Chapter 2
Basic Principles for Parallel Power
Electronic Filters

Abstract In this chapter, the basic principles for parallel power electronics filters
are discussed. In Sect. 2.1, the influences of reactive power, harmonics and
unbalance are given, which affect and degrade the practical power network. The
basic circuit configuration for injecting and absorbing compensating current is
discussed. Furthermore, several parallel power filters are given and compared. In
Sect. 2.2, instantaneous power theories which are important for detecting the
compensation current components and controlling the fast response of power
electronic compensators are introduced and addressed. Finally, different power
electronic converters are discussed and compared in Sect. 2.3. The effect of dc
voltage variation on the switching functions are also introduced in Sect. 2.3.

2.1 Parallel Compensation for Reactive Power, Current
Harmonics and Unbalance

In an ideal case, to reduce the oscillating power components flowing between the
source and loads, the voltage and current should be sinusoidal, in-phase and bal-
anced. Thus, the electric system can be operated with higher efficiency and better
power quality without reactive power, harmonics and unbalance problems in the
power network. However, in practical cases, due to the common loads which are
normally inductive and non-linear as well as the unpredictable loadings in different
phases in a three-phase system, there will be reactive power oscillating around the
system, and distorted unbalance current waveforms would exist. Reactive power,
current harmonics and unbalance problems usually occur in practical power net-
works, in which the influences of reactive power, harmonics and unbalance are
given as follows. After that, the basic principle of parallel compensators is intro-
duced in this section.
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2 Basic Principles for Parallel Power Electronic Filters

2.1.1 Influence of Reactive Power

The reactive power occurs when there is a phase angle difference between the
voltage and current under a storage passive load. The reactive power in an electric
network causes the following issues:
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The reactive power increases the system capacity rating. Increasing the reac-
tive power causes the source current to increase. As a result, the apparent
power is increased too. Thus this increases system capacity ratings of gener-
ators, transformers, transmission lines, electric applications and measurement
systems. Finally, all initial costs are increased proportionally.

The reactive power is an oscillating power between the source and the load; it
increases the unnecessary source current. As a result, the transmission loss is
increased by the reactive power flowing inside the system. Under a
steady-state condition, the reactive power is expressed as Q. The root mean
square (RMS) source current can be decomposed into active current, I,, and
reactive current, 1. The transmission loss can be represented by (2.1), where R
is the transmission line total resistance and V is the RMS source voltage.
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(2.1)
The second term of (2.1), (Q*/V?)R causes the additional power loss by
reactive power flow. When all the instantaneous reactive power can be
compensated, the transmission loss can be reduced.

The voltage variation of transformers and feeding networks can be increased.
Figure 2.1 shows an equivalent circuit for reactive power influence on
transformers, where Vj is the source voltage, a transmission line normally is
inductive with R (transmission line resistance) and X (transmission line
inductance), the feeding terminal voltage V with equivalent loading admit-
tance for transformers such as G (conductance) and B (inductive admittance)
and system current 1.

Load
Y=G-jB

~

Fig. 2.1 Equivalent circuit for reactive power influence on transformers
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Fig. 2.2 Phasor diagram for
reactive power influence on
transformers

From Fig. 2.2, the phasor diagram shows that the transmission line impedance

causes the terminal voltage drop, AV. AV means a terminal voltage vector that can
be decomposed into a real part and an imaginary part respectively.

AV =Vs—V = (R+jX)-1 (2.2)
. V:G—-jV’B P—jQ
I= —jB) = = 2.
V(G - jB) v v (2.3)
P—j RP+XQ XP—R
AV = (R+jX) ( V]Q>: ;L/ Q. = Q _ AVe+jAVy  (24)

By checking the phasor diagram, due to the small phase angle difference
between \75 and \7, it shows that AV ~ AVg. Finally,

RP +XQ

AV%AVR: v

(2.5)

Normally, X >> R. As a result, the active power does not influence too much on
the terminal voltage variation. On the other hand, the reactive power causes more
terminal voltage variation. Voltage variation can affect the normal operation of
other electric applicants and finally the quality of power supplied to the users.

2.1.2 Influence of Harmonics

In the ideal case, the voltage and current should be sinusoidal, which do not have
any harmonic component. A harmonic of a wave is a component frequency of a
signal that is an integer multiple of the fundamental frequency, where the funda-
mental frequency is the system operating frequency which is 50 Hz in China and
60 Hz in America. In practical cases, the voltage and current cannot or may not be
sinusoidal. Figure 2.3 shows practical measured voltage and current waveforms
respectively, it shows that the current is highly distorted and the voltage quality is
affected due to the current distortion.

Table 2.1 depicts the harmonic amplitudes of the current waveform of Fig. 2.3,
which shows that its Total Harmonic Distortion (THD) is 127.39 %.
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Table 2.1 Harmonic amplitude of current waveforms in Fig. 2.3

CHI1: Value harmonic

Order (A) Order (A) Order (A)
1 100.00 0.48 18 21.98 0.74 35 4.19 0.48
2 547 0.49 19 16.13 0.43 36 8.51 0.49
3 52.17 0.40 20 22.16 0.56 37 6.36 0.55
4 5.70 0.43 21 8.54 0.29 38 5.89 0.39
5 24.24 0.30 22 9.87 0.31 39 8.65 0.50
6 15.58 0.41 23 4.93 0.28 40 9.24 0.30
7 44.01 0.33 24 2.28 0.37 41 7.53 0.42
8 24.43 0.41 25 8.27 0.42 42 7.97 0.31
9 59.72 0.35 26 9.49 0.47 43 7.53 0.46
10 23.15 0.35 27 5.39 0.51 44 6.35 0.34
11 40.38 0.22 28 13.71 0.52 45 2.84 0.41
12 14.66 0.33 29 3.62 0.36 46 3.52 0.31
13 17.03 0.30 30 12.95 0.45 47 4.45 0.37
14 11.81 0.56 31 5.79 0.32 48 4.13 0.37
15 14.71 0.44 32 9.54 0.35 49 9.14 0.39
16 16.02 0.68 33 5.64 0.37 50 0.33 0.44
17 19.74 0.49 34 3.28 0.35 THD 127.39 3.00 (%)
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The harmonics existed in power networks can cause the following problems:

(1) Harmonic current can cause additional power loss and reduce the system
efficiency of generators, power transmission and electric utilities. When large
amounts of triple harmonic current exist in the neutral wire in a three-phase
four-wire system, it may cause overheating and even a fire at the neutral wire.

(2) Harmonics influence normal operations of electric applicants and can reduce
the expected life period of electric applicants.

(3) Harmonics may cause series and parallel resonance in a specific region of the
power networks.

(4) Harmonics may trigger the protection system which causes power breakdown
or operates abnormally.

(5) The power measurement system may include calculation errors.

(6) The communication system can be influenced by harmonics due to electro-
magnetic interference.

2.1.3 Influence of Unbalance

In an ideal balance three-phase system, the three-phase voltage RMS amplitudes
should be the same and phase angle difference among them should be 120° apart
from each other. However, in practical cases, the voltage and current may not be
balanced. Figure 2.4 exhibits the measured three-phase current and the neutral
current waveforms in a distributed transformer, which shows that the system is
operated under unbalance and with high neutral current amplitude.

The unbalance exists in power networks can cause the following problems:

(1) In low voltage distribution sites, three-phase unbalance loading may cause
user’s voltage variation. On one side, the terminal voltage may be higher and it
may destroy electric applications, and the electric applicants in low voltage
side may not operate normally. Figure 2.5 shows a three-phase four-wire

Fig. 2.4 Three phase current
and neutral current
waveforms
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Fig. 2.5 A three-phase
four-wire system

Fig. 2.6 A three-phase
four-wire system unbalance
phase diagram
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system connected with different load impedances, Z,, Zg and Zc.
Equation (2.6) shows that the neutral voltage V), may not be zero if the loads
are unbalance with balanced voltage situation, in which Y4, Yg and Y¢ are
equivalent loading admittance Fig. 2.6 displays the phase diagram for terminal
user voltages,V, s, Vgy and V., which shows that the terminal user voltages
can be varied if the loads are unbalanced and the neutral line impedance, Zy;, is
not small enough.

VaYy+ VpYp+VcYe
Yo+Yp+Yc+ i

Vvn = (2.6)

There is an additional loss in the electric motors and generators due to the
negative sequence of the unbalance current, and negative sequence can reduce
the resultant torque of a motor and its efficiency, and finally it causes the
vibration between the stator and rotor of a motor.

Abnormal operation of protected systems in a power network degrades the
stability and security of the power system.

Unbalance voltage may cause additional harmonics from the semiconductor
converters.
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(5) The system capacity utilization ratio of a generator can be degraded.

(6) The operation point of a transformer that may shift up or down causes har-
monic distortion on the voltage waveforms and additional loss inside the
transformer, which increases the temperature of the transformer and its
peripheral environment.

(7) The unbalance operation degrades the electric system efficiency and the
quality of telecommunication systems.

(8) High neutral current causes overheating and failure of the neutral conductor.

2.1.4 Basic Principle of Parallel Compensation

Figure 2.7 shows the basic configuration for parallel current quality compensation.
Figure 2.8 shows its corresponding waveforms for compensation. The compensator
is connected in parallel with the load. It shows a source supplying a non-linear load
that is being compensated by a shunt compensator. As a result, the source current, is
can be balanced and sinusoidal. However, the load current, ?L does not change
before and after compensation. The load currents of non-linear unbalanced loads are
still unbalance, non-sinusoidal and with harmonics. On the other hand, the com-
pensator injected current, ic turns the source current to be balanced and sinusoidal.
The ideal compensator is a controlled current source that can inject or draw any set
of arbitrarily compensating current reference, ?&

Basically, there are 4 different kinds of parallel compensators: Capacitor Banks
(CB), Passive Power Filters (PPF), Active Power Filters (APF) and Hybrid Active
Power Filters (HAPP).

Voltage
Source ~
I _ i,
A\ 14 Non-Loads

=

i, —> Compensator

Fig. 2.7 Basic configuration for parallel compensation
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Fig. 2.8 Corresponding
compensation waveforms v, .

Fig. 2.9 Parallel capacitor
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2.1.4.1 Capacitor Banks (CB)

Shunt Connected Capacitor Banks (CB) are extensively used in distribution power
networks for power factor correction and feeder voltage control due to its relatively
low cost and simplicity, which are developed mainly for reactive power compen-
sation as shown in Fig. 2.9. However, since the current passing through the
capacitor is proportional to the frequency and rate of change of voltage, the parallel
capacitor banks may possibly be damaged and may even cause explosion as shown
in Fig. 2.10 if the harmonics level is high. Moreover, CBs have other disadvantages
such as static compensation capability (low dynamic performance), slow response
time and resonance phenomena.

2.1.4.2 Passive Power Filters (PPF)

The first installation of Passive Power Filters (PPF) was in 1940s [1], PPFs have
been widely used to suppress current harmonics and to compensate reactive power
in distribution power systems due to its low cost, simplicity and high efficiency [2—
4]. The system configurations of conventional passive power filters (PPF) are
shown in Fig. 2.11. PPFs have been considered a good alternative for current
harmonic compensation and displacement power factor correction. In general,
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Fig. 2.10 Capacitor bank
explosion in a power
sub-station

Fig. 2.11 Parallel passive

I [
power filters . 1% _L>
r———- - ——=== e ]
| Passive  [. | Nonlinear
: Components : Load
| | " LnnLmelHP l
|| e |
[ |
| |
[ |

Passive Power Filter (PPF)

passive tuned filters have been used to eliminate low frequency current harmonics
while high-pass passive units have been connected to attenuate the amplitude of
high frequency current components [5, 6].

Technical disadvantages of PPFs have been extensively discussed and the
inherent drawbacks [2-7] are:

Source impedance strongly affects filtering characteristics.
PPF may fall in series resonance when source harmonic voltage produces
excessive harmonic current flowing into PPF.

e The shunt PPF may fall in parallel resonance with the source impedance.

e Small design tolerances are acceptable in the values of L and C. Small variations
in the values of L or C modify the filter resonant frequency.

In addition, the PPF cannot modify their compensation characteristics according
to the dynamic changes of the nonlinear load. The PPF generates fundamental
frequency reactive power that changes the system voltage regulation, and if the
filter is not designed properly or disconnected during low load operating conditions,
over-voltage can be generated at its terminals [8].
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Fig. 2.12 Topology of an
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2.1.4.3 Active Power Filters (APF)

Since the concept “Active ac Power Filter” was first developed by Gyugyi in 1976
[9], the research studies of the active power filters (APFs) for current quality
compensation prosper. With the remarkable progress in the speed and capacity of
semiconductors switching devices, such as GTO thyristors and IGBTs, active
power filters consisting of voltage or current source pulse width modulation
(PWM) inverters have been studied and put into practical use [9, 10]. The APFs
improve the power quality by injecting equal but opposite currents to compensate
harmonic distortion, reactive power and unbalance currents in the power network.
Figure 2.12 shows the system configuration of an APF. APFs consisting of
voltage-fed PWM inverters using IGBTs or GTO thyristors are operating suc-
cessfully, making significant contributions to improving power quality [11]. The
APFs have the ability to overcome the above-mentioned disadvantages inherent in
PPFs. However, the initial costs and running costs of the APFs are much higher
than those of the PPFs [11, 12] due to the costs of semiconductor switching devices
with its drivers, signal conditioning boards and digital controller(s).

2.1.4.4 Hybrid Active Power Filters (HAPF)

The CBs and PPFs cannot achieve dynamic reactive power and current quality
compensation but their costs are relatively low. Sometimes, they may cause the
operation problems in the power networks and even explosion. The APFs can
overcome the above issues, but require high initial and operational costs. There is
an alternative that is to combine both PPF and APF to form a Hybrid Active Power
Filter (HAPF) [2, 11]. Hybrid active power filters (HAPFs) consist of active and
passive filters connected in series or parallel to each other so that the advantages of
both filters can be combined. The main purpose of the HAPF is to improve the
compensation characteristics of PPF and reduce the costs of the APF. It leads to the
effective balance in cost and performance for current quality compensation.
Figure 2.13 shows a typical topology of an HAPF.
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Fig. 2.13 A typical topology
of a hybrid active power filter
(HAPF)
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In this book, the APF and HAPF are the focus. More details are discussed in
Chaps. 3 and 4. In next section, the instantaneous compensation current technique
to control the voltage source inverter (VSI) so as to inject or absorb the required
compensating current instantaneously will be discussed in detail.

2.2 Instantaneous Power Compensation

Conventionally, the active, reactive and apparent powers are defined under
steady-state, which are calculated by root-mean-square (RMS) voltage and current
values and/or phase angle difference between the voltage and the current. It means
that the compensation or the measurement equipment needs to wait at least one
period long, for example 0.02 s in a 50 Hz frequency system, in order to get power
components for further operations. As a result, the speed for the response by the
compensators is relatively low.

In 1983 [13, 14], the instantaneous active and reactive power theory or the p-q
theory was first introduced by Akagi et al. in Japan. The p-q theory [14, 15]
pioneered in transforming voltages and currents from abc to aff coordinates. This
concept has provided an effective method to compensate the instantaneous com-
ponents of reactive power for the three-phase system without energy storage.
However, this instantaneous reactive power theory has a conceptual limitation as
pointed out in [16], i.e., the theory is only complete for the three-phase systems
without zero-sequence currents and voltages.

To resolve this limitation and associated problems, Willems and Nabae proposed
some attractive approaches to define the instantaneous active and reactive currents
[16, 17]. However, their approaches are to deal with the decomposition of currents
into orthogonal components rather than with the power components. In 1996, a
generalized theory of instantaneous reactive power has been proposed [18-21]. The
generalized theory is valid for sinusoidal or non-sinusoidal and balanced or unbal-
anced three-phase systems, with or without zero-sequence currents and/or voltages.
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In this part, the definitions of this generalized instantaneous reactive power theory
are given both in a-b-c and a-f-0 coordinates. Finally, the compensating current can
be calculated and is discussed in this section.

The instantaneous active power p and reactive power g of a three-phase system
are defined as:

p="v-i (2.7)
Gg=vxi (2.8)
q = 4| (2.9)

where “” denotes the dot (internal) product or scalar product of vectors, “X”
denotes the cross (exterior) product of vectors or vector product, v and i are the
voltage and current vectors. Since the instantaneous reactive power obtained from
Eq. (2.8) is a vector, the magnitude or the length of the instantaneous reactive
power is often used, which is defined in Eq. (2.9).

2.2.1 Definitions in a-b-c Frame

For a three-phase system, instantaneous voltages v,, v, V. and instantaneous cur-
rents i,, ip, i are expressed as instantaneous space vector V and i, i.e.,

V = vy + vpitp + Vi, (2.10)
§ = ity + ipit) + i, (2.11)
where (7i,, iy, 7i.) is a basis in a-b-c frame.

By using the definitions of (2.7) and (2.8) the instantaneous active and reactive
powers can be expressed as:

P =V 1= Vaia + Vpip + Ve, (2.12)
G =V X 1= quiiy+ qpitp + qciic (2.13)
where
v B o ve e Ve g
qa = Ve ic y b = vy ia y de = Vb ib
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Finally, instantaneous reactive power is:
g = (Vpic — velp)itg + (Veiy — Vale)ip + (Valp — Vpla)Tie (2.14)

The instantaneous active current vector i, and the instantaneous reactive current
vector i, are expressed as:

_ Lap

ip= | i Z%v :%v (2.15)
iep RV
iw] - -

= . gxXv gxv

lg= |Wp | = =3 =0 (2.16)

where v = ||\7|| = \/W and i = i)"‘;q

2.2.2 Definitions in a-f-0 Frame

The o-f-0 transformation of a three-phase four-wire system gives:

io 1 _ia
iy | =[P | ip (2.17)
ip | | ic
Vo 1 -Va
vl =17 [ v (2.18)
Vg | L Ve
where
[V e 1/
P=4/5| cosO  cos(0—120°)  cos(60+120°)

| —sinf —sin(6 — 120°) —sin(6+ 120°)
5 1/f 1/vV2  1/v2
=4/ 12 —1)2
3 0 V3/2 —V3)2

for 0 = 0, then [P]" = [P]", the matrix [P] is the Clarke Transformation which
transfers voltages and currents from a-b-c to a-f-0 coordinates.
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As a result, the instantaneous active power can be expressed as:

—

Papo)y = V-

i= 17(0(/30) . i(“/;()) = Vyly + Vﬁi/g —+ volo (219)
where the suffixes “(abc)” and “(af0)” denote the corresponding coordinates. Then,
its instantaneous active power can be expressed as:

-

P(abe) = ‘_;(abc) : .(abc = [‘_;]Tn
Plapo) = V(apo) * i(zpo) = ([PIF)[P)[i] = [¥" [P]"[P][i]
=[N = ']

SO P(apo)y = Vi = V(up0) * L(ap0) = V(abe) * I(abe) = Plabe)
Furthermore, the instantaneous reactive power can be expressed as:

q(“ﬂo) = V(aﬁo) X ?(aﬁ)o) = (Vﬂio - Voi/j)ﬁa + (voly — Vaio)ﬁﬂ + (V“iﬁ - Vﬂix)fl‘o
(2.20)

-

G(apo) = Fupo) X i(ap0) = ([PIFiane)) X ([Pli(ase))
= [P](‘_;(abc) X i(abc)) = [P (_j(abc)

because ||[P]|| = | and Hq(abc)H = HQ(OC/}O)H can be deduced.

The previous discussion indicates that the definitions of instantaneous active and
reactive power can be expressed in both abc and af0 coordinates, and the used
coordinates are linear independent to each other.

Similarly, the instantaneous active and reactive current components in o-f-0
coordinates can be written as:

2 p 5
l = Q=5 —V 221
P gy Viapo) 220
- G X V(upo)
lq(at[f()) =g (222)

V(po) * V(xp0)
In addition, if the generalized instantaneous reactive power theory is applied to

the three-phase three-wire system, i.e., vo = 0 and iy = 0, the following results can
be derived.

P = V(apo) " Lnp0) = Vaia + Vpip (2.23)

q = [|[Fupo) X i(upo)|| = Vuip — Vi (2.24)
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2.2.3 Mixed-Coordinate Instantaneous Compensation

Based on previous parts, three-phase voltages and currents can be described by the
3-dimensional base either in abc or af0 coordinates. In general, the equivalent
voltage and current vectors can be expressed by (2.25) and (2.26) in xyz coordinate.
The xyz can be abc or off0 coordinates

Ve = Vyliy + Wiy + v,ii, (2.25)
i, = ity + ity + i, (2.26)

The instantaneous active and reactive powers can be expressed by (2.27) and
(2.28), which can be further decomposed into average and oscillating components
as given in (2.29) and (2.30).

P = Ve - Ie = Vil + Vyiy + Vi (2.27)

G =V X iy = (Vady — vyl )il + (Vi — Vol )il + (Vo — Vi, )ity (2.28)
p=p+p (2.29)

i=q+q (2.30)

Additionally, the instantaneous active and reactive current can be expressed as
follows:

2 P ‘_;e

= 2.31
Ip ‘_;e . 17(3 ( )
- gXxV,

= 2.32
lq Ve . ‘_;e ( )

Finally, its injecting current for compensation can be expressed by (2.33), which
shows that only oscillating component of instantaneous active power and all
instantaneous reactive power are compensated.

. N'_’e _’X_)g
. RaR (2.33)

¢ ‘_;e : ‘_;e ‘_;e : ‘_}'e

No matter the voltages or currents are expressed in abc or o0 coordinates, they
are describing the same voltage or current vectors in 3-dimensional base. One
should be noted that the voltage sources should be assumed to be balanced and
sinusoidal. Otherwise, the instantaneous compensated current in (2.33) should be
further modified as there are negative and/or zero sequence average power com-
ponents existed in instantaneous average active power. Without further
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modification, the compensated source currents are not sinusoidal and not balanced
for unbalanced and/or non-sinusoidal voltages, in which further discussions for
unbalanced and non-sinusoidal voltage cases are not included in this book.

The instantaneous compensating currents can be calculated by mixed coordinate
signals. As a result, the computation steps and time by a digital controller, such as
digital signal processor (DSP) can be reduced. The computation error can also be
lowered, in which the detailed algorithm description immediately follows.

The instantaneous compensating active current can be expressed as:

2 P'Ve
o = 2.34
Lep 7,7, (2.34)

where p is the oscillating part of the instantaneous active power which can be
calculated by

P = Valg + Vplp + Vele = pa+po + Pe (2.35)
The dot product of the instantaneous voltage is
A=7, -V, =24V +12 (2.36)

Finally, its instantaneous compensating active current can be expressed as:

?Cp = % (vaﬁx + vpiip + voﬁo) = = (Vailg + Vplip + v i, (2.37)

B

All the instantaneous reactive power components are required for calculating the
instantaneous reactive compensating current,

2 q X Ve
leg =

— (2.38)
Ve - Ve

The instantaneous reactive compensating power vector components can be
projected on {7, i), 7.} base. The instantaneous reactive power can be calculated

by (2.39). The cross product of reactive power ¢ and voltage vector v, can be
derived from (2.40).

‘_i = (Vbic - Vcib)ﬁa + (Vcia - Vuic)ﬁb + (Vaib - Vbia)ﬁc = Aii, + Biiy + Cii, (239)

Qy
X
=l
I
S
o
a

= (Bve — Cvp)ity + (Cvy — Ave)iiy + (Avy, — Bv,)id,

(2.40)
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where
A = (Vpie — Velp), B = (Vely — vai.) and C = (vuip — Vply)

Finally, substitute (2.40) into (2.38), its instantaneous compensating reactive
current can be described by (2.41).
- 1 2. 2. . . —
leg = K [(Vcla + Vipla — VaVele — Vqulb)na
+ (vgih + vzib — VpVaiy — vbvcic)ﬁ;, (2.41)
+ (viiC + viiC — VeVplp — vcvaia)ﬁc}
By just taking out the first term of (2.41) and substituting (2.35) into it, after

simplification, the instantaneous compensating reactive current in phase a can be
obtained as given in (2.42).

1 . .
qua = (v i, + Vbla VaVele — vavbzb)

1
K (za vb + v — VaPb — vapc)
1
K (la - V — VaPb — Vapc) (2'42)
I .

=3 (iaA = VaPa = VaPp — Vape)

—i, -2
a A a

By considering phase b and phase c¢ as well, the instantaneous compensating
reactive current in 3-dimensional case can be given in (2.43).

2 . )4 - . p - . 14 =
leg = (la — Kva> iy + (1b — va)nb + (lc — ch) 7, (2.43)
The final instantaneous compensating current is composed of instantaneous

compensating active and reactive currents as shown in (2.44). After simplification,
the final instantaneous compensating current for abc coordinates is shown in (2.45).

[ (2.44)

ﬁ:(@—%w)m+(@—§%>@+<Q—%w)m (2.45)

Moreover, the voltage and current vectors can also be expressed in af0 coor-
dinates; its compensating current can be described by (2.46).
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i = (ia - —va> iy + (i,; ~ %wa) iip+ (io ~ %\@)iio (2.46)

where A =v2+v2 +12, p = v, + Vpip +vei. and p is the average value of
p. Figure 2.14 shows the mixed coordinate instantaneous compensation algorithm.

Simulation verifications are performed by Matlab/Simulink. Figure 2.15 shows
the three-phase source voltages while Fig. 2.16 shows the three-phase currents, the
currents are obviously unbalanced and with harmonics. Figure 2.17 shows the
source currents after transformation in a,  and O coordinates.

Figure 2.18 shows the compensated source currents with the compensation
consideration of instantaneous reactive current only. It clearly shows that the source
currents are not perfectly sinusoidal and balanced after compensation.

>
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v v vy v
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VarVpoVo | | A=v, v, +v | [P =V,i, + i, +Vi| |1y 1g,1
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Fig. 2.14 Mixed coordinate instantaneous compensation signal flow diagram
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Fig. 2.15 Three-phase source voltage

Fig. 2.16 Three-phase
currents

Fig. 2.17 Three-phase
source currents in a0
coordinates
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0.09

Fig. 2.18 Compensated source currents with compensation consideration of instantaneous
reactive current only
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Fig. 2.19 Compensated source currents by mixed coordinate instantaneous compensation
algorithm

Figure 2.19 shows the simulated result by Mixed Coordinate Instantaneous
Compensation Algorithm. It clearly shows that three-phase source currents are
sinusoidal and balanced after compensation. Figure 2.20 shows the a, £ and 0
coordinate source currents after compensation by Mixed Coordinate Instantaneous
Compensation Algorithm.

From the above simulation results, there is a transient part between t = 0 s and
t = 0.03 s. Under the transient period, there is a large influence due to the transient
response of the low-pass filter to obtain the instantaneous average power. The
response of the low-pass filter affects this transient response. The faster the response
of the low-pass filter, the shorter the transient period will be. However, the low-pass
filter design is out of the scope of this section. The above mixed coordinate
instantaneous power can simplify the calculation steps comparing to the original
instantaneous reactive power theories.
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Fig. 2.20 o, f and 0 15
coordinate source currents
after compensation
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2.3 Three-Phase Converters and Their Discussions

In this section, three basic three-phase converter topologies are analyzed, compared
and discussed in two-level and multi-level topologies such as three-leg, three-leg
center-split and four-leg inverters in three-phase three-wire and three-phase
four-wire systems. Since Year 2000, the 3-Dimensional Pulse Width Modulation
(3D PWM) technique has become one of the popular research topics in three-phase
four-wire applications, such as distributed power generators and active power filters
[22-25]. The challenges to investigate the three-phase four-wire converters are:

(1) To choose a suitable circuit topology,

(2) To have a decoupling transformation mathematical model for analysis,
(3) To develop a control strategy with high performance, and

(4) To apply the system in high power applications.

The three-phase voltage source inverters (VSI) normally have two ways of
providing a neutral connection for the three-phase four-wire systems: Three-Leg
Center-Split and Four-Leg inverters [22]. However, according to the past studies
[23, 25-27], most of the three-phase four-wire converter investigations mainly
focus on the four-leg topology due to two reasons. First, the maximum achievable
peak value of line-to-neutral voltage of a three-leg center-split inverter is lower than
a four-leg inverter, which means that the utilization of dc linked voltage, V4, of a
three-leg center-split inverter is lower. Second, large dc linked capacitors are
needed in a three-leg center-split inverter to maintain a small ripple dc voltage.
Based on the above points, the development of the control of the three-leg
center-split topology is slower than that of the four-leg.

On the other hand, the control strategies of three-phase four-wire inverters are
studied from abc Hysteresis controls to ap0 space vector modulations [23-30] by
abc-af0 transformations. Recently, there was 4 X 4 Quad-Transformation matrix
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Fig. 2.21 Four-leg inverter
primary voltage vectors [27,
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[27] which describes the direct transformation between the 4 Degree-of-Freedom
Leg-Output Voltage Space of the Four-Leg Inverter and its 3 Degree-of-Freedom
output voltage space. The Quad-Transform [27, 30] was proposed to analyze the
four-leg systems in off0 coordinates. The leg-voltages of a four-leg inverter could
be modeled as a projection into the 3 dimensional output-voltage space along 4
vectors through a Quad-transform. These vectors were denoted as the primary
voltage-vectors of the inverter and were depicted in Fig. 2.21. The a, b, ¢, and n
vectors in Fig. 2.21 formed the corners of a symmetrical tetrahedron [27, 30].

A unique 4 X 4 decoupling transformation matrix was presented for the four-leg
circuit topology, which was orthonormal, and hence invertible. The row and col-
umn vectors formed a basis for the 4 Degree-Of-Freedom leg-voltage space.
However, the concept of “Primary Voltage Vectors” that was defined as “An N-leg
inverter has an N-dimensional leg-voltage space, but only controls an (N — 1)
dimensional output voltage space. The leg voltages of an N-Leg inverter project
into the output-voltage space along the N vectors of equal magnitude equally
arranged in an (N — 1) Degree-Of-Freedom space [27, 30]”. In this chapter, a 3
dimensional basis is used as follows. Furthermore, when four-leg and three-leg
center-split multilevel converters are taken into account in three-phase four-wire
high power applications, the advantages of the three-leg center-split multilevel
topology will be explained in the following sections.

2.3.1 Realization of 3 Dimensional Coordinates
Jor Three-Phase Systems

One should note that the voltage space vector development hereafter is based on the
assumption that instantaneous power is constant after and before transformation
from one into other coordinates in this book. In a three-phase three-wire or
three-phase four-wire system, an instantaneous voltage vector, ¥, can be represented
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by a linear combination of the vectors, #,, 7, and #. which can form a basis,
B = {iiy, iip, 7. }, for a vector to span with. The vectors, #,, 7, and 7, are linear
independent to each other in a physical sense. Basically, the dimension of this
instantaneous voltage vector is 3.

V = K i, + Kphy, + K i, (2.47)

where K,, K;, and K, are scalars.

Let M = {i, .. .i,,} and M' = {W;,W,...Ww,,} be the two bases for a
finite-dimensional vector space Q. Since M is a basis and M’ is a linearly inde-
pendent set, which implies that m =n. As a result, any two bases for a
finite-dimensional vector space have the same number of vectors. An instantaneous
voltage vector can be represented by B = {7, iy, 7.} and B’ = {r'i“, iig, ﬁo}, and it
can span in a 3 dimension space. The 3-phase instantaneous voltages can be
transferred from abc into af0 coordinates by the coordinate transformation matrix
[19]1, P,po, (2.48) under a linear power transformation consideration.

Va 5 1 —1/2 —1/2 Va Va
v | = \/; 0 \/§/2 —\/§/2 Vo | = Pupo | Vb (2.48)
Vo 1/v2 1/\/§ 1/\/E Ve Ve

cos0°  cos(120°) cos(240°)
where P,g0 = /3| sin0°  sin(120°) sin(240°)
sin(45°)  sin(45°)  sin(45°)
Under the linear power transformation consideration [19], there are two condi-
tions that need to be fulfilled, (2.49) and (2.50).

I = [Pypo]” [Papo] (2.49)
| Pago| =1 (2.50)
From (2.49), it implies that [Paﬂo}fl = [Palgo]T, which has the property that the
matrix P,p is said to be an orthogonal matrix and I is an identity matrix. As a result,
vector coordinates can be described as shown in Fig. 2.22. Another important
characteristic is noticed as follows. The determinant of P, is equal to 1 so that the
volumes bounded after and before the transformation are the same [31].

|Pupo] = 1 (2.51)

It means that an instantaneous voltage vector can be expressed as (2.52).

V=K., + K[gﬁ[; + Koh (2.52)

where K, K; and K are scalars.
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Fig. 2.22 Transformation ~ n
. . O
basis allocation n, A

The zero sequence is the projection of vectors in a, b and ¢ coordinates with 45°
on it. When the vector coordinates are considered from top view of Fig. 2.22, the
abc coordinates are apart from each other with 120°, but it should be noticed that
they are orthogonal to each other as shown in Fig. 2.22. All the transformations
taken by abc and a0 coordinates are in 3 dimensions, not 3 to 2 dimensions in the
three-phase systems. It can also be explained why phase angles of abc coordinates
are 120° apart with orthogonal basis to each other. The above concept can be
applied in multi-phase systems such as the four-phase systems described by a 4D
transformation for analysis. However, it is not within the discussion of this book.

2.3.2 Basic Three-Phase Converters, 3D Coordinates
and Their Comparisons

The literatures on controlling three-phase three-wire converters are rich; recently
more and more attention is paid to the three-phase four-wire converters [23-27, 30].
In this section, in contrast to the earlier approaches, the comparisons among the
basic three-phase converters of their voltage vectors in 3-dimensional coordinates
are performed, rather than using the switching tables only. These basic converters
are of three-leg, three-leg center-split and four-leg. All the corresponded converters
are illustrated in 2-level equivalent circuits, as shown in Figs. 2.23, 2.24 and 2.25.
In this section, vg = V41 = V4o is assumed for comparisons and none of the
switching losses are being considered.

2.3.2.1 Two-Level Three-Leg Converters

From Sect. 2.3.1, it is found that all the voltage vectors of three-phase converters
can be analyzed by a 3-D transformation basis. According to Fig. 2.23, the
switching functions can be given as §; = {+1,—1}, where j = {a,b,c}. For
example, when S, = +1, S, is turned on and S, is turned off, and vice versa.
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The converter output voltages in a-b-c coordinates can be expressed in (2.53). It
is required to transform the voltages from a-b-c into o-f-0 coordinates for com-
parisons through (2.54).

Va0 1 2 -1 =118,
Vo = g(ZVdC) -1 2 -1 Sb (253)
Veo -1 -1 2 |]|S.

where S; = {+1,—1} and j = {a, b, c}
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[SIE

1 1
Va0 2 Va0
2
vgo | = \/g (1) V?? - l@ Vo (2.54)
Yoo V2 V2 V2 Ve

Furthermore, (2.53) can be inserted into (2.54), which gets (2.55).

I =3 —5lr2 -1 -1

Va0 2 2 Y
2 (2v4e

Vg0 :\/;( Vae) o ¥ _v3|l|l-1 2 -1 S,

6 1o 1 2|1 -1 2|ls
Voo NG V2 ¢
5[0 —1/2 —1)2 S,
:vdc\/; 0 Vv3/2 —V3/2||S, (2.55)
0 0 0 S,

As a result, an instantaneous converter output voltage vector of a three-leg
converter can be expressed as (2.56) so that the scalars, K,, Kz and Ky, are

V2/3v4Sq 1/ \/ivch;; and 0 correspondingly. It should be noticed that vg. is the
half value of vpy as shown in Fig. 2.23. There is no zero-component coincidentally,
which changes 3-D a-b-c coordinates on 2-D a-f plane.

. 20 1.
Vihree—leg = Vdc [\/;Sa My 7§Sﬁ : I’l/g‘| (256)

where S, = S, — 1S, —1S. and Sg = S, — S..

2.3.2.2 Two-Level Three-Leg Center-Split Converters

Comparing Fig. 2.24 with Fig. 2.23, node “O” is connected with node “n”.
According to the defined switching functions, the voltages are defined as (2.57) in
a-b-c coordinates. It forms a two-level three-leg center-split converter shown in
Fig. 2.24.

Va0 1 0 0 Sa
Vb0 = V4c 01 0 Sb (257)
Veo 0 0 1|]S.

where S; = {+1,—1} and j = {a, b, c}

Furthermore, the converter output voltages in a-f-0 coordinates are expressed in
(2.58). An instantaneous converter output voltage vector of a three-leg center-split
converter can be represented by (2.59).
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Va0 AR —f% 3L o o]7s.
VBo :Vdc\/; (1) ?3 —173 01 0 Sp

s[ 1 —127 —1/277s,
=vdc\/§ 0 V32 —v3/2|]|s, (2.58)

In this case, scalars, K,, Kz and Ky, are \/2/3V4eSys l/ﬁvch[; and 1/\/§vcho
correspondingly.

. 2. 1. . 1. .
Veenter—split = Vdc [\/;Sa “hy + %Sﬁ shng + 7§S0 L) (259)

where S, = S, — 1S, —1S., Sp =S, — Sc and So = Sq +Sp + S

2.3.2.3 Two-Level Four-Leg Converters

There is a growing interest in the four-leg converters for three-phase four-wire
applications. Figure 2.25 shows the equivalent circuits of a four-leg converter. The
mid-point “f” of an addition leg is connected with node “O”. When switching
functions are only considered with +1 and —1, there are 2 operation modes for the
four-leg converter, as shown in Figs. 2.26 and 2.27.

Fig. 2.26 Mode 1 when P l
switching function of Sy is +1 v + f Sy =on
dCl - Sul Kshl KS('] K sz - Qﬁ
al —~
n b z 0
¢ —)
+ ——
Vier Saz NSy \S.
- T 1]
N
Fig. 2.27 Mode 2 when P S, =off
switching function of Syis —1 . + Sjl ’
det_ SKSKSK o
a ——~
n b z 0
¢ —’
+ ——
S
Vier ¢ 2 NS \Se
T |
N
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Fig. 2.28 One-leg converter P S, =off
in Mode 2 +

Vo S, =on

c
- Sa z
a 0
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SaZ

Vdc 2 f
N

When S;is +1, the node “O” is connected with node “P”. In another mode, node
“O” is connected with node “N” if Syis —1.

For simplification only one leg of them is considered in mode 2 as shown in
Fig. 2.28. It has v,0 = Vge1 + Vaez = 2vge. When S, = 1, vyo = 2v4.. In another

way, when S, = —1, v,0 = 0. As a result, the instantaneous voltage can be deduced
as (2.60).
2de
v = (S = ) =2 (2.60)

As a result, the instantaneous converter output voltages can be defined in a-b-
¢ coordinates as shown in (2.61). The four-leg inverter can produce three inde-
pendent output voltages, regardless of load. Furthermore, the instantaneous
converter output voltages in a-f-0 coordinates from a-b-c coordinates are expressed
in (2.62). An instantaneous converter output voltage vector of a four-leg converter

can be represented by (2.63). Scalars, K, Kg and Ko, are \/2/3v4S,, 1 / \/EdeSﬁ
and 1 / V348 correspondingly.

Vao 1 0 0 -1 g
vo | =vee|O 1 0 —1 S” (2.61)
V0 0 0 1 —1 S;

wl 5 [V -F -E][r 00 Ty

veo | = \/:vdc 0 ¥ —¥llo 1 0 -1 Sb

v 3l L 0o o 1 -1

00 RV IRV S

5 [ 1 -1/2  —1)2 0 1|5
= \/:vdc 0 V3/2 V32 o0 oy (2.62)
S VAV IR YNV VAV YAV X
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Fig. 2.29 Defined
parameters in coordinates
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Viour—leg = Vdc l\/;sx <y + ﬁSﬁ sng+ 7?_’5() : n()] (2.63)

where S, = S, — %Sb — %SC, Sp =S8y —Sc and So = S, + Sy + S, — 35;.

2.3.2.4 Three-Phase Converters, Voltage Space Vectors and Their
Comparisons

In 3-D aspect, a vector or a switching state can be represented by Rectangular,

Cylindrical or Spherical Coordinates. According to parameters defined in Fig. 2.29,

the instantaneous converter output voltage vector can be further considered as

follows.

V= vae - (Zudiy + Zyitg + Zoiiy) (2.64)

where Z, = \/35,, 2 = 158y and Z = S0,
The parameters defined in Fig. 2.29 can be expressed as:

p=\/Z:+Z;+Z; (2.65)

r=\/22+2} (2.66)

0 =tan"! Zﬁ) (2.67)
Z,

wcl)e) e



48 2 Basic Principles for Parallel Power Electronic Filters

Table 2.2 Two-level three-leg converter voltage vector parameters

Se Sy S S Sy S |r 0 Zy |p ¢
v, 1 |-t |[-1 |2 |0 0o 1633 |0 0 1633 |90°
Vs 1 |1 |[-1 |1 |2 [0 1633 |60° |0 |1633 |90°
v, -1 |1 |-1 |-1 |2 |0 1633 [120° |0 [1633 |90°
v, -l 1 1 |2 | o o [1633 [180° |0 1633 |90°
Vs |-1 |-t |1 |-1 |2 |0 1633 |240° |0 |1.633 |90°
Ve 1 o[-1 |1 -2 |0 1633 [300° |0 [1.633 |90°
vy |1 1 1 o (o o * 0 |0 90°
Vo -1 |-1 |- o (o o * 0 |0 90°

However, v, = 1 is assumed for simplifying the comparison among three-phase
converters as follows.

A. A Two-Level Three-Leg Converter and Its Voltage Space Vector

In a two-level three-leg converter, there are 2° = 8 available voltage vectors but
with only 7 achievable switching states. Coincidentally, there is no zero sequence
component of voltage space vectors in a-f-0 coordinates. The available vectors are
projected from 3D a-b-¢ coordinates on a 2D a-f plane. Table 2.2 summarizes
parameters of the 2-level voltage vectors for a two-level three-leg converter. The
mark, *, means “undefined” in following Tables. Figure 2.30 shows the allocation
of available output voltage vectors of a two-level three-leg converter.

In conventional 2-D Pulse Width Modulation techniques, voltage space vector
allocation can be illustrated on a a-f plane, which is shown in Fig. 2.30. There are
totally 8 available voltage vectors with 6 directional vectors and 2 zero vectors.
These 2 zero vectors are utilized in optimizing the switching sequence in order to
reduce the switching loss.

Fig. 2.30 Allocation of e
: n

available output voltage ‘7 Vi

vectors of a two-level 3(-1 1 -1 L ‘7

three-leg converter 21D

V4(—1 1 op(1 1 1) a - -y

= > > n,
‘/On(*l -1 -

=

51 -1 1 Ve(l -1
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Table 2.3 Two-level three-leg center-split converter voltage vector parameters
Y Sp Se S Sp So r 0 Zy p ¢
v, 1 |-1 |-1 2 0 |-1 |1.633 |0° —0.577 |,/3 |109.46°
V) 1 1 -1 1 1 |1.633 |[60° 0.577 V3 | 70.54°
Vs -1 1 -1 |-1 -1 [1.633 |120° |-0.577 |./3 |109.46°
Vi -1 1 1 |2 0 1 1.633 [ 180° |0.577 V3 | 70.54°
Vs -1 |-1 1 |-1 |2 |-1 |1633 |240° |-0.577 |./3 |109.46°
Vs 1 |-1 1 -2 1 |1.633 |[300° |0.577 V3 | 70.54°
Vop 1 1 1 3 10 * V3 V3 o |0°
Vo |—1 |-1 |-1 -3 |0 * -3 V3 | 180°

B. A Two-Level Three-Leg Center-Split Converter and Its Voltage Space Vector

In a two-level three-leg center-split converter, there are 2° = 8 available voltage
vectors with 8 achievable switching states. The available vectors are projected from
3D a-b-c coordinates into 3D a-f-0 coordinates. Table 2.3 summarizes the voltage
vector parameters for a two-level three-leg center-split converter. Figure 2.31
shows the allocation of available output voltage vectors of a two-level three-leg

center-split converter.

Comparing Figs. 2.30 and 2.31, it shows that the number of available voltage
vectors is equal to the number of available states in a two-level three-leg center-split
converter, which is not the case in a two-level three-leg converter. Those two zero

Fig. 2.31 Allocation of
available output voltage

vectors of a two-level
three-leg center-split

converter
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vectors can be employed for a neutral line current compensation as well as optimizing
the switching sequence to reduce switching loss. All the vectors of the three-leg
center-split converter have zero components. It is noticed that the amplitude, r, of
{‘71, ‘72, \73, \74, \75, \76} vectors of the three-leg center-split converter is the same as
that of the original three-leg converter, which is the projection of
{1717 Vs, Vs, Vi, Vs, \76} vectors on the o-f plane.

C. A Two-Level Four-Leg Converter and Its Voltage Space Vector

In a two-level four-leg converter, there are 2* = 16 available vectors with 15
achievable switching states. The available voltage vectors are projected from 3D a-
b-c coordinates into 3D a-f-0 coordinates. Table 2.4 summarizes the voltage vector
parameters for a two-level four-leg converter. Figure 2.32 shows the output voltage
allocation of available vectors of a two-level four-leg converter. The amplitude, r, of
{‘711,, Vgp, ‘731,, ‘74p, ‘75p, Vﬁp, ‘71”, ‘72,,, ‘737” ‘74,1, ‘75”, Vﬁn} vectors of the four-leg
converter is the same as that of the original three-leg and the three-leg
center-split converters, which are the projections of those vectors on the a-f plane.

D. Comparisons and Discussions

Table 2.5 summarizes the above analysis results. In previous studies, under the
center-split capacitor approach, the three-phase converter essentially becomes three
single-phase half-bridge converters. Thus, it suffers a lower utilization of dc link

Table 2.4 Two-level four-leg converter voltage vector parameters

S 1Sa |Sp |[Se Sy |Sp [So |7 0 Zy 14 ¢
\71p -1 1 [-1 [-1 2 2 [1.633 |0° 1.155 |2 54.73°
‘72/7 -1 1 1 [-1 1 4 |1.633 |60° 2.309 |2.828 35.27°
‘731; -1 |[-1 1 [-1 [-1 2 | 1.633 |120° 1.155 |2 54.73°
\741, -1 |[-1 1 1 |[-2 4 |1.633 |180° 2.309 |2.828 35.27°
\75p -1 |[-1 [-1 1 |-1 |2 2 [1.633 |240° 1.155 |2 54.73°
‘76p -1 1 |-1 1 1 |2 4 11.633 |300° 2.309 |2.828 35.27°
\701’ -1 1 1 1 0 0 6 |0 * 3.464 |3.464 0°
Voor | =1 |1 =1 [-1 [ 00|00 * 0 0 90°
\71,’ 1 1 [-1 [-1 2 0 |—4 [1.633 |0° —2.309 |2.828 144.73°
‘7271 1 1 1| -1 1 2 |—2 |1.633 |60° —1.155 |2 125.27°
‘_/"3’1 1 /-1 1 [-1 [-1 2 |—4 |1.633 |120° |—2.309 |2.828 144.73°
\74n 1 /-1 1 1 |2 0 |—2 [1.633 |180° |—1.155 |2 125.27°
VSn 1 |—-1 [-1 1 |—1 |-2 |—4 |1.633 |240° |—2.309 |2.828 144.73°
‘7611 1 1 |-1 1 1 |—2 |—2 |1.633 |300° |—1.155 |2 125.27°
VOn 1 |-1 |-1 |-1 0 0 |-6 (0 * —3.464 | —3.464 |180°
Vop | L L[ 100 00 [ 0o 0 90°
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Fig. 2.32 Allocation of
available output voltage

vectors of a two-level four-leg

converter

Table 2.5 Comparisons among three basic three-phase converters

51

Maximum phase
voltage

Voltage capacity on a-
p plane

Voltage capacity on
Zero axis

Three-leg converters %Vdc Same 0
Three-leg center-split Ve Same Middle
converters

Four-leg converters AR Same Highest

voltage as compared to the four-leg. Based on the maximum phase voltage that could
be performed by the three-phase converters, reaching the above conclusion was
straightforward. However, according to Tables 2.2, 2.3 and 2.4, all of the three-phase
converters have the same amplitude, r, of the projected non-zero vectors on the a-f
plane. It means that when the converters have the same dc linked voltage, they have

the same a-f voltage capacity for converter’s operation, and the four-leg converter

has higher zero-current injection ability as it has a higher Zj than that of the three-leg
center-split. As a result, a three-leg center split and four-leg inverters have the same

voltage capacity on the a-f plane when they have the same dc linked voltage.
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Table 2.6 Simulation results

Vde = Vdel = Vde2 = 100 V Phase voltage (V) Ve (V) Zo * Vde (V)
VpN = 200 V

Three-leg converters 133.3 163.3 1.641 x 10714
[Sa S Sc] = [1]

Three-leg center-split converters 99.99 163.3 =57.73

[Sa Sp Scl = [1]

Four-leg converters 200 163.3 115.4

[Sa Sp S Sl =[1]

A simulation test of the three-phase three-leg, the three-leg center-split and the
four-leg inverters is performed when vg. = Vg1 = Vg = 100V and vpy =
Vacl + Va2 = 200V with balanced loads are connected. The switching functions are
given by Table 2.6. It is noticed that the total dc linked voltage is 200 V. Table 2.6
summarizes the simulation results, where r and Z, are defined in Tables 2.2, 2.3 and
2.4 respectively. All the simulated values followed the above theoretical results. It
shows the validity of the above theoretical conclusions. First, phase voltage is the
highest in the four-leg inverter and the three-leg center-split converter has the
smallest phase voltage. Second, all the inverters have the same voltage capacity on
the a-f plane when they have the same dc linked voltage. Third, the four-leg
inverter has the highest zero injection capacity. Fourth, only one transformation can
be employed to analyze all three-phase converters.

In left columns of Tables 2.2, 2.3 and 2.4, the switching functions in a-b-c and
a-f-0 coordinates are identical to those in the other researches [23-30].
Experimental results were performed in [25, 32] to show the validity of switching
function tables. However, without using a 3D voltage model, such as (2.56), (2.59)
and (2.63), to describe the output vectors of three-phase converters, it was hard to
compare the relationship among the converters. Based on the mathematical and
theoretical deduction with only one 3D transformation basis, the converters can be
comparable directly.

2.3.3 DC Voltage Unbalance, Variation, Switching
Functions and 3D Coordinates

In the three-phase converters, the unbalance in dc-link neutral point voltages, for
example, in a three-phase three-leg center-split converter, may affect PWM per-
formance and it may cause a significant distortion in generating a current waveform.
In this section, vg # V4 is assumed in order to consider the influence of the
unbalance dc upper and lower-leg voltage variations on 3D voltage space vectors of
the three-phase converters. Switching functions are considered due to the unbalance
between dc upper and lower capacitor voltages. V,. is defined as (2.69). The
upper-leg and lower-leg switching functions in a, b or ¢ phases can be defined as
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(2.70) accordingly, where S;V is defined as this new proposed switching function
due to dc voltage unbalance and j = a, b or c.

Vacl + Va2

Vie = 5 (2.69)
Vel
Y upper leg
§j = { —Iv‘;f—“l, lower leg (2.70)
de

Conventionally, the switching function can be 1 or —1, but this proposed
switching function can either be smaller or larger than 1 due to the dc voltage
deviation. When vy = vaer = Ve, SJN = S;. However, when vge1 # Vaer 7# Ve,
SN # £1. Furthermore, SN can be expressed as (2.71). The proposed switching
functlon is found to be affected by the dc voltage unbalance.

Vael — g (Vaet +vac2) + (Vaer —va2) __
SNV — { Vac = Vel Fvaa ( Vael TV{IE.Z )— 1+ AS, upperleg (2 71)
J _ Vo . _=2vgo __ —(Vdct +Vac2) + Vel =Vac2) __ ’
Ve Vdel + Vae2 Vdel + Vac2 1+ AS’ lower leg

where AS = *gzri,
de

The relationship between the new switching function and the original one can be
expressed as:

SY =S+ AS (2.72)

Therefore, the output voltage vector of a three-leg inverter can be recalculated by
SN, S and SV due to the dc voltage unbalance. And, V. can either be larger or
smaller due to the dc voltage variation.

2.3.3.1 A Three-Leg Converter

The new instantaneous voltage vector ¥ can be expressed as (2.73) due to the dc
upper-leg and lower-leg voltage unbalance.

2y - 1 .
\/S;V nx+ﬁS]l¥~nﬁ] (2.73)

HN
Vihree— leg — Vdc

N _ N _1gN _1oN
where S =8; — 38 — 55,

Sy =58y =S¥
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Substituting (2.72) into (2.73), no influence is found on the space vector voltage
of a three-leg converter, that iS Viee—ieg = VlNhree_leg. However, the instantaneous
voltage bounded area can either be larger or smaller due to the dc voltage

variation, V.

2.3.3.2 A Three-Leg Center-Split Converter

The instantaneous voltage vector #¥ of a three-leg center-split converter in 3D can
be expressed as (2.74).

N _
vcenter—split - VdC

2 . I v - I ~ -
=S, Ty + %Sﬁ “ng+ 7?.’50 N (2.74)

where Y = SV — 15V — 1§V
Sy =8y — S
Sy = SN +58, +SY

Substituting (2.72) into (2.74), only the zero switching function is found to be
affected by the dc voltage unbalance.

Sl;] =8y (275)
Sy = Sp (2.76)
Sy = So+3AS (2.77)

The instantaneous voltage vector V'

center—splic AN be expressed as (2.68).

—N = N
Vcemerfspli; = Vcemter—split + Vo (278)

where ¥ = v/3V,AS - iiy.

According to (2.78), the voltage vectors may vary upward or downward along 7
axis due to the unbalance of dc voltage variation as shown in Fig. 2.33. However,
the instantaneous voltage bounded volume can either be larger or smaller due to the
dc voltage variation, V.
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Fig. 2.33 2-Level 3D vector n
allocation due to dc voltage t 0
unbalance V

0

2.3.3.3 A Four-Leg Converter

The instantaneous voltage vector #" of a four-leg converter in 3D can be expressed
as (2.79).

- 2 . 1 . 1 B
V}ZW*I%' = VdC \/;Sg cHy + ﬁsjl}[ . n'[)’ + ES{)V i (279)
where SV =S¥ — 1N 1gV

Sy =S+ +58Y =38

Substituting (2.72) into (2.79), it is found that there is no influence on the space
vector voltages of a four-leg converter due to dc voltage unbalance, which is
Viour—leg = Y)}’}’W_leg. However, the instantaneous voltage bounded volume can either
be larger or smaller due to the dc voltage variation, V.
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From the above calculations, only the space voltage vectors of the three-leg
center-split converter are affected due to the dc voltage unbalance. Reversely, the dc
unbalance voltages can be controlled by shifting upward and downward of the
reference voltage vector accordingly. Details and experimental results for a
three-leg center-split converter can be found in [32]. However, the instantaneous
voltage bounded volume can either be larger or smaller due to the dc voltage
variation, V.

2.4 Summary

Three fundamental three-phase converter circuit topologies are investigated and
compared under only one coordinate transformation and a 3D model proposed in
this chapter. Several conclusions are drawn:

(1) Phase voltage is the highest in a four-leg inverter and a three-leg center-split
converter has the smallest phase voltage.

(2) All the inverters have the same voltage capacity on a-B plane when they have
the same dc-linked voltage.

(3) A four-leg inverter has the highest zero injection capacity.

(4) Switching functions can be defined either smaller or larger than 1 due to the dc
voltage unbalance.

(5) Space voltage vectors of a three-leg center-split converter are affected due to
the dc voltage unbalance by shifting upward and downward of the reference
voltage vector along zero-axis accordingly.

(6) Space voltage vectors bounded volume can either be larger or smaller due to
dc voltage variation.
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