area one) lies between sector one and sector two. Therefore, we try to
minimize switching in area one for phase ”a” to reduce the switching losses. Thus, if the area

one lies in the sector one, the upper switches SY(¢) ( [1 z x]T) remain unchanged and if the
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.abc
I ()
Area 6 Area 1 Area 2 Area 3 Area 4 Area 5 Area 6
i 1(i1_'rik2iT+(p)[A] a
. b .C
6 3 i (6(t)) iy (B(t)) i1 (B(t))
\\\ - ~~._\~> _ - <. \/
7
See, S / S2 Sz 7 Siw Ss St~
/ . N. 11 o m oo ., anm o
6 T8 32 < B(t) [rad]
------------------------- < ~. sy - Sael s .-
i 4(2mtk2m+o)[A]
6 3
22 2w 2o 2o 2w 2o 2o
S8 S8 S8 S8 S8 S s8
=8 8 s 2 =2 =2 s 2 =8
w o w o w Qo w Qo w Qo w o " Qo
28 28 28 28 28 28 28

Figure 4.22: Relationship among the phase currents and the sectors (i1(+% & 22 + ) [A] is
the amplitude of phase current in (£ + 2T + ) [rad] where k € {0,1,2} is phases a, b and

¢ respectively).

area one lies in the sector two, the inner switches SM(¢)( [0 z #]7) remain unchanged for the

stationary vectors ﬁo, ﬁg, 73 and 78. Tab. 4.5 summarizes these relationships.
Last step is to design switching sequences. In practice, the switching sequences for a given
ﬁ(t) is not unique, but it must satisfy the requirements from R; to Rs. Fig. 4.23 shows
a typical switching sequences for ¢ = % [rad]. As it can be seen from Fig 4.23, the switch
changes from one switching state to the next by only two switches in the same phase (Rs).
Beside this, if @ (t) moves from one sector/region to the next sector/region requires one
switching (R3). In addition to these, we try to minimize the switching when the peak of
abc abc

currents pass through the semiconductor devices (R5). Moreover, uf¢(6(t)) = —uf*(m—0(t))
is met, therefore even-harmonics are eliminated (R4). Finally, every % [rad], we used the

same number of the positive and negative stationary vectors ﬁl to ﬁﬁ. Thus, the effect of
switching states on up,(¢) are minimized (Ry).
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Area 3
g ealy

Sector 1, Rergion 4 Sector 1, Rergion 3 Sector 2, Rergion 2 Sector 2, Rergion 4
U4 Uy|Ug|Ua|Uq[Uy|  [U4{Uid Ul Ug|UpUy|  [U,| UglUidUsd UgUs|  [Us,| Ug Us| Us| Ug U,
pu 111(1]1[1[1 111(1]1[1]1 0/0/1/1/0]0 0/0j0|0|0]0
2001100 O[1/1[1[1]0 0/1]1]1]1]0 0/1/1[1/1]0
-10/0/0[{0 |1 -1-1/0|0-1]-1] [-1]-1]-1]-1]-1]-1| |-1/]-1/]0|0[-1]-1
TalTo|Te|Te | Tb| Ta LT\ Te|Te | To|Ta|  (Ta|To|Te|TeTo|Tal |Ta|Te|Tc|Te| To|Ta
212|2|2|2|2 21212222 212|2(2|2]|2 212|2(2|2|2
s 2 ST R e R 2 i SRl
o~ Ug| Ug| Uzl Uz| Uy Ug Ug|Uig| Us| Us|Us5 Ug U 3| UglUis|Uis| Ug U4 U3 Ug| Ug| Uy Ug U4
© 0/0/-1/-1/0]0 0[-1]-1]-1]-1]0 0[-1]-1-1]-1]0 0/[-1]-1]-1]-1]0
< |1/0/0]/0]0]1 1/1/0/0]1][1 11(1]1]1]1 111]0]0 11
-1-1-1]-1]-1]-1 -1]-1]-1]-1]-1]-1/ [0|0]-1]-1]0|0 0/0/0|0]0]0
Ta|To |TcTc| Tb| Ta Ta|To(Te|Te | To|Ta|  (Ta|To|Te|TeTo|Tal |Ta|To|Te|Te|Tb|Ta
21212 |2|2|2 2122222 21212 |2|2|2 2(2|2|2|2|2
Sector 3, Rergion 4 Sector 3, Rergion 3|  |Sector 4, Rergion 2 Sector 4, Rergion 4
- ol Us| U/ Ug| Ug Uq Ug|Usg Us| Us UgUg [Uy UiUsgUsg|Uno D)4 U4|Usg| Us| Us Uiy Uy
s |-10/0]/0/0]-1 -1-110(0 |-1]-1| |-1]-1]-1]-1]-1/-1] |-1]-1]0|0|-1]-1
$111111 111(1]1[1]1 0|0/1[/1]0]0 0/0|0|0|0|0
0[0/1]1/0/0 0O[1/1[1]1]0 0[1[1]1]1]0 O[1[1[1[1/0
TalTo|Te|Te| To| Ta LT (Te|Te | To|Ta|  (Ta|To|Te|TeTo|Tal |Ta|To|Te|Te| To|Ta
212|2|2|2|2 2122222 212|2(2|2|2 212|2(2|2|2

Figure 4.23: The proposed switching sequences in three-level NPC VSI for ¢ = % [rad].
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¢ [rad] 5 S<p< — 2 <p<E F<p<7T
01[rad] =5 <6, <0 0<6, <% <6 <FT
e Sector 6 [1 = x] e Sector 1 [1 = z]
Area 1 e Sector 5 [0 « % 1z x] e Sector 2 [0 = x]
for ﬁg, ﬁ5, 7 65 for 70, ﬁg, ﬁg, 78
e Sector 1 [z x —1] e Sector 2 [z x —1]
Area 2 e Sector 6 [z = 0 [z —1] e Sector 3 [z z 0]
for 70, 526, ﬁl, 12 for ﬁo, ﬁg, 524, ﬁ
e Sector 2 [z 1 x] e Sector 3 [z 1 :v]
Area 3 e Sector 1 [z 0 z] [z 1 ] e Sectord [z 0 z]
for ﬁo, ﬁl, ﬁz, ﬁ for ﬁo, 74, ﬁ5, 310
e Sector 3 [— 1;1:;1:} e Sector 4 [—1 z z]
Area 4 e Sector 2 [0 = z] [—1 z z] e Sector 5 [0 z «
for ﬁo, ﬁg, 73, ﬁ for ﬁo, 35, ﬁgg,
e Sector 4 [z z 1] e Sector 5 [z x 1]
Area 5 e Sector 3 [z z 0] [z x 1] e Sector 6 [z x %
for ﬁ ﬁ 3, ﬁ ﬁ for ﬁo, ﬁg, ﬁl, 12
o Sector 5 [x —1 x| e Sector 6 [x —1 z]
Area 6 e Sector 4 [z 0 % [z —1 x] e Sector 1 [z 0 z]
for ﬁg, 74, 35, 10 for ﬁo, ﬁl, ﬁg, 37

Table 4.5: The relationship among the rotating angle #; and the load power factor angle ¢
and sectors.
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Chapter 5

Simulations

This chapter presents the implementation of the power losses of two-level VSI and three-level
NPC VSI. The models are built on the corresponding equations in the previous chapters. The
parameters of semiconductor devices are taken from the datasheet ” 5SNA 1200E330100”
and "MTE53N50E/D” to model the VSIs and their power losses. The simulation is done in
MATLAB®-Simulink® (2014b) using the solver ode4 (Runge-kutta) with the fundamental
sample time le —6 [s]. In the following sections, we divide the models into several subsystem
and explain each subsystems. Here, we first simulate the power losses in two-level VSI.
Afterwards, the losses in three-level NPC VSI are simulated. Finally, we compare the power
losses in the two-level VSI to power losses in the three-level NPC VSI.

5.1 Simulation of Power Losses In Two-Level VSI

Fig. 5.1 shows the block diagram of simulation for power losses in two-level VSI. As it can
be seen, they are divided into several subsystems. Each subsystem receives the signals as
the inputs and generates the outputs for the corresponding subsystems. Some inputs are
defined by user. For example, |U,cf|, ¢rey and f,of are the amplitude of reference sinusoidal
waveforms, initial phase shift of reference sinusoidal waveforms and the frequency of reference
sinusoidal waveforms. Moreover, it is assumed that the DC-link voltage are constant and it
is equal to Uy.. In addition to these, the switching frequency is given by fs;. Finally, we
receive IGBT/MOSFET variable. If it is equal to 1, the switches are composed of IGBTs
and diodes, else they are MOSFETSs and diodes. The value of parameters are given in Tab.
5.1.

Parameter | |Uyer| [V] | @re [rad] | fref [Hz] | fs [Hz] | Ugc[V]
Value 200 0 20 10000 280

Table 5.1: Parameters of reference sinusoidal waveforms.
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5.1. SIMULATION OF POWER LOSSES IN TWO-LEVEL VSI

Subsystem u25(t) uses (4.1) to generate the three-phase sinusoidal reference waveforms.
These waveforms apply in the subsequent subsystem PW M. Fig. 5.2 shows the three-phase
sinusoidal reference waveforms model and Fig. 5.3 illustrates the output of this subsystem.

cos(u)
2,0 -
Integrator »> cos(u - 2/3*pi) » Mux
&> 0 D
? . ref |—> uab(f: 0) 13x11 V]
* > cos(u - 4/3*pi) ©
u(lfef (t)
2
|Uref|

Figure 5.2: Generate three-phase sinusoidal waveforms.

200 —

1ol N g ot .
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u ref
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f = ; |

-50 Mo vy Lo ! , k
\ \ 2 by

-100 i ) i { .

v
-150 I . v ’

o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time t [s]

Figure 5.3: The output of subsystem uﬁ’;}(t)

The subsystem PW M receives ufl(t) [V] waveforms and Uge [V]. u@$(t) is normalized

and compered to triangular waveform with frequency fs [Hz] and amplitude U, =1 V]
to generates Sye(t). Afterwards, the switching function Sy (f) is used in the subsystem
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Two — level VSI. Fig. 5.4 shows the model of Sg.(t) in Simulink and Fig. 5.5 illustrates
the output of the subsystem PW M.

Figure 5.4: Generate Sy (t).

PWM

-06 ] | | I
0.8 T
1 I

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

S%(t)
[T
i
i
|
I

0 0.002 0.004 0.006 0.008 0.01 0.012 0.018 0.02

Time t [s]

Figure 5.5: The output of subsystem PW M for one period (f,.f = 50 [Hz], fs = 10000 [H z],
ra = 0.689, and ry = 200).

(3.11) is used to model the two-level VSI. As it can be seen from Fig. 5.6, Su.(t) and
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DC-link voltage are applied in this subsystem to generate the phase voltages u®“(t). Fig.
5.7 shows the output waveform u®(t).

[:? :% ﬂ 4’%

Gain Udce
> MM?tri)I( E X
ulti g
Py Product3 uabc (t)
Product2

Sabc (t)

Figure 5.6: Model of two-level VSI.
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0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time t [s]

Figure 5.7: The output of one phase of subsystem Two — level V ST for one period.

(3.1.2) and (3.1) are used to model the filter and ideal grid. The inputs are u.(t) from
the previous subsystem. The ideal symmetrical three-phase sources are the sinusoidal voltage
sources with constant amplitude |Up| [V], constant frequency fy [Hz] and initial phase shift
@o [rad]. Tab. 5.2 gives |Uo|, fo, ©0, Rape and Lgpe used in the simulation.
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Parameter

\Uo| [V] | wo [rad] | folhz]

Rabc [Q]

Labc [H]

value

100 0 50

0.156

18e-3

Table 5.2: The values of the filter and the ideal symmetrical three-phase sources.

Fig. 5.8 and Fig. 5.9 show the model of the filter and the model of ideal symmetrical
three-phase sources respectively. Fig. 5.10 illustrates the phase voltage u®(t), the ideal
symmetrical voltage source ul(t) and the phase current i®(t) respectively. Now, the power
losses of the semiconductor devices in two-level VSI can be obtained by using i%(¢) in the
subsystems Power Losses of MOSF ETs, Power Losses of IGBT's and Power Losses of

Diodes.

T Jdouble
abo > - 1/L ab » 1
uPC(t) > - XS (1D
Add Integrator 20C(t)(A]
[0 0 0]
initial current1
Rabc L
fO > fo
uC (B)[3x1] [V] 2D
Uol > [Uol uC (1)
ideal grid voltage u_0*abc [V]

Figure 5.8: Model of the filter and ideal grid.

Integrator

w t [rad] I

—>| cos(u - 2/3*pi)

up ()

up(t)

—>| cos(u - 4/3%pi)

Mux

ug ()

Figure 5.9: Model of the ideal symmetrical three-phase sources.
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400

200

u (V]

-200

-400

50

uj(Iv]

-50

-100

i(HIA]

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time t [s]

Figure 5.10: The output of one phase of subsystem Filter + Ideal grid for one period.

The subsystem Power Losses of IGBT's is divided into several subsystems. Fig. 5.11
shows the inside of this subsystem.

Figure 5.11: Inside the subsystem Power Losses of IGBT's
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The subsystem T'emperature Correction receives the summation of the conduction and
switching power losses. Afterwards, (A.14) is used to change the junction temperature based
on total power losses. Then, the junction temperature ¥(¢) applies on dynamic resistances,
threshold voltages and the switching losses.

double
&

T
+

ambient temperature +
double A

X double
power jpsses (t) gka
Divide double

»
L

double X

double

9 (1)

Yy

Gy
Product
Thermal Conductivity of IGBT
_q |double W double [ double: &Y | double
S
constant tao=C_j/G_jc Integrator Math
Function

Figure 5.12: Model of junction temperature based on the total power losses.

We can use Fig. 5.12 also for diodes and MOSFETSs to change the junction temperature.
Note that the thermal conductivity of junction-case G; and time constant 7; should be set to
the appropriate value for other semiconductor devices. Tab. 5.3 gives the value of parameters
that we used here based on the datasheet. Moreover, we assume that the ambient is air and
Y, is equal to 40 [C].

Parameter IGBT MOSFET Diode IGBT | MOSFET | Diode

G [T Grn [E) | Grp [E) | -1 (8] | 7y-mals] | 7y-p [s] | 9a[C] | 954(0) [C]

Value | 1/0.0085 | 1/0.28 | 1/0.017 | 0.2 0.2 0.1 40

0

Table 5.3: Thermal parameters based on datasheets MTE5S3NS0E/D and
5S N A1200G'450300.

Inside the Power Losses of IGBT block, we have four blocks to compute the power
losses the IGBTSs in two-level VSI (see Fig. 5.13). The subsystem Conduction power losses
of IGBT receives the phase currents i%¢(t) [A] and the junction temperature 9;(t) [C].
Then, it generates the conduction power losses by using (2.37). The subsystems Turn — of f
switching losses of IGBT and Turn — on switching losses of IGBT get the switching
frequency f, [Hz], DC-link voltage Ug. [V], the phase currents i%%¢(t) [A] and the junction
temperature ¥ ;(t) [C]. These generate the switching power losses by using (2.44). At the end,
the outputs of these three subsystems, phase currents i%(t) [A] and the switching function
Sape(t) are inserted into subsystem Power losses of IGBT in 2L V.SI. This subsystem
generates power losses of IGBTSs in two-level VSI by using (3.20) and (3.35).
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.abc
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> (t) [A] p a (t)[w] pon-l sssss e
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>19t)[C] p®  HwW]

Turn-off switching losses of IGBT

i) [A]
fs[Hz]

b

Uy VI
» 9,0 [C]

p:w-on-los(t)[vv]

ps\?v—un—los (t) [W]

Turn-on switching losses of IGBT

=
/—'

P s:v-oﬁ-los(t) w
P s:/-on-los(t) W]
Paneontos( W]

Psw-ondos () W]

b
Ul | ——

Power losses of IGBT in 2L VSI

Figure 5.13: Inside the power losses of IGBT block.

Note that the subsystems Power losses of MOSFETs and Power losses of Diodes
have the same subsystems to generate the power losses. Moreover, the rest of parameters
that we used to simulate the power losses are given in Tab. 5.4 and Tab. 5.5.

Diode | Ra_p(@25[CT) [ | Uin-n(@25[CT) V] | Ra_n(@125[CT) [ | Uin_n(Q125[C]) [V]
Value 0.0009 1.94 0.00126 1.76
Diode er [O} If—rated [A] UR—rated[V] -
Value 0.00103 1200 2800 -

Table 5.4: The parameters of diode used in Simulink.
IGBT | Rq—;(@25[C1) [ | Up—r(@25[(C]) [V] | Ra—r(@125[CT) [ | Upn—r(@125[C]) [V]
Value 0.00114 1.16 0.00176 1.28
IGBT Esw—[—on [J] Esw—]—off [J] IC’—rated [A] UCE—'rated[v]
Value 3.08 4.96 1200 2800

Table 5.5: The parameters of IGBT used in Simulink.

Fig. 5.14 to Fig. 5.16 show the results of simulation.
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5.2. SIMULATION OF LOSSES IN THREE-LEVEL NPC VSI

Fig. 5.17 shows the subsystems for simulation of power losses in three-level NPC VSI. As it

can be seen from Fig. 5.17, the reference voltage uﬁé’;(t) is generated by subsystem uﬁg;(t)

abc

This subsystem is exactly like the subsystem uref(t) in Fig. 5.2. To generate the switching
vectors, we use Phase Disposition PWM (Fig. 5.18 and Fig. 5.19). uf(t) is received by
subsystem PD PW M, then S (t) and S%(t) are made for calculating power losses in the
subsequent subsystems. Moreover, SY () and S% (¢) are produced to model three-level NPC

VSI by (3.47) and (3.48).

5

o @f?g (t)
m__
B s et
| % H DlK L)
e o Ejj (t) L—@
= - @fﬂ s?(t) O
abc
2 - 2,
Sabe (1) :\
@j s (t)
o
Dj sg(t)

Figure 5.18: Model of PD PWM.

The subsystem 3L NPC VST receives SY, (t) and SE (t) and generates u®(t) by using
(3.47). Fig. 5.20 shows the model of phase voltages for three-level NPC VSI and Fig. 5.21

illustrates the line-to-line voltage uf(t).
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Figure 5.19: PD PWM and the switching vectors S>2(¢t), SY(¢) and SE(t) (frey = 50 [Hz],
fs = 10000 [Hz], r4 = 0.689, and r; = 200).
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BN

Gain1
(T_verk)*(-1)*T_verk_star1
H".g"‘.y o e s D)
UItip! abc
—” Product4
®—\_> Productt ’ O M
Sanc(t) ' ()
@_l Add7 Ude
Sablt)

Figure 5.20: Model of phase voltages for three-level NPC VSI.
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Time t [s]

Figure 5.21: Line-to-line voltage uf(t) in three-level NPC VSL.

The subsystem Filter + Ideal grid gets u®¢(t) and generates i°°(¢). This subsystem uses
the models just like the models in Fig. 5.8 and Fig. 5.9. Fig. 5.22 shows the phase voltage
u®(t), the ideal phase source uf(t) and the phase current i®(t) respectively.
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Figure 5.22: Phase voltage u®(t), the ideal phase source u}(t) and the phase current ().

Now, we have all the parameters to calculate the power losses of the semiconductor
devices. The subsystems for simulation of power losses are very similar to Fig. 5.11 and Fig.
5.13. Note that we use the parameters from Tab. 5.2 to Tab. 5.5 for simulation of the power

losses.

Fig. 5.23 to Fig. 5.25 show the results of simulations.
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5.3 Power Losses Comparison

In this section, the total power losses of semiconductor devices in two-level VSI are compared
with the total power losses of semiconductor devices in three-level NPC VSI. For comparison,
the only differences are topology of VSIs and their modulation schemes. This means that we
used the same types of semiconductor devices, the same AC side, the same input reference
voltages and the same switching frequency. Then, the modulation ratios r4 are changed such
that the phase currents have the same amplitudes and frequencies (see Fig. 5.26).

_ab
M Sabelt), O] e |20
PWM Modulation Two-level VSI AC Side
] Scheme

A 4

Reference Voltages b b
PD-PWM Modualtion Three-level AC Side
Scheme NPC VSI

Figure 5.26: Block diagrams of power losses comparison.

Fig. 5.27 shows the total switching power for one period T, = 0.02 [s]. Tab. 5.6 gives the
values of power losses and output currents.

Parameter value
Maximum of Switching loss ~ 214.9 [W]
Average of Switching Losses  3.511 [W]

Maximum of Conduction Loss 87.51 [W]
(Wi
(Wi

Minimum of Conduction Loss 19.76 [W
Average of Conduction Losses 52.64 [W
Peak-to-Peak Phase Current  35.79 [A]

Table 5.6: Values of power losses and output current in Fig. 5.27.
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Total Switching Power Losses of Semiconductor Devices [W]
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Figure 5.27: Total switching and conduction power losses and phase currents in two-level
VSI for one period T, = 0.02 [s].

Fig. 5.28 illustrates the total switching and conduction power losses of three-level NPC
VSI. as It can be seen from this figure, the power losses are periodic with the same period
of reference voltages. The conduction losses are proportional to output currents. Tab. 5.7
gives the value of power losses for three-level NPC VSI.

Parameter value
Maximum of Switching loss ~ 370.5 [W]
Average of Switching Losses ~ 4.332 [W]

Maximum of Conduction Loss 144.5 [W]
(Wi
(Wi

Minimum of Conduction Loss 57.22 [W
Average of Conduction Losses 103.9 [W
Peak-to-Peak Phase Current — 35.51 [A]

Table 5.7: Values of power losses and output current in Fig. 5.28.
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Total Switching Power Losses of Semiconductor Devices [W]
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Figure 5.28: Total switching and conduction power losses and phase currents in three-level
NPC VSI for one period T, = 0.02 [s].

As shown in Tab. 5.6 and Tab. 5.7, the conduction losses in three-level NPC VSI are
doubled the conduction power losses in two-level VSI. we can explain these differences by
this fact that the conduction power losses are function of phase currents and the number of
semiconductor devices . The phase currents in both VSI are the same, therefore the phase
currents do not effect on the conduction losses. However, the number of the semiconductor
devices in three-level, that are in the path of phase currents during conduction mode, are
twice the number of the semiconductor devices in two-level VSI. Thus, the conduction power
losses in three-level NPC VSI are twice the conduction losses in two-level VSI.

The switching losses in the semiconductor devices are the function of the switching frequency,
the reverse-bias voltage, gate resistor, number of the semiconductor devices and the junction
temperature [45], [27]. The switching frequency, gate resistor and junction temperature
are the same for the simulation. The reverse-bias voltage in three-level NPC VSI is half of
reverse-bias voltage in two-level VSI. The number of semiconductor devices that are switched
in two-level VSI vary from one semiconductor device to two semiconductor devices (see Tab.
3.3) while the number of semiconductor devices that are switched in three-level VSI change
from one semiconductor device to three semiconductor devices (see Tab. 3.7). Here the
effect of number of semiconductor devices prevail over the reverse-bias voltage. Therefore,
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the switching losses in three-level NPC VSI are more than the switching power losses in
two-level VSI.
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Chapter 6

Conclusion

In this thesis, the complete models of voltage-current for semiconductor devices such as diode,
MOSFET and IGBT are presented. Afterwards, two-level VSI and three-level NPC VSI are
modeled based on the DC-link voltage and the switching vectors. The advantage of these
models is that we can extend these model for any type of multilevel VSIs. All the researches
for modeling of power losses in voltage source inverter are based on the average power losses
in the inverter, while in this thesis, for the first time the instantaneous power losses are
modeled. Therefore, the conduction and switching power losses at any time can be found
easily for two-level VSI and three-level VSI.

The next subject in this thesis is modulation schemes. We try to improve SVM to reduce the
switching power losses based on the power factor angle between the fundamental voltage and
current. The main advantages of this improvement are not only reduce switching losses but
also reduce THD and the variation of neutral point voltage in three-level NPC VSI. Based
on all models, a comparison of power losses between two-level VSI and three-level VSI have
been implemented MATLAB ® - Simulink ® ( R2014b).

The simulation results indicate that if the inputs and outputs of two-level VSI and three-level
NPC VSI are equal, the conduction power losses in three-level NPC VSI are approximately
two times more that the conduction losses in two-level VSI. However, the switching losses in
three-level VSI are also more than the switching losses in two-level VSI.
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Appendix A

Junction Temperature Analysis of
Semiconductor Devices

A.1 Heat Transfer

At present, power semiconductor devices have been broadly used in the power electronic
applications. These applications produce losses during both the conduction and the switching
modes. These semiconductor power losses are dissipated in the form of heat; therefore, the
extraction of relationship between the power dissipation and the junction temperature of
semiconductor devices is important. Heat energy is produced into the semiconductor devices
due to the power losses. The loss is transferred to the case and then is delivered to the
heat-sink and ambient environment . Fig. A.1 shows the simplified structure of a typical
power semiconductor device that is mounted on a heat-sink.

Junctions

- Junction/Case &A
Case

Caseﬂi‘t -sink e at-Sink Case/kﬁxsmk

Case/Ambient
Case/Ambient

J

Ambient

Heat-Sink/Ambient

Figure A.1: Module power semiconductor device mounted on a heat-sink.
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APPENDIX A. JUNCTION TEMPERATURE ANALYSIS OF SEMICONDUCTOR
DEVICES

Heat energy, because of a temperature difference between the semiconductor device and
the ambient, can be delivered by a combination of convection, conduction and radiation
mechanisms [46]. Since operation is not in a vacuum environment, radiation has a low value
compared with convection and conduction. Hence, radiation can be considered negligible [47].

In conduction mechanism, energy transfers from a high temperature object to a low
temperature object through material. It forms a thermal path from a high temperature
object to a low temperature object. Conduction heat transfer through a homogeneous solid,
from Fourier’s law, can be given by

A

Pconduction (t) = TA (19 (t2) - (t1>> . (Al)

where Peonduction (t) [W] is conduction heat transfer , ¢ (t2) [K] and ¥ (¢;) [K] are the temper-
ature of the hotter object and the cooler object respectively, A [%] is thermal conductivity
that is the property of a material to conduct heat, [ [m] is material thickness and A [m?] is
heat transfer area .

When the temperature of a fluid flowing over an object differs from that of the surface of
object, convection heat transfer occurs by the movement of fluid. Convection heat transfer

through a fluid is given by Newton’s law, that is

Pconvection <t> = hA (19 (tQ) - (t1>> : (A2>

where poonvection (t) [W] heat transferred by convection , h [%] is the convection heat

exchange coefficient , A [m?] is heat transfer area and o (t5) [K] and 9 (t;) [K] are the tem-
perature of the hotter object and the cooler object respectively.

In total, the heat energy is delivered to the cooler object by combination of convection and
conduction is given by:

A

Pconvection+conduction (t) = (ﬁh (t) - 190 (t)) (7 + h)A (A3)

A.2 Junction Temperature

Principle of conversion of energy can be used to find junction temperature of semiconductor
devices based on the power dissipation. This principle says that the dissipation energy during
the interval time of dt is equal to the energy stored into the semiconductor device in addition
to the energy delivered to the case. Energy can be only delivered from the semiconductor
device to the surrounding environment by the conduction heat transfer of junction-case. The
energy stored into the switches is given by

Pstored (t) dt = mJCJdﬁJ (t) . (A4)
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where psiored (t) [W] is the power stored into junction during the time interval dt, m; [Kg] is
the mass of the semiconductor device, c; [kgLK] is the specific heat coefficient of the junction,
dt [s] is the time required to heat up the junction and dd; (t) [K] is the variation of the
junction temperature during dt .

The energy delivered to the case from the junction is given by:

Ddelivered (t) dt = %AJ (19(] (t) - 190 (t)) . (A5)

where pgerivered (t) [W] is the power stored into junction during the time interval dt , ¥ (¢) [K]
and ¢ (t) [K] are the temperature of the junction and case respectively, A [-2] is thermal
conductivity that is the property of a material to conduct heat, I; [m] is junction thickness
and A; [m?] is heat transfer area of junction .

Finally, the principle of conversion of energy says

A
Ddissipation (t) dt = EAJ (79] (t) - 790 (t)) + chJd,ﬁJ (t> . <A6>

(A.6) can be solved by taking three assumptions
(A1). Ambient temperature is constant (J, (t) = 3,).
(A2). The case and the heat-sink are very close to each other (J¢ (t) = Vs (2)).
(A3). The heat-sink thermal’s capacity is so high, therefore, (Vs (t) = 3,);.
If new variables are defined as

1-Thermal capacitance of junction C; [-2-]
CJ =mycy, (A?)
2-Thermal conduction of junction G, [-2-]
A
Gj:=—A,. (A.8)
Ly
and if the assumptions are applied
(19] (t) — 190 (t)) = 19]0 (t) = T9Ja (t) 5 (Ag)
and,
d(@; @) _ d@s(t) —va) _ d(¥sa(t))
dt dt Tdt (A.10)
Then (A.6) turns into
d (9, (T
pdissipation (t) — C(J ( ! ( )) + GJﬁJa (t) . (Al]-)




APPENDIX A. JUNCTION TEMPERATURE ANALYSIS OF SEMICONDUCTOR
DEVICES

(A.11) is the first order differential equation that has both private answer and homogeneous
answer. The complete answer is

19]0. (t) _ 19Ja (0) . pdzsszpatwn ( ) eTJ + pdzsszpatwn ( ) (A12)
GJ GJ
where 9, (0) [k] is the initial value of the ¥, (¢) and 7; [s] is the time constant defined by
Cy
= — A3
= (A13)

The relationship between the junction temperature and the power losses therefore is given
by
—1

9 (t) = (ﬁja (0) - p_dissizgtjon (t)> eTs + p_dissizgt;on ) 4 9, (A.14)

(A.14) can be used in chapter two to correlate the power losses in the semiconductor devices
with the junction temperature.
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