Battory Recharge Flug
[Not oo Scaled

Bectr

INVERTER ’ \

Q BATTERY
STORAGE SYSTEM

Dr. M Aba—Akazaran

Electrical and Computer Engineering Department- BZU




Part VI: DC-to-AC Converters
(Power Electronic Inverters)

Introduction:

Inverters are power electronic circuits designed to convert a DC voltage (or current) into an AC voltage

(or current). The output of these inverters consists of @ fundamental component of voltage or current,
plus other (undesirable) components at higher frequencies called harmonics.

Types of Inverters According to Type of Input Source
The Inverters can be classified according to the characteristic of the input source to:

1) Voltage Source Inverters

2) Current Source Inverters



Main Types of Inverters:

1) Voltage Source Inverters (VSls)
The input to the inverter is assumed to be a constant DC voltage source; it could be a rectified AC

supply with a filter. A typical three-phase Voltage Source Inverter (VSI) is shown in the Figure below.
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@ The switches in a VS| have the ability to conduct current in both directions (upwards and

downwards).
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The switches in a VSI have the ability o conduct current in both directions [upwarcs anc

downwards).

Therefore, each switch has an anti-parallel diode; either the body diode or an external fast reverse
recovery diode.

A_ between switches in the same leg, where both switches are off,
should elapse before turning on the off-switch. Typically, the Dead time ranges from 1us to Sus,

depending on the switching speed of the switches used, the circuit’s topology and layout, and

power level.




2) Current Source Inverters (CSls)

The input to the inverter is assumed to be a constant DC current source. A voltage source in series
with a large inductor represents a current source. A typical three-phase Current Source Inverter

(CSls) is shown in the Figure below.
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# The switches in a C51 must have the ability to suppert (block) voltage of both polarities.

# Therefore, Bach switch has a reverse blocking capability: if switches with only forward blocking

capabilities are used, a diode is connected in series with each switch to attain reverse blocking
capability.

An _ between switches in the same level of the inverter (upper or lower),
where both switches are on, should elapse before turning off the conducting switch. Typically,

the Overlap time ranges from 1ps to Sus, depending on the switching speed of the switches used,
circuit’s topology and layout, and the power level.




Applications:

The main applications of inverters are AC Motor Drives, Uninterruptable Power Supplies (UPSs), and
Interconnection of PhotoVoltaic (PV) and Wind electric system with the Utility Grid. Inverters are essential

components in renewable energy systems.
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Switching Schemes

Since the output of these inverters follows the control voltage of gates/bases of the controllable switches,
various switching schemes can be employed to obtain an AC output of the various types of inverters. These
schemes vary in their complexity, quality of output, switching losses, harmonic content and magnitude of

AC gain. Some of these:

1. Square Wave Strategy
The gate/base control signals have a square wave shape with a duty cycle of half the period. This

method is simple, but the harmonic content is high! This method will be studied in details later.




Sinusoidal Pulse Width Modulation (SPWM) Method

Since the desired outputs are sinusoidal, the control

sighal(s) has(ve) a sinusoidal shape. Therefore, the

outputs are more closely sinusoidal with less harmonic

content.

The control voltage is compared with a triangular

voltage to produce the gate signals of the controllable

switches, as shown in the Figure next.




3. Sinusoidal Pulse Width Modulation with Third Harmonic Injection Method
This method is applicable to three-phase inverters. Each
control signal, which is sinusoidal, has an added Third
Harmonic signal to increase the AC gain compared to that of

SPWM method. The frequency of the Third Harmonic signal

is three times that of the fundamental frequency, but its

PWM duty cycle (full modulation)

magnitude is fractions of the magnitude of the sinusoidal

signal.



The per-unit modified control voltage (Third Harmonic Modulation Equation) is:

= v, (t) = 1.155sinwt + 0.1925 sin 3wt

The amplitude of the Modified reference control voltage cannot exceed 100%, but its fundamental

component can. This produces a fundamental output voltage higher than that is obtained from SPWM

by about 15.5%. Consequently, this method provides a better utilization of the DC supply.

A
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Three-Phase Modified Sinusoidal Voltages with Third Harmonic

Injection are in the Figure next.




4. Harmonic Elimination Method
The outputs are shaped with a number of notches removed at specified angles calculated by a

microprocessor or a microcontroller in order to eliminate particular harmonics.

5. Space Vector Modulation (SVM) Scheme
The three phase outputs are formed according to switching states sequence of the inverter switches.
This method has a higher AC Gain compared with SPWM, less switching losses, and it is more feasible

for digital implementation. This scheme will be studied in more details later in this course.

The AC Gain (Gac) is defined as the maximum value of the fundamental component of the line-to-line

voltage to the amplitude of the unfiltered pulses compromising the same component (the DC value).

For a three-phase Voltage Source Inverter, the AC Gain is defined as:

_ ?LLi
Gac=v
DC'M=1



1) Square Wave Operation of Voltage Source Inverters

1.1) Single Phase Voltage Source Inverter (Full Bridge as a DC-to-AC Converter)

A. Single Phase VSl in Square Wave Mode
The Full Bridge can be operated in a Square Wave Mode to function as a single-phase Voltage Source
Inverter producing an AC voltage at the output. The Figure below shows the circuit diagram of a single-

phase V5l implementing IGBTs as switches.
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W The output sguare wave consists of an infinite number of sinusoidal voltages; a fundamental

component and other high frequency components (harmonics).



The frequency at the output ranges from few Hz up to MHz.
The frequency can be adjusted by varying the frequency (f; = %) of the controlling signals.

The Figure next page shows the gate-emitter voltages of the IGBTs, the output voltages of the mid
points of inverter legs with respect to the negative terminal of the supply, and the output voltage of a

single-phase VS| with a Square Wave Mode.

The Frequency Analysis gives the amplitude of the output at the fundamental frequency f; (= —) as:

The amplitude of the AC output can be controlled by varying the DC input voltage, which could, for

example, be derived from a Boost converter.
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The harmonic components of the output are:

where h takes odd values only!

Thus, the Frequency Spectrum of the output in a Square Wave Mode is shown in the Figure below.
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B. Single Phase VSI Voltage Cancellation Method for Square Wave Mode

B The AC output voltage and s harmonic content
can be wvaried by switching the legs of the
inverter independantly. The duty cycle of Leg A
(k4) is made equal to the duty cycle of Leg B
{kg) and equals 0.5. But, the switching is phase
shifted with an angle (delay), a, between the
two legs, so that the wvoltage is cancelled at the
output for particular angles. Hence, it is called
Voltage Cancellation Method.

B The amplitude of the fundamental component
at the output and its harmonics are again
obtained by Fourier Analysis as:

~ 2 ;

Vo = )5 v, cos (heot) dest
7

i}nh = % Eﬂ Ve cos (howt) det

Evaluating the imtegral and simplifying yields:

- 4 i
Von = Epﬂﬂ sin (hB)

where ,E:‘EI'IIII—% and kh i= also an odd

integer!
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® Setting @ = 60° removes the third harmonic component and multiples of it (no Triplen harmonics).

®» The minimum Total Harmonic Distortion (THD) is

. . . . s L0
achieved with selecting a to be slightly less than 60 Fundamental
08
(~55°); as illustrated in the Figure next, noting that N
D6 b
the Y-axis is normalized. Total harmonic
04k distortion h'"-.
®  Remember that the Total Harmonic Distortion (THD) h - "'--.‘,;..\
022 -
F
. . f 'w- -
is the ratio of the harmonic contents to the value of ,;h ;Zg M8 \“

L 0 &0 120 160
the fundamental component, and is given by:

~ 2
THD == |37, X100%
ol

® The degree of adjustment of the fundamental component amplitude is limited by the rise in Total
Harmonic Distortion as « exceeds 55°.

® Filtering is required if the load cannot tolerate the harmonic currents.



1.2) Half Bridge (an Inverter Leg)

P One kg of the Full Bridege can be replaced, for AC operation onby, by teo large and egual

capacitances. 4
= The inverter leg configuration is shown in the
+
Figure next. Ve — C+
: N [
b The capactances can be very expensive unless the - AS Sl
output fregquency is very high.
- U, +
P Regardless of the switches’ states, the current +__
Vbe —= oe L 4 UA
divides equally betwesn the tewo capachors; C, T
and C_.
- +
Vpc C
2 T -
P  The midpoint between the two capacitors stays at
] For
the same potential; —
@
P The wvoltage across the load is half the wvalue .
obtained from the single-phase V51 (Full Bridge]) I
and is given by . ‘iw_ l
!
- 4 ¥
W,y =278 = 0.637 Ve o Iu,~~
and the harmonics are: {_1.] B
! fi
v, — 3 Yo _ 1
Fop = P hD.E-EF? ¥

Also, h is an odd integer.



P The Frequency Spectrum of the output is illustrated in the Figure below.
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1.3) Three-Phase Voltage Source Inverters in Square Wave Mode

® Three Half Bridge Legs can be connected in parallel, as illustrated in the Figure below, to generate

three-phase output voltages.
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® The numbering sequence is the same as the conventional numbering sequence.

® Each IGBT has an anti-parallel diode.



® The voltage waveforms for 180° conduction in each switch for a Square Wave Operation are shown
in the Figure below.
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The voltage waveforms for 180° conduction in each switch for a Square Wave Operation are shown

in the Figure below.

The gate-emitter voltages of the

switches are phase shifted hf; (or

60°) for any two consequent

switches.

In the same leg, the gate signals of

the switches are complements of

each other (180° out of phase).

In the same inverter level, upper or

lower, the gate signals of the

switches are shifted b'szz (or 120°)

for consequent switches in the

sequence 1-3-5-1..., or in the

sequence 2-4-6-2...




®» The harmonic components’

amplitude of the line-to-line
voltage is obtained by Fourier

Analysis as:

I?LLFI. = i Fﬂc sin h(g{]' — g}

where a, in this case, is 60°




® The fundamental component’s amplitude of the line-to-line voltage is:

s & . &0
Vi1 = Ve sin (1) (90-=

which can be rewritten as:
-~ 4V
V=3 (E Vbc
i.e. the peak of the line-to-line voltage is /3 times the peak of the phase voltage!

~ Vg =1.103 Vpe

W The rms value of the line-to-line voltage is then:

® Note that the line-to-line voltage leads the respective phase voltage by I—“;{{:ur 30°).

® Clearly, balanced three-phase voltages result!



® The Line to Neutral voltage can be derived for a Y-connected resistive load, by deriving the equivalent
circuit during each switching mode, which is 60°. Mode 1 represents the period: 0° < wt < 60°,

Mode 2 represents the period: 60° < wt < 120°, whilst Mode 6 represents the period: 3007 <

wt < 360°. The equivalent circuits during these modes are shown in the Figure below. Other modes

for other periods can be derived.




Harmonics in the Output of a Three-Phase VS| with Square Wave Operation

The harmonics in the line-to-line voltage have amplitudes represented by the following formula:

. . 1

The Frequency Spectrum of the line-to-line voltages output of a three-phase VSl in a Square Wave Mode
is:
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For a three-Phase VSI in a Square Wave Mode, it is not possible to control the output voltage magnitude

by voltage cancellation via the inverter, as « is fixed here to be 60°.



General Comments:

Ell The use of Half, Full, or Three-Phase Bridges to generate an AC in the ‘Square Wave” Mode is simple,

but the harmonic content of the output is high.

Bl For some applications at high frequencies, = 20kHz, such as switch mode power supplies, and radio

frequency heating, the square wave is acceptable or the load can be tuned to minimize the harmonic

currents.

Bl For AC Motor Drives, operating at around 50Hz, filtering components are very bulky and expensive.
In addition, harmonic currents may cause torgue pulsation and vibrations, and severe losses and
require derating of the machine. In these systems, Pulse Width Modulation (PWM) schemes are

adopted to produce an output which is more closely sinusoidal.



2) Sinusoidal Pulse Width Modulation in Voltage Source Inverters

(Switch Mode DC to AC Sinusoidal AC Inverters)
Many applications, notably AC Motor Drives, require an AC source, which has a lower harmonic
content than that can be obtained by a simple Square Wave operation of the inverter. An effective

solution is to use Sinusoidal Pulse Width Modulation (SPWM).

It was shown earlier that the average output voltage of a Full Bridge can be made proportional to a
control voltage (17.). The control voltage can be made sinusoidal to produce a sinusoidal output,

within limits imposed by the switching frequency of the Bridge.




2.1) Sinusoidal Pulse Width Modulation in a Half Bridge

Consider one leg of a Full Bridge, shown in the Figure next,

which is sensible for AC operation!

The transistors numbering is as before. It could be part of

single-phase or three-phase Bridges.

Switching Waveforms
The control voltage (v.) is sinusoidal and

must be at a lower frequency than that of

the triangular voltage (v, ;).

when v, = v,

FDI‘.'.‘

: . Vb
Zyisonand Zyis of f = vgo =——
when v; < Veri:
i . —Vpe
Zyisoffand Zyison = vy = 5




# The triangular signal (v;) is maintained at a constant amplitude l:f'}m:l and its frequency (f;) is called
the switching frequency or carrier frequency.

# The control voltage (v.) modulates the duty cycle of the switches and has a variable frequency (f;)
and a variable magnitude.

# The fundamental frequency of the inverter output is, therefore, f;.

# The inverter output will contain harmonics related to f; and f-.

# The Amplitude Modulation Index or Ratio (M) is defined as:

-

Ve
1"Fi‘;v-:'

where fj; is the amplitude of the control voltage.

» The Frequency Modulation Ratio (m;) is defined as:

Switching frequency _ fg

m =
T Modulating frequency f

# The inverter leg is controlled according to the scheme:

. . Voc
when v, > vy, Zpis’on” and Z is ‘offf = 14 = -~

. . Voc
when v, << vy, 2Zpis‘off and Zy is ‘on” = vy = -

# Note that a Dead time between switches is always needed in VSI legs!!



For M < 1 and a Half Bridge, the following apply:

1. The output voltage is:

2. The amplitude of the fundamental component is:

v
:Mnc
2

?Aﬂl
3. The harmonics in the output are centered around (at the side bands of) the switching frequency,
f<, and its multiples, and they are related by:
fn = (“mf + k)
where n and k are integers. However, for odd values of n, the harmonics exist only for even values of
k, and vice versa. For example,
Imy + even: Img + 0,1mp + 2, 1mp + 4, 1mg + 6, Imyg + 8, ...

2me + odd:2ms + 1,2me + 3,2mg + 5,2mp + 7, ..




4. Adopting an _ results in only odd harmonics of m, in the Frequency

Spectrum (a result from signal analysis by Fourier). Note that the Frequency Modulation Ratio (my) for

the previous waveforms is 15.

5. The Frequency Spectrum of the previous output voltage at M = 0.8 and mg = 15 is shown in the
Figure below. Note that there is no harmonic component at 2mg, because m, was selected to have an
odd value.
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6. The amplitudes of the fundamental component and harmonics are obtained from tables. An example
of these tables is shown below, which depicts the values of the fundamental component and the

harmonics at the output of Half and Full Bridges for my = 9.

M
;\ 0.2 0.4 0.6 0.8 1.0

1 0.2 0.4 0.6 0.8 1.0
Fundamental

1.242 1.13 1.006  0.818  0.601
0.016 0.061 0.131 0.220 0.318
0.018

0.190 0.326 0.370 0.314 0.181
0.024 0.071 0.139 0.212

J33
K H
L

LAY
I+ 1+ 4+
) e

0.013  0.033
3m, 0335 0123 008 071 0.113
Im, = 2 0.044 0139 0203 0.176  0.062
Im, * 4 0012 0.047 0.104 0.157
Im, = 6 0.016  0.044
dm, = 1 0.163 0.157 0008 0.105 0.068
d4m, + 3 0012 0070 0.132 0.115 0.009
dm, + 5 0.034  0.084  0.119

dm, * 7 0.017  0.050




Factors Influencing the Choice of the Switching Frequency:

In general, a higher switching frequency makes the filtering of harmonics easier, but increases the
switching losses in the inverter. Besides, it is very advantageous to have the switching frequency above

20kHz so that it is inaudible; i.e. audible converter noise against higher switching losses.

A second, more subtle, choice is the adoption of an odd integer for my, ina Half-Bridge, so that there is

both odd symmetry and half wave symmetry. As a result, cosines and even harmonics disappear from

the Fourier series.

1) Small my (my < 21)
In some machine applications, a need for an output frequency up to 200Kz and a switching frequency
say 2kHz result in a low m,. The modulating frequency (f;) and the switching frequency (f;) should
be synchronized (m, should be integer) to avoid beating and appearance of subharmonics. Beating

may occur if f, is close to f; (the harmonics may be amplified depending on the output filter

characteristics), which is a problem in Thyristor inverters.

Il) Large my l:m_f = 21)
Synchronization of f; and f; is not so important, as the amplitudes of the beat frequency components

are less. Nevertheless, synchronization is advisable with inverters supplying AC machines. However,

synchronization is preferable; select my to be an integer always!



Over Modulation (M > 1)

For M <1, the amplitude of the fundamental Ve )
component at the output is proportional to the AAMMA

amplitude of the control voltage, and the harmonics

are pushed up to around the switching frequency.

However, a greater output can be obtained at the
cost of increased harmonic content by making M =

1. Ultimately, a Square Wave Mode results!

The relation between the output voltage and a wide
range of Modulation Index is illustrated in the Figure next. There are
three distinctive regions: a Linear region (M < 1), an Over Modulation

region (1 < M < 3.24), and a Square Wave region (M > 3.24).

There are trade-offs; a Square Wave mode gives a higher output, but

more harmonics.
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The Frequency Spectrum of the output at M = 2.5 and my = 15 is shown in the Figure below.
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2.2) Sinusoidal Pulse Width Modulation in a Single-Phase Voltage Source Inverter
The Sinusoidal Pulse Width Modulation (SPWM) scheme can be realized in a Full bridge using either

Bipolar or Unipolar Switching Strategies.

2.2.1) Bipolar Switching Strategy

4 L | 73
) ) - D3
As illustrated before, a Bipolar switching + . “ :} 01 ZE |

C+
strategy treats every two switches as a pair;

Z& Z5 is a pair, and Z;& Z, is the second pair. il o Ar > VB
T+
The switches in each pair are switched together, Voc/2T &= 2e "/ %m Dz Ezn

simultaneously.

=
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Therefore, one control voltage (v, ) is compared €y iy

with a triangular signal (v;y;) to produce the ., J \. i i J' 'n A A A A A A

gate signals of the switches pairs, which are V V v V V / V
1’.1.-:\1 Van1
complement to each other. Voe [ I T - |
Vor =11 Tl l
2 Hh.l‘““"-—-... ...--""'#-H"
Vn Van
Var - \3. R _.JJ,_. —
vy and vgy are the voltages at the midpoints |, _ r “ -| —| | __..A{;' "**—-ﬂ
z
of Leg A and Leg B with respect to the negative c:r T '_‘tt il _| | | J U

terminal of the supply, respectively.
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. Voc.
The output of each leg with respect tﬂ% is the

same as that of a Half Bridge, but they are shifted from each other by 180°.



For Bipolar switching, the output is given by:

Vo = Van — VBN
The output voltage for M < 1 is:

v v

v, (I:) = M%sin Wyt — M% sin(mlt — 18{]") + Harmonics
Voc . Vpc . .

v, (1) = M?sm wqt+ M? sinw, t + Harmonics

v
v,(t) = EMjEsin w,t + Harmonics

® The dotted/dashed curves represent the fundamental component for the respective voltage.

® The harmonics in the output are similar to those found in the output of one leg. The harmonics are,

also, centered around (at the side bands of) the switching frequency, f., and its multiples, and they
are related by:

where n and k are integers. However, for odd values of n, the harmonics exist only for even values

of k, and vice versa.

1y s seected to be odel for Bipalar Switching Strstegy n  FullBridge.



® The Frequency Spectrum of the output voltage, for example, at M = 0.8 and my = 15is shown in

the Figure below.




2.2.2) Unipolar Switching Strategy

@ It was noted earlier, in the DC-DC Converter, that

the Unipolar switching doubles the effective *

switching frequency at the output without -

| -

increasing the switching losses in the inverter. It =

is also an attractive feature in single phase

inverters.

@ Each inverter Leg is controlled by its own control
voltage, independent from the other. Hence, two control
voltages (v, and —v,) are needed.

@ The control voltages are sinusoidals, and have the same

magnitude, but they are 180° out of phase.

T v, controls the switches in Leg A, whilst —17. controls the

switches in Leg B. N L1 N I

@ The control voltages are compared with the same triangular Ve |




@ The Unipolar strategy is implemented according to the following:

o  when v, > vy = £ isturned ‘on” and £y is turned “off

Leg’s A voltage with respect to the supply negative terminal is vy = Vpe

Lz
T
5T
o

s when v, < vy; = Z, isturned ‘off and Z, is turmed “on’ L
Leg's A voltage with respect to the supply negative terminal is vy, =0 ‘ ’ . v, +y - v
s  when —v, = vy,; = Z; isturned ‘on’ and £ 5 is turned “off T .
Leg's B voltage with respect to the supply negative terminal is vy = Vg Voel2T Dzj" D4 MEJE
»  when —v, < vy,; = &5 isturned "off and Z; is turned ‘on’

Leg's B voltage with respect to the supply negative terminal is vgy =0
@ The output voltage is:

Uy = Vaw — Vgn

@ ForM =1, the output voltage, again, is:

T The effective doubling of the switching frequency at the output in the Unipolar scheme shifts the
harmonics up in frequency. The harmonics have frequencies represented by the following equation:
where n and k are again integers. But, since the coefficient of my is "Zn", which is always even, k
takes odd values only!

- Compared with the Bipolar strategy, filtering is easier with Unipolar, as harmonics are at higher

frequencies for the same inverter switching losses.



ry . is selected to be an _ to eliminate particular harmonics

off the spectrum. The phase difference between harmonics in v4y and vgy is 180°mg, so if mg was

selected to be even, some of these harmonics would be in phase and would cancel each other.

@ The Frequency Spectrum of the output voltage, for example, at M = 0.8 and me = 12 is shown in the

Figure below.

M = 0.8 and me = 12




2.3) Sinusoidal Pulse Width Modulation in a Three-Phase Voltage Source Inverter

@ The three-phase Bridge (Inverter) can also be used with Sinusoidal Pulse Width Modulation (SPWM).

+ Dj_
C Z
. : GD: 1 GDs
Voo = 7otz
i v
+
':_ ~TVpef2 Dg GD
l GDs Za .

@ Three control voltages (v v v ), which are 120° out of phase from each other,
cont A, Ycont B, and “contcC

are compared with a common triangular voltage (v ) to produce the gate signals for each switch

(IGET) in the respective leg.
@ SPWM generation can be achieved either by:
1. Microcontroller/Microprocessors

2. Chips; for example MAB28
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The control strategy is implemented according to the following:

e when veonra = Veri = Zq isturned ‘on’ and Z, is turned ‘off’

Leg’s A voltage with respect to the supply negative terminal is vy = Vpe

when Veonea < Ve = Z4 is turned ‘off’ and Z, is turned ‘on’

Leg’s A voltage with respect to the supply negative terminal is vy, = 0

when Veone g = Viri = Zszisturned ‘on’” and Z ¢ is turned ‘off’

Leg’s B voltage with respect to the supply negative terminal is vgy = Ve

when V.pne g < Veri = Z5 is turned ‘off” and Z; is turned ‘on’

Leg’s B voltage with respect to the supply negative terminal is vgy = 0

when V.onec > Veri = Zgisturned ‘on’ and Z , is turned ‘off’

Leg’s C voltage with respect to the supply negative terminal is vy = Ve

when Veonec < Veri = Zs is turned ‘off’ and Z, is turned ‘on’

Leg’s C voltage with respect to the supply negative terminal is vy = 0



The switching waveforms are shown in the

Figure next.

@ Note that the fundamental line-to-line

voltage (v4p,) leads vy, by 30° which is
consistent with three-phase concept.
® For 0<M< 1, the fundamental

component of one leg, for example Leg A,

has an amplitude of:

. Vbe
Van, = M—~

Thus, the amplitude of the fundamental

component of the line-to-line voltage is:
?LLl =V3M %
=V, = 0.866MV ¢

The rms value of the line-to-line voltage is:

VLLlrms - 0' 612”""1}5

Therefore, the output line-to-line voltage between phases ‘A’ and ‘B’ is:

vap (t) = 0.866MVp sin(w,t + ) + Harmonics



@ The comments for Over Modulation apply also for three-phase inverters.

@ The harmonic content of line-to-line voltage can be reduced by making my odd and multiple of 3.
This suppresses harmonics at my and 3nmg, where n is an integer. Because some of the harmonics
in the phase voltages are phase shifted from each other by 120° m,. Consequently, eliminating each

other from the line-to-line voltages.

Virp,

v
" The Frequency Spectrum of DC M =08andm; = 15

10
08

example, at M = 0.8 and :':

=15is shown in the %% »——I—I—II-I-L;I—'—A’—'—LL*;Q—'—“
My o ™ o ‘

the line-to-line voltage, for

Figure next. (mg + 2) (2my » 1) Bmy + 2)




Space Vector Modulation (SVM)

Introduction

.

»

The SVM is a method of generating a sequence of switching combinations of the inverter. Each
combination is called a state.

The Space Vector (SV) is a complex number that can be represented by any three quantities, not
necessarily sinusoidal, which add up to zero (with the neutral being disconnected).

These states can be represented in the complex plane by Space Vectors (SVs) and are of two types;
zero and non-zero states.

In a Current Source Inverter (CSl), a non-zero state allows the DC link current (l4) to complete its
path through the output load, whilst a zero state shorts one of the inverter legs and no current, from
the DC bus, passes to the load (14 completes its path through one of the inverter legs). In a CSI, there
are six non-zero and three zero states.

In a Voltage Source Inverter (VSI), during non zero states the DC link voltage is applied to the load,
whilst no voltage is applied to the load during the zero states. Thus, in a VSI there are six non-zero
and two zero states only.

Therefore, more switching sequences are available in a CSl, because of the increased degrees of

freedom in choosing the zero state.



® Advantages of SVM over other PWM Techniques:

1.
2.

It is easier and more feasible for digital implementations and microprocessor control.

It reduces the switching frequency of the inverter. For example, compared with an equivalent
Sinusoidal PWM based system, the switching frequency will be reduced to approximately half the
carrier frequency.

A Modulation Index of 1.15 can be reached without any constraints. On the other hand, for
Sinusoidal PWM, in the case of over-modulation, some pulses are dropped and low order
harmonics appear at the output, which can be avoided by the addition of Triplen harmonic to the
sinusoidal modulating waveforms.

The AC Gain is higher in SVM. For a three-phase Inverter, the AC Gain is defined as:

The AC Gain for SVM is 1, whilst it is 0.866 for SPWM.



Space Vector Modulation (SVM) in a Current Source Inverter

# The Space Vector (5V) is a complex number that can be represented by any three quantities, not
necessarily sinusoidal, which add up to zero (with the neutral being disconnected).
# The topology of a Current Source Inverter {C51) is shown in the Figure below.

loc
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# The Space Vector Current (I,) associated with the AC line currents of a three-phase CSI can be generated

by a proper selection of the SVs that represent the states. |, is given by:

- -l

) O
2 (tioke 3 +ise 3
Ih= 3 (iativke 7 +icxe

) =R+jlm (VL.1)

where is, ib, and ic are the instantaneous magnitudes of the three-phase line currents, refer to Figure

V1.1, R and I are the real and the imaginary components of I, respectively.

Each state produces three-phase line currents, the magnitude of each is defined in Table VI.1. The table
shows the nine-possible states for a CSl with the associated ‘ON’ switches, while the other switches are

‘OFF’, and the respective per unit line currents, with the DClink current (la.) chosen as the base quantity.




Table VI.1: Possible states and their respective per-unit

line currents in a C51.

State | ‘ON’ switches ia/ lac in/ lac i/ lac
|1 S1,5: 1 0 -1
I2 Sz, 53 0 1 -1
|3 S3, S4 -1 1 0
|4 Sa, Ss -1 0 1
ls Sz, Se 0 -1 1
ls Se, 51 1 -1 0
l7 S1,Sa 0 0 0
ls S3, Se 0 0 0
ls Ss, 52 0 0 0

Zero states

L < State i+1

Figure VI.1: Representation of SVs (states) in the complex plane

Figure VI.1 shows the SVs representing the states, the line currents, and I, in the complex plane. I is

represented by an equivalent SV, having a magnitude and an angular position 8 depending on the state SVs

representing it. The objective of SVM technique is to approximate |, with the nine SVs (li, k=1...9) available

in the CSI. So that it will have an amplitude proportional to the Modulation Index (M), and rotating in the

complex plane with an angular velocity (®) proportional to the frequency of the fundamental output current

(f1). By approximating |, using the nearest two non-zero SVs, (liand li1), and one zero SV, (I, =I5, Is or ls), the

AC Gain of the technique is maximized and the switching frequency is minimized, as seen in Table VI.2.



The AC Gain (Gac) is defined as the maximum value of the fundamental component of the line-to-line

voltage to the amplitude of the unfiltered pulses compromising the same component (the DC value).

Thus, if the Space Vector Current (l,) is lying between the arbitrary space vectors |; and |4, the following

expressions can be derived:

In*teyee = i F G+ leg * G+ I * 1, (VI.2)
where teyee is the period of one carrier cycle (teyae =1/f), while ti, tis1, and tz are the times of state i, i+1 and

zero-state (for M < 1), respectively Their values can be calculated using the following equations:

ti = toyoae © M * sin ((n/3)-0) (VI.3)
tier = toyae © M* sin(0) (VI1.4)
t, = tyce - b - tiw (VI.5)
0 = *t (VL6)
o =2*n* (VI.7)

Such that f;=1/T, is the fundamental frequency at the output

The Space Vector Current (I,) can be moved in the complex plane by a step of:

AG = % (VI.8)



Selection of States

Within one sector, only three states are used to represent |,. However, the sequence in which the states
are used to control the inverter switches can be designed. Some of these sequences are known as Sequence
‘A’, Sequence ‘B, and Sequence ‘C’, and are shown in Figure VI.2. Once the SV sequence is fixed, the
selection of the zero SV defines the switching frequency, but the line current wave-shape does not depend
upon the selected zero SV. Figure VI.3 shows the possible state transitions between states |; to |; in sector
1. Table V1.3 shows the zero SV (l,) to be used in each sector in order to minimise the switching frequency,

and hence the switching losses.

A  Sequence ‘A’

Ii Ii+l Iz

1:i ti+l tz > t

e
A Sequence ‘B’

L L L |L L | P

ti tir1 .t ti ti1 t
>
tc

4  Sequence ‘C’
L | |L|La]| L
62 (te)2 t; ()2 62 t

>

Figure VI.2: Passible sequences of SVs (states) in a CSI



Table VI.2: The switching sequence dictates the switching frequency and the AC Gain

Technique Category Switching frequency AC Gain (Gac)
(fm':l'

Siusoidal PWM Analogue t. 0.866
Third Harmonic Injection Analogue fe 1

Trapezoidal PWM Analogue t. 1.053
Dead-band PWM Analogue 2/3%:-1 1
Mod. Dead-band Analogue V¥ (f+1) 1
SVM., Seq.’A’ Digital f./2 1
SVM. Seq.' B’ Digital SH(,/12)-1 1
SVM., Seq.'C” Dhgital (fe/2)-1 1




Possible

(a) Transition: Iy to I. to I OR I» to I to I ' Zero Veator

={1,4)
o el ™,
(b) Transition: Iy to I, to I [=(1,2) 2 [4= (3,6} =—1=1,={2,3)
~, x

'\ !
ﬁ.‘} Transition: |; to I, to 15 / h:::::)

m

Table VI.3: Sectors and respective zero states recommended ': ; = {2,3}

for minimum switching frequency in a CSI.

Sector; li

Figure VI.3: Possible state transitions in sector 1 involving a zero SV for a CSI

l1

l2

Is

la

Is

ls




SVM and Sinusoidal PWM Waveforms in a CSI

For M =0.7 and f.= 900Hz, the gate signals obtained by SVM for a VSl are shown in Figure VI.4. On the other
hand, Figure VL5 shows the comparative sinusoidal PWM gate signals. It is clear that the number of

switching transitions is minimized.

[ [0 (100
T 1]
A W 1Y
n I 1 A Ty w11
IR T
"l IR N

19._33ms 16_67ns 20 @ins 3 _33ns 26 67Fms a0_0ins
Time
Int, Int, Int, Int, Int;

Figure VI.4: The SVM signals in a CSI for M = 0.7 and fe= 900Hz
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10.00ms 13_33ms 16.6Tms 20.00ms 23.33ms 26 EEma 30.00ms
® Visigl,ELl}

Time

Figure VI.5: The equivalent Sinusoidal PWM signals in a CS1 for M = 0.7 and fe= 900Hz

Clearly, the switching frequency has been reduced for a similar harmonic content.



Space Vector Modulation in a Voltage Source Inverter

@ The topology of a three-phase Voltage Source Inverter (VSI) is shown in the Figure below.
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@ The Space Vector (SV) is a complex number that can be represented by any three quantities, not
necessarily sinusoidal, which add up to zero.
# The Space Vector Voltage (V,) associated with the AC phase voltages of a three-phase VS| can be

generated by a proper selection of the SVs that represent the states. V, is given by:

2r 2

#, 2 ]
Vo= 5 (Va+Voke 3 +vexe 3 ) =R+l (VI.T')

where v,, vy, and v, are the instantaneous magnitudes of the three-phase line voltages, refer to Figure

V1.6, R and I, are the real and the imaginary components of V,, respectively.



@ There are 8 states in the VSI: 6 non-zero states and 2 zero states. The space vectors are shown

in Figure VI.6. Each state produces three phase voltages as seen in Table VI.4.
#  Assuming that the Space Vector Voltage (V) is lying between the arbitrary space vectors Vi and Vi1, the
following expressions can be derived:

Viftgoe = Vi * ti+ Vi i+ V. * 1, (VI.2')
where tqqe is the period of one carrier cycle (toqe = 1/f.), whilst tj, ti.1, and t; are the times of state i, i+1

and zero-state (for M < 1), respectively Their values can be calculated using the following equations:

f = tgee * M * sin ((1/3)-0) (VI.3)
tis1 = teyae ¥ M*  sin(0) (VI.4')
to= tyge - b -t (VI.5')

0 o *t (VL.6)

M =2*Tm*f (VI.7)

Such that f; = 1/T, is the fundamental frequency of the output

The Space Vector Voltage (V,) moves in the complex plane by a step of:

_ 360f,
fe

Af

(V1.8



Table VI.4: Possible states and their respective per unit voltages
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Figure VI.6: Representation of 5Vs (states) in the complex plane for a V51




Switching Sequences in a VSI

There are two main switching sequences in a VSI: Direct-Direct sequence and Direct-Inverse sequence.
1. Direct-Direct Sequence
It uses Vy, state 7 (111), as the zero state in sectors 1, 3 and 5, and Vs, state 8 (000), as the zero state in  rave vis: possible states and their respective per unit voltages

i . . . i State ‘ON’ switches vaf Vac | wbf Ve | vef Ve
sectors 2, 4 and 6. The switching sequence remains the same during the same sector; for example in the 7 —

Va ;53,52

first sector, the switching sequence Vi, V3, V3, Vi, V2, V7, and so on... The switching frequency for this = -

strategy is (2/3)*f.. 5, 55

, S5

Direct-Inverse Sequence 156, S
;S5

It uses redundancy of the two zero states in the same sector to reduce the number of commutations per /56, 52

Sl B B O O O B B
Sl | P B P O O O

| r| o ©f B B B O

cycle. The switching sequence is reversed after passing through each zero state; for example in the first
sector, the sequence is Vi, Va2, V7, V3, V1, Vg, and so on... The advantage of this strategy is that it gives three

commutations per cycle and gives symmetrical pulses. The switching frequency for this strategy is

(1/2)*f.

Each switching sequence has its own advantages and disadvantages in terms of switching losses and

current ripple at the output. The selection of the switching sequence should be made according to the

type of load, and the range of Modulation Index, etc.




SVM and Sinusoidal PWM in a VSI
For M =0.7 and f.= 900Hz, the sinusoidal PWM gate signals for a VSI are shown in Figure VI.7. On the other
hand, Figure V1.8 shows the comparative gate signals obtained by SVM. It is clear that the number of

switching transitions is minimized.
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Figure VI.7: The sinusoidal PWM gate signals for a VSI




Figure VI.8: The SVM gate signals for a VSI, Direct-Direct sequence




The voltage at the mid-point of the inverter is Pulse Width Modulated and has a fundamental component

of 50Hz. Figure V1.9 shows the output voltages of a three phase VS| employing SVM with f. = 900Hz and M

= 0.7. Clearly there are some pulses, which are dropped from the line-to-line voltage (Vas).

Ba
T

40ms 5E0ms g0ms TOms
= WANE = Vab
e

Figure VI.9: The voltage waveforms in a VSl employing SVM




Example:

Show that the Square Wave Mode (six-step) is a special case of SVM, whose tqye = T/6 (such that f;= 1/T)

and M =1.1547.

Solution:
The time for state i’ in sector i’ is tj = teyae * M * sin ((1/3)-0)
For 8 = 0 and under the above condition:
ti=T/6
tie1 = teyae ¥ M* sin(0)
and t; = teyle - ti- o
Therefore, t.1=0, and t,= 0.

Thus, during one sixth of the period, only the switches which correspond to state vector ‘i’ are ‘On’.
Similarly, in the sector ‘i+1’, only the switches which correspond to the state vector ‘i+1" are ‘On’.

Consequently, during one period (20ms), each non-zero state will be used for 3.333ms.







