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Chapter 2
Modeling and Analysis of Direct AC-AC Converters

2.1  Introduction:

Recently there has been considerable interest in the development and
usage of direct AC-AC conversion bfor numerous industrial applications
where transformation of voltages, currents, frequency and phase are
process requirements. The circuit shown in figure 2.1 offers an all silicon
solution for AC-AC power conversion. Figure 2.1 shows a typical
generalized statie transformer, with MxN bi-directional switches capable
of transformation of voltage, current, frequency, phase and amplitude
[23]. The circuit consists of an array of bi-directional switches arranged
so that any of the output lines of the converter can be connected to any
of the inf)ut lines. The switches allow any input phase to be connected to
any output phase. The output waveform is then created using a suitable
PWM modulation pattern similar to a normal inverter, except that the
input is N-phase supply instead of a fixed DC voltage. This approach
removes the need for the large reactive energy storage components at the
DC intermediate stage used in conventional inverter based converters.
An input line filter is included to circulate the high frequency switching
harmonics. This static transformer has many advantages over traditional
topologies. It is inherently bi-directional so can operate in regenerating
mode and feed energy back to the supply. It draws sinusocidal input
currents and depending on the modulation technique, it can be arranged
that unity displacement factor is seen at the supply side irrespective of
the type of load. The size of the power circuit has the potential to be
greatly reduced in comparison to conventional technologies since there
are no large capacitors of inductors to store energy.'

This objective of this chapter is to give an introduction to static AC-AC

converter technology by developing a suitable switching model. This
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chapter also contains detailed analysis of a 3 x 3 converter and also
investigates the suitability and design of matrix ﬁonverters for industrial
applications. The potential advantages of static AC-AC converter
technology are examined and the factors that have so far prevented
commercial exploitation of the circuit are discussed. To evaluate the
performance, simulation for various topologies of converter has been

carried out and results of simulation study are included in this chapter.
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Fig 2.1 Generalized structure of static transformer

2.2 Practical Implementation Of Three-Phase To Three-Phase Direct AC-AC
Converters

Generalized M-input, N-output static transformer explained in previous
section can be -reédily used to construct a practical AC-AC converter for
defined input/output phases (M, N}. The most common requirement of
an industrial consumer is three phase to three phase conversion i.e. M=3

& N=3, shown in figure 2.2 and is explained henceforth. L. Gyugi, and B.
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Pelly had published the concept of matrix converter for the first time in
1976 [24]. The proposed circuit was considered to be a cycloconverter
where the devices were fully controllable; hence the matrix converter is
sometimes called a Forced Commutated Cycloconverter. A lot of research
interest followed the publication of Venturini’s papers of 1980 [25][26]
and the following landmark paper [27], which put the matrix converter

control algorithms on a strong mathematical foundation.
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Fig 2.2. Circuit scheme of a three phase to three-phase matrix converter, where a, b, ¢
are at the input terminals and A, B, C are at the output terminals, -

At that time industrial interest in the converter was very limited due to
the device count, the problems of current commutation between switches
and the perceived complexity of the control algorithms. Now these
limitations are no longer valid.

Since the static converter is supplied by the voltage source, the input
phases must not be shorted and due to the inductive nature of the lead,

the output phases must not be open. These constraints are illustrated for 4
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the switch set connected to the output phase A in Fig 2.3.

If the switch function of a switch Sjin Fig. 2.3 is defined as [3]
Sy (t) = 1, Syclosed iefa, b, ¢} , je {4, B, C}

= 0, Si7 open
The constraints can be expressed as

o+ Sy+ Sg= 1, je {4, B C
.1

(a) ; : (b)

Fig 2.3 Switching constraints (a) short circuit between input phases (b) open
circuit for output phase

Realization of AC-AC converters can be achieved only if solutions for
following three'bas_iC‘prdbl'ems can be found:

* Bi-directional switch problem

»  Modulation algorithm problem and its implementation

‘s Commutation problem 7
2.2.1 Bi-directional switch configurations: 4
Practical realization of a Matrix Converter requires the use of a bi-
directional switch. A bi-directional switch should be capable of blocking
voltage and conducting current in both directions. Recently few
manufacturers have introduced bi-directional switches in the market.
But cost of such devices is very high and second thing is that the
performance and reliability of such switches is questionable. Until device

technology progresses to the point where such a device with high
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performance and reliabile is made commercially available, this bi-
directional switch must be fabricated using discrete components. The
switches may be constructed using diodes and transistors. IGBTs have
been chosen as the controllable devices due to their high switching
speeds and current handling capabilities. There are five possibie
configurations for this bi-directional switch:
¢ Diode Bridge with a Single IGBT o
e A Pair of Back-to-Back IGBTs in Common Collector Mode
s A Pair of Back-to-Back IGBTs in Common Emitter Mode
¢ A Pair of Back to Back Series connected IGBT/ Dlodes with
Emitters connected to anode of Diode .
s A Pair of Back to Back Series connected IGBT/Diodes with
Collectors connected to cathode of Diode.
Diode Bridge with a Single IGBT
A diode bridge arrangement with one switching device providing the
current path at all times is shown in figure 2.4 (a}). This style of bi-
directional switch has the advantage of requiring only one IGBT and its
associated gate driver circuit. The main disadvantage of the diode bridge
‘arrangement is that three devices are conducting at ahy given time giving
rise to relatively high conduction losses.
Common Emitter Anti-parallel IGBT, Diode Pair
This bi-directional switch arrangement consists of two diodes and two
IGBTSs connected in anti parailel as shown in figure 2.4 (b). The diodes
are included to provide the reverse blocking capability. It should be noted
that it is possible to independently control the direction of the current in
the bi-directional switch. Each bi-directional switch requires an isolated
power supply for the gate drives, but both devices can be driven with
respect to the same voltage — the common emitter point.
Common Collector Anti;parallel IGBT, Diode Pair

This arrangement is similar to the previous one but the IGBTs are
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arranged in a common collector configuration as shown in figure 2.4 (c).
The conduction losses are the same as the common emitter
configuration. The disadvantage of this method is that eighteen isolated
power supplies are needed to supply the gate drive signals. Therefore the
common emitter configuration is often preferred for creating the matrix

converter bi-directional switch cells.

D ey S

=

a) Diode bridge witha  b) Two anti-paralleled c) Two anti-paralleled d) Two anti-paralleled

single IGBT " 1GBT in common IGBT in common collector - NPT-IGBT’s with series
emitter mode mode 'diodes with reverse

. : ) blocking capability
Fig 2.4 Bi-directional switch configuration

2.2.2 The Modulation Problem and Basic Solution
Following methods of control applied for achieving AC-AC conversion and
allow effective elimination of harmonics from output voltages:

Direct mode of operation

Indirect mode of operation

Direct mode operation (DMO) for AC-AC conversion
Control is based on the principle that a set of Nx1 balanced output
sinusoidal quantities, free from harmonics, can be constructed or
obtained by multiplying a set of Mx1 sinusoidal input quantities with a
balanced set of MxN sinusoidal quantities. |
Here set of Nx1 quantities is henceforth termed as oufput matrix, set
Mx1 is termed as input matrix and the MxN is termed as converter

transform matrix.[23]
[Nv1]= [aeN [ asx1] @.1)
Thus, the analytical representation of the DMO technique of control in
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[Vo (a’ot)] = [Fs' (a)xt)][y; ((Oit)] (22)
VOJ -f!,i .fl,p .f;M Vi.l
VG,I" = fq,l fq,p . fq,M * Vi,{l (2’3)
v oN S N S N,p J NM Vi,M
[]i (Q)}f)]”‘——-: [Fs (a)st)]T [[o (a)at)] &
]l,l fl,l fq,l fM,l Io,l
[i,p' = fl,p fq,p fM,p * Io‘p . (2.4)
Liar | |fiw Janv  Juw | Honr
where wiis the input frequency in radian per sec.
@ois the output frequency in radian per sec.
ws is the switching frequency in radian per sec.
Fs is the switching matrix element
Vi1, Vip..... Vim are the input phase voltages
Vo,1, Vo,q...... Von are the output phase voltages
L1, Lp..... Eu are the input phase currents
L1, bg... by are the input phase currents
fil, fap ... fum are switching matrix elements corresponding

to each switch

Generalized converter structure capable of transforming voltage, current,

frequency, phase and amplitude given in above equations (2.3) & (2.4) is

shown in figure 2.1. The figure clearly indicates the converter circuit as a -

matrix of MxN elements. Here the active elements are active in nature

and hence the matrix formed is known as active elements matrix. Figure

2.1 also depicts that there is one to one correspondence between the

entries of converter transfer matrix and the active element matrix.
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f,, @) = dsin(@,t - (P];: D 3600+ (qﬂ;l)%m) 2.5)

where p varies from 1, 2, ..... M; g varies from 1, 2, ...... N
This correspondence is clear from the above-mentioned equation
(2.5){81], where each entry of transfer matrix describes the transfer
characteristics of the active element of the converter switch matrix.
Moreover one to one correspondence between the converter transfer
matrix and the active element matrix result in: '
e A straightforward derivation of the transfer matrix from the
element matrix.
e The direct synthesis of the converter circuit from respective
transfer matrix.
Advantages of the above-mentioned results are
¢ Formulating a transfer matrix when the converter circuit is known
in advance. A
e Vice versa an appropriate circuit can be worked out for any
specified transfer matrix.
Detail Explanation of Direct Mode Operation:
The Venturini modulation method (Direct mode operation), proposed by
Venturini in 1980, is a direct transfer function approach to find
relationship between input and output quantities. The output waveforms
of the matrix converter are formed by selecting each of the input phases
in sequence for defined periods of time. Generally the sequence for each
output phase is the same [26]-[27].
As stated earlier, the output voltage for each phase consists of segments
made up from the three input voltages. The input phase current consists
of segments of the three output phase currents plus blank periods
during which the output current freewheels through the switch matrix.
To determine the behavior of the converter at output frequencies well

below the switching frequency a modulation duty cycle can be defined for
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each switch (eg{m , (1) = ' % - where taa refers to the switch on input
seq

line ‘@’ and output line ‘A’, see figure 2, and T is the sequence time of
the PWM pattern).
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Fig 2.5 Typical waveforms for a relatively low switching frequency are shown in
figure above

These continuous time functions can then be used to define and compare

the modul_ation strategies, as set out in Equation 2.6 & 2.7

@] [ma®) mpy () mg () T"a(t) ,
vp(0) |=| map(®) myp®) mep® |v®| 2.6)
Ve @] | mac@®) me@® me) v || |

(0] [ma® mp ) me, (0 Jia®
gy ={mu(ty mp () me ) 140 VN
_iC (t) e (t) My, {’) Me, (t) ic (t)

Equations (2.6 & 2.7) can be presented in a more compact notation
- where M(t) is known as the modulation matrix:
b ol=lvo ol &  [Lol=[Molol (2.8)

Brief Derivation:

The modulation problem ‘is usually posed assuming that a sinusoidal

output voltage and a sinusoidal input current are required as follows.
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For a given a set of input voltages and an assumed set of output currents

sin( @;t)

sin{w; + P )
29

[viO)]= Vin | sin( @t + 27 /3) [i,()= IO,,,{sin(w,-t+ @, +27/3)
sin(@;t + 47 /3) sinf{@w;t+ P, +47/3)

The basic problem is to find a modulation equation (here a matrix) such
that ' V

sin@,t +®;)
1, sinf@,t +@; +27/3) (2.10)
sinf@,t +®; +47/3) |

sin(w,£) : » s((I))
‘ . A1 codd,
o (O]= 4V sin(@,t +27/3) ["'(’)]‘qcos(@-)

: sin{w, t +47/3) !

Where q is the voltage transfer ratio, & and ®, are the input and output
angular frequencies and ¢; and @, ére the input and output phase
displacement angles. There are two possible solutions of this problem.
One of the solutions for this problem is derived as under:

Assuming that the input voltages are essentially constant during the
switching interval the average output voltage can be found during any

switching interval by the equation

) 1
Vo =V, sin(@,) = ’]’T‘(Viltl +Viaty +Vi3t3)
5

Voy =V, sin(@,t +27/3) =-]~f~(142t1 +Viaty +Vit3) @1

S

5

Where t; + t2 + t3 =T, 7

The times t;, t, and {; are switching interval variables in seconds. In Eq.
{2.11) it is assumed that the output voltage is, in effect, the average value
the three switching events weighted by the time of “dwell” on each of the

input. In matrix form

Vi Vo Valt Vor
1 1
S A R o (-] en
Wia Va Valts] Ve -
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Above equation can also be interpreted as the sum of three space vectors

taken over the three time intervals. By definition
v,= %(Vol +a Vg +aV )
During the time interval t; Vo1=Vii
Vo2=Viz
Vo3=Vi3
Multiplying the second of above three equations by " a?' and the third by

n "n

a " and adding the resulting three equations yields, for the output

voltage during the fractional time interval ti,

Vo =YWy +aVp+aVy)| - o |[F)=Vin)

) |

where Vi{ti) is thé' in@ut space vector at the time t;
Vo(t1) is the output space vector at the time t;

Similarly for the second interval of time t2 Vo1=Vig

Vo2=Viz

Vo3=Vi;

Again niultiplying the second of these two equations by “a2” and the third

by “a” and summing the resulting three equations we have,

Vo =2 Viy + Vi3 +aVy) 2.14)

Factoring out “a” from the above equation we get

Vo= Wy +a Wy +aV;3) 2.15)
It is well known that a-1=a2, so that the output voltage over the interval ¢z
becomes

V,(ty) = a’V(t,) - 2.16)

Similarly, the output voltage vector over the time interval of t3 can be

expressed as
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Vo(ty) = av;(t3) 2.17)

Thus the output voltage averaged over the total time Ts will be

— — 4 I,y = 1
Vom)=V,-(r1>3,—,1—+a2m2)—;:+arf;<t3>§,i— (2.18)

Hence, the output voltage is made up of three space vectors,
1} The input voltage vector itself, »

2} The input voltage vector phase shifted forward by 120° and
3} The input voltage vector phase shifted forward by 240°.

And hence the modulation equation is given by

1+2gsin@, f) ‘1+2qsin(wmi+%?—r«l) 1+2¢sin@ f+33’—’)

m

1 N 2 - . 4
M@l=|F F F =3l 2sin@, +5)  1+2gsin@,d) 1+ 2gsin@yt
F, F, F :
2o 1+2qsin(ag”t+f¥3ﬁ) 1+2gsin(w, +2§£) 1+2gsin@, 1)
Where o, = 0, - - (2.19)

Matrix representation of output voltage from equation 2.6 & 2.19 is
VAB FiVab + F2Vbc + inVca
| VBC = F3Vab + FiVbc + F2Vca
Veal [ FVap +E3Vpe + BV,

ca

(2.20)

Indirect mode of operation (IMO) for AC-AC converter

As the name suggests, it is an indirect method of conversion. Instead of
using one transfer matrix for AC-AC conversion as in case of direct mode
control, the transfer matrix is divided in two-steps for performing AC-AC
conversion. It can be viewed as conventional AC-DC-AC conversion with
a difference that here a virtual DC link is generated and only nine bi-
directional switches are used without any DC link elements.

Therefore, the output voltages and input currents of the matrix converter
can be represented by the transfer function T and the transposed TT

such as
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v, =T*V,

Vb, = SBG SB[) ‘SBC £ VB (2.21)

Ia . .
Ip|={Sa Sm Scui{{1s _ (2.22)
sl o

where V., V» and V. are input phase voltages, Va, Vs and V¢ are output
phase voltages, I, Ir and I are input currents and Is, Iz and Ic are output
currents. The elements in the transfer matrix Tj; represent the switch
function from the inétantaneous input voltage V; to the instantaneous
output voltage V; and ‘have‘ to be assigned values that assure output
voltages and input currents to follow their reference values. Defining a
modulation strategy is actually filling in the elements of the transfer
matrix. Although several modulation strategies have been proposed since
Venturini announced a closed mathematical solution for the transfer
function T in early 1980, [28]-[33] the indirect space vector modulation is
gaining as a standard technique in the matrix converter modulations.
The indirect space vector modulation (indirect SVM) was first proposed
by Borojevic et al in 1989 where matrix converter was represented by an
equivalent circuit combining current source rectifier [34] and voltage
source inverter connected through virtual dc link as shown in Fig. 2.6.
Inverter stage has a standard 3¢ voltage source inverter topology

consisting of six switches, S7 ~ SI12 and rectifier stage has the same
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power topology with another six switches, SI1 ~ Sé.
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Rectifying stade Inverting stage

‘ Fig 2.6 Equivalent model of matrix converter for indirect mode operation

Both power stagés are directly connected through virtual dc-link and
inherently provide bidirectional power flow capability because of its
symmetrical topology. Although this eqdivalent circuit has provided a
strong platform to analyze and derive several extended PWM strategies
specified in a certain application since then, it is still ambiguous for a
beginner to grasp its operating principle. The operating principle of the
indirect SVM will be illustrated with graphical approach.

The basic idea of the indirect modulation technique is to decouple the
control of the input current and the control of the output voltage. This is.
done by splitting the transfer function T for the matrix converter in (2.21)
into the product of a rectifier and an inverter transfer function.

Rectifnér transfer function:

The matrix multiplication of a fictitious rectifier transfer matrix
consisting of a set of balanced sinusocidal quantities with a compatible

set of Nx1 sinusoidal input quantities results a DC quantity.
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iellv|=1F, (00)]* 7 (00)]
Where

(2.23)

Fr(@it) is rectifier transfer function
Vi(wit) is set of input voltages
With reference to the fig 2.7, the above equation for rectifier mode can be

rewriiten as

v, S, S 'S Va
Vae-] [S2 S84 Ss v
c

Inverter transfer function:
A step further, the DC quantity resulting from the above equation {2.24)
is multiplied by a set of balanced sinusoidal fictitious inverter transfer

function as shown in equation (2.25) below.

. (@]=F (0] 7] (2.25)
Where Fi(w,t) is inverter transfer function
V, (w,t) is set of output voltages
v, S5 Sy
' Vics :
V=] So Sy v (2.26)
V dC—
cd |Su i

The ultimate result of this matrix multiplication is a set of balanced

output quantities.

7, @,0)]=1F, (@ 0]*[F, @0}V, (@,0)]] (2.27)
Y S
vV 7 8 vV
g S 8 857
Ve l=1 89 Sio s . S Vg
2 S4 Sg
Ve St S Ve

Indirect mode operation for the static converter as described in earlier
section is basically a two step process. No straight forward and simplified

procedure of combining the rectifier and inverter transformer matrices
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has been reported in literature. In simple means, the three-phase to
three-phase converter indirect transfer matrix can be derived from the

generalized equation as follows:

V. (@,0)|=[F ()| F0t)]lVi(w) 22y
Vab sin{w,1) | sin{a;1)

Vbe|=K*| sin(,t~120°) [*[sin(0;) sin(0;t-120°) sin(o,¢~240°)]*| sin(w,1~120) (2. 29)
Vea sin{w, 1 —240°) sin{w;#=24(°)

Where K is equal to voltage or current transformation gain
Equation 2.29 above shows that the IMO transfer matrix consists of two
terms,

Rectifier transfer matrix at input frequency

Inverter transfer matrix at output freQuency
Hence the multiplication of three-phase input voltages with the rectifier
transfer matrix can be seen as a fictitious rectification process. While the
multiplica’don of the fictitious DC voltages with the inverter transfer
matrix can be viewed as inversion. |
Many researchers have made an attempt to simplify the indirect mode
operation but all the efforts till date have resulted in a complex solution
that is difficult to understand for implementation engineers.
Both the DMO method and IMO method can be realized using
generalized converter circuit. '

Functionality Explanation for DMQ for Direct AC-AC conversion:

Consider switch matrix element F1, bidirectional switches Si, S5 & Ss are

turned on whenever F: attains the value of one, resulting in the
connection of input terminals a, b, ¢ to the respective output A, B, C
terminals. Whenever the value of Fi is equal to zero, two of the previously
conducting switches are turned off (in this case Ss & So) with S still
conducting. Simultaneously the two off state switches connected to the

input phase a are turned on there S; & S3} resulting in zero amplitude
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voltage across the load and thus inputs are disconnected from the

outputs. Refer Fig 2.5.

Fig.2.7 (a). Input voltages, functions FI, F2 & F3, output voltage V,vb
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Fig.2.7 (b). Gate pulses for Bidirectional switches

This on-off operation for the switches Ss, Sg, S and Sz lasts for 120
degrees in a cycle of output voltage. During next interval of 120 degrees,
- operation is determined by F2 and the functions performed by S1, S5 & So
are now performed by S3, S4 & Ss. The funbti_ons performed by Sz & Sz
are done by Ss & Se with S, still conducting.

Substitution of a switch by a switch continues in third and last interval
(120 degrees) of half cycle of output voltage. On completion of the half
cycle construction, the whole above-mentioned process is repeated. Thus
a complete output waveform is generated (refer fig 2.7(a)). The resulting

gate pulses are shown in fig 2.7(b)

2.2.3 The Commutation problem
Compared to conventional voltage source inverters, it is more difficult to

achieve reliable current commutation between switches in matrix
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converters since there are no natural freewheel paths. The commutation
has to be actively controlled at all times with respect to two basic rules.
This can be visualized by considering just two switches on one output
line of a matrix converter. It is important that no two bi-directional
switches are switched on at any one time, as shown pictorially in figure
2.8(a). This would result in line-to-line short circuits and the destruction
of the converter due to the large resulting currents. Also, the bi-
directional switches for each output phase should not all be turned off at
any point in time, as shown in figure 2.8(b}. This would result in the
absence of a path for the inductive load current, causing large over-
voltages. These two considerations cause a conflict since semiconductor
devices cannot be switched instantaneously due to propagation delays
and finite switching times. This problem has been cited as holding back
the commercial development of matrix converters. A method to tackle

this problem is discussed in the following section.

Load : Load

(a) Short circuit condition (b) Open eifcuit condition
Fig 2.8 Simultaneous turning on operation leading to short circuit and turning off of
two switches leading to high voltages due to breaking of inductive currents
The solution of this problem uses common emitter bidirectional switch as
shown. In figure 2.9, Ta and Tg are IGBTs and D; and D2 are diodes. Due
to D1 and Dj, if both transistors are off there will be no current

circulation; that is, the considered topology can block voltages of any
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polarity. If, for example, V1 > Va, Ta is on and Ts is off, current will flow in
the direction indicated in figure 2.9. In the contrary case, i.e. if Vi<Vy, Ts
is on and Ta is off, current will flow in the opposite direction. The

previous characteristics is presented using a bidirectional switch.

Fig. 2.9 Bidirectional Switch
It is worth noting that, although the topology of figure 2.2 is fhe basis of
a bidirectional switch, the time required to turn on or off an IGBT, makes
the commutation a nontrivial task. As an example of how the
commutation actually takes place, consider figure 2.10. It should be
noted that in order to obey equation (2.2}, the following conditions
should be avoided:

Ta: and Tg2 on, with Va > Vg » :
Taz and Tr; on, with Va < Vp condition A

Tar and Taz off, withiL > 0
Tr: and Tea off, with i < 0 } condition B

If condition A is violated, the sources will be short-circuited and, in the
case of condition B, an abrupt interruption of the load current will occur
and an over voltage will appear. The commutation method that is
presented is based on load current measurements and is called soft

switching. It works as follows:

Novel Technique For AC-AC Conversion
48




Chapter I

l"" ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ 1
T i
]
\'4 ' M !
~ : 15,
1
i 1
! 1
N . I ) . "
L Tee ! i
______________ .
i
g TA:;.* §
PR - H JE S : .
= R . | Tz
. ]
! I
i
v [ . = 1
B : T o 5

Fig. 2.10 Matrix converter with two-phase grid and single-phase load

(1) Suppose that initially s: is on, sz is off, iL>0 and that it is necessary
to turn s1 off and s on. From condition A and B, this implies TAi, Ts1 are
on and Taz, Tr2 are off. Note that in the previous conditions neither A nor-
B is violated. ,

(2) Turn off Tp1. This brings no over voltage problems, since there is no
current flow through Ts:1 and therefore the load current is not
interrupted. |

{3) Turn on Taz. Note that there may or may not be current flow through
Taz; depending on the magnitudes of Vi and Va. ,
(4) Turn off Tai. If Ta2 was not actually conducting, there will be an over
voltage due to the load current flow interruption, and this will turn on
diode D. Since Taz was on, the load will be connected to source VB, thus
neutralizing the over voltage. Note that this completes the commutation:
s1 is off, s2 is on.

(5) Turn on Tr2, so that sz can conduct in either direction.

The previous discussion can be summarised in the diagram shown in
figure 2.11(a) and the general commutation strategy can be summarised

as follows:
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aft
off

end

start travysient tegend

®

Fig 2.11 State diagram of the soft-switching commutation method:
(a) For positive load current;

(b) General case, i.e. load current of any polarity.

(1) Determine fhe direction of current load iL.

(2) Depending on the direction of i1, turn off the non-conducting
transistor in the active switch (which will be turned off).

(3) Depending on the direction of i, turn on the transistor that should be
conducting in the switch that will be turned on.

(4) Turn off the transistor that is still on in the active switch.

(5) Turn on the transistor that is still off in the switch that has just been
turned on.

It is important to note that the above procedure does not violate
condition (A) or (B).
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Figure 2.11(b) shows the general state diagram of the com

strategy under the assumption that initially s; is on and s is off. N
2.2.4 Theinput filter issue

Although the matrix converter is sometimes presented as an all silicon
solution, due to the lack of the bulky and expensive DC-link capacitors of
traditional indirect frequency converter, it also requires a minimum of
reactive components, represented by the input filter. The input filter acts
as an interface between the matrix converter and the AC mains
(Fig.2.12).

Its basic feature is to avoid significant changes of the input voltage of the
converter during each PWM cycle, and to prevent unwanted harmonic
currents from flowing into AC mains [5], [35]. As matter of fact, due to
the discontinuous input currents, the matrix converter behaves as a
source of current harmonics, which are injected back into the AC mains
[36]. Since these current harmonics result in voltage distortions that
affect the overall operation of the AC system, they have to be reduced.
The principal method of reducing the harmonics generated by static

converters is provided by input filter using reactive storage elements [37].

Matrix
) ‘ Converter
AC mmns
k.l[}‘x‘x{ b _{/)_ Induction
Filter O] b= abe Motor
¢ i ERLAM
——"0 1 k=ABC

Fig 2.12 Schematic representation of a matrix converter adjustable speed drive
The problem of the input filter design for a matrix converter has been
addressed in quite few papers [38], [36], [39]-[41] and looking at the
literature, different configurations have been proposed for the matrix

converter input filter [5], [39], [41], [42]. Such differences are a
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consequence of different design criteria, or at least differently weighted,
different switching frequencies and different modulation strategies. In
Fig. 2.13 three input filter configurations used in matrix converter
prototype are shown. '
In general, the design of an input filter for static power converters
operating from an ac power system has to meet three main requirements:
» Carrﬁng out the required switching noise attenuation;
> Having a low input dispiacement angle between filter input voltage
and current;

» QGuaranteeing overall system stability.

a

—T" . ol

b ‘ b 1—%

S oS W

< .

T I [T

a) Capacitors star or delta b} Second order L-C filter. ¢) L-C filter with paraliel
connected. damping resistor.

q[.__{

Fig.2.13 Basic input filter configurations used in matrix converter prototypes.

In addition to these requirements, a set of considerations related to cost,
voltage attenuation, system efﬁciency and filter parameter variation have
to be made for an optimized input filter design [43], [44].

The first requirement is usually dictated by the EMI control standards:
the input filter has to reduce the input current and output voltage total
harmonic distortion below given values. In order to achieve this result,
the resonant frequency of the filter has to be positioned accordingly to
the converter switching fréqﬁency and its PWM pattern. When the input
current harmonic spectrum generated by the converter is known, the

filter resonance frequency is positioned where no unwanted harmonic
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components exist, which is usually the frequency range comprised
between the fundamental and the switching frequency. In practice, due
to the presenceiof imperfections and asymmetry in gating signals as well
as implementation inaécuracies, some unwanted or uncharacteristic
harmonics with small amplitude might exist in this region. If no damping
is provided, these unwanted harmonics can be amplified by the filter to
unacceptable level. On the other hand, a highly damped filter could not
meet the harmonics attenuation réquirements [43].

With regard to the matrix converter, Fig.2.13 shows that single stage
filter configurations have been basically used to provide harmonic
attenuation, but in the light of the new and future EMI standards such
configurations are ﬁOt expected either to meet thé regﬁlations or to be
economically convenient [40], [44]. With régafd to the second
requirement, it follows by the presence in the filter of reactive storage
elements. As it can be clearly seen from Fig.2.13, a phase displacement
of the filter input current with respect to 'the line-to-neutral voltage
proportional to the filter capacitance value is always present. Thus, in
order to maintain high input power factor the capacitor size has to be
minimized. This typically translates into an upper limit for filter capacitor
value [38], [42]. Yet, the capacitor size limitation has several implications
on the filter design. In order to meet the required attenuation
specifications, the filter inductor size increases, which results in the
overall filter size increase. Moreover, the input filter output impedance,
related to the total filter capacitance, is ‘more difficult to control,
potentially resulting in converter instability [44].

As far as the matrix converter is concerned, a high displacement angle of
the input line current due to the input filter capacitance component
might be compensated by the matrix converter, setting as reference for
the input current a lagging displacement angle. But in this way the -

maximum voltage transfer ratio for the converter would be significantly
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reduced. Therefore, even for the matrix converter, the upper limit of the
input filter capacitance is set by the minimum acceptable AC mains
power factor.

The last but not least requirément refers to the control of the impedance
interaction between the input filter and the converter. In general, the
filter output impedance should be as low as possible whén compared to
the converter input impedance [42], [45]. Increasing the filter capacitor
size can reduce the filter oﬁtpﬁt impedance. Practically the impedance
interaction constraint determines the lower bound on the filter capacitor
value. Additionally, proper filter pole damping is extremely important for
achieving low filter output impedance for all frequencies and, thus,
‘overall system stability. With regard to the matrix converter; although
the stability issue did not appear in the reievént literature, it is not
immune from this phenomenon. In conclusion, an optimized design of
the matrix converter input filter is a quite difficult task, since this relies
on a system level approach and in the light of the new harmonié and EMI
reduction standards it can be somehow considered as an outstanding
issue. |

2.2.5 The protection issue

- Likewise any other static converter, the matrix converter needs to be
protected against the over voltages and the over currents that might be
destructive for its semiconductor devices. An effective and robust
protection scheme plays a important role in the implementation of a
stable and reliable power converter. With respect to .an AC drive
application of the matrix converters, over voltages can originate
externally, as voltage surge existing on the AC mains, or internally as
consequence of a switch commutation error or timing inaccuracies that
cause the interruptibn of an output motor current. This commutation-
dependent risk is peculiar to the matrix converter, which does not have,

differently from traditional DC link converter, any automatic static free
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wheeling path for the output motor currents. As discussed earlier, the
commutation strategies for bi-directional switches today available do
neither require, in normal operating conditions, free wheeling paths to
safely commutate the output currents nor a snubber circuit. The only
operating condition in which a free wheeling path is needed is when the
motor is disconnected due to an emergency shutdown of A the converter. In
this case, to prevent destructive over voltages from appearing onto the
matrix switches a free wheeling path to the motor currents has to be
provided. As far as the over currents are concerned, they can rise either
from a short circuit through the converter of two input voltages or from
an output line-to- line or line-to-earth short circuit. In both cases the
protection strategy usually adopted covrisists in turning all the switches
off, using the fact that the currents é.re monitored and power
semiconductors can both withstand and’ switch considerable over
current on a non-repetitive basis [46]. It is obvious that such simply
| protection strategy can be used only'if a freewheeling path is provided to
the motor currents. Therefore, the over current protection can be

considered as somehow included in the over voltage protection scheme.

AC mains
. N Sk N _
?i)ut i —o/ca- N Induction
filter > . > 1 -
Matrix MO&Q?
*1  Converter >

E'ZE'ZE_L | %ﬁ?i

Clamp Cirentt

I.L_l

Ll
Bt

Fig.2.14 Clamp circuit as common protection for all matrix converter bi-directional
switches.
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The first protection scheme proposed in [5] and [47] is a clamp circuit
made up of one or two capacitors connected to all input and all output
lines through two diodes bridges (Fig.2.14}. This clamp circuit is
operative for all nine bi-directional switches. It protects the switches from
the surge coming from the inptit AC line as well as from the surge on the
output side that would be otherwise produced whenever an emergency
shutdown of the converter is required. As a matter of fact, in the latter
case, when the inductive currents of vthe motor are interrupted, the
energy stored in the load is transfefred to the clamp capacitor and no
critical over voltage is caused if the capacitor is large enough.
Furthermore, the clamp circuit prevents output voltage spikes caused
during commutation of switches by the i)arasitic inductance of the power
switch matrix and by the unavoidable tiinihg inaccuracies. Since the
capacitor voltage increases at each switching operation, some means to
discharge the capacitor is required. An efficient energy removal method is
to use the clamp energy to power system auxiliaries [47], even though a
back up power supply would be probably needed due to the short term
ride-through capability of the matrix converter [48]. This protection
scheme has the advantages of being very simple; it has small hardware
requirements and it is safe in all operating conditions. But it has also
some drawbacks: it increases the number of the required semiconductor
devices by 12 fast-recovery diodes, that might be reduced at 6 using
some diodes of the power bi-directional switches [49]; it increases the
amount of reactive components needed; and last but not least the
optimum desigh of the clamp capacitor requires the knowledge of the
equivalent circuit parameters of the motor [38]. A second recently
proposed [50] passive protection scheme for low power applications relies
on the use of three varistors, in triangle configuration, added at the input

and output side of the converter, as shown in Fig.2.15.
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Fig.2.15. Matrix converter with varistor protection.

The input triangle has to protect the converter switches from the voltage
surges coming from the AC mains. With regard to the output side, the
risk of over voltages briginates, once more, from a hard converter
Shutdown due to an emergency stop or» a converter error. In ‘order» té
avoid that the output voltages rise to destructive level, the energy stored
in the motor leakage inductances has to be managed, providinng a free
wheeling path to the motor currents. Since this stored energy is rather
small, the varistors can be the devices that provide the freewheeling path
to the motor currents and absorb the relevant energy.

During normal operations, the losses caused by the varistors are not
worth mentioning. But the varistors tﬂangles, by themselves, are not
sufficient to guarantee, during a converter shut-down, a reliable
protection of the matrix IGBTs: a problem occurs when a turning-off bi-
directional switch reaches its blocking capability with a certain delay
with respect to the others. In this case, the already turned off switches
may experience the full over voltage and being destroyed. In order to
protect the single IGBT, a simple circuit made up with a suppressor
diode is added to any IGBTs. The basic scheme of the added circuit is
shown in Fig.2.16.
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Z-diode

CGate drver

D , . IGBY

Fig.2.16 Gate driver with suppressor protection.

The inserted diode has the characteristic of a Zener diode with a high
breakdown voltage. When the collector emitter voltage of the IGBT rises
above the breakdown voltage of the suppressor diode, the IGBT is
charged again‘ and becomes conductive in its non-saturated region. This
operation causes high losses in the IGBT, but it lasts only until all IGBTs
are off and so it does not harm the chip. Compared to the clamp circuit
solution the varistor/suppressor diode protection scheme demands for
some hardware modifications but it has the advantage of not requiring
additional power semiconductor devices and reactive storage component,
yielding a more compact and costly effective solution. As for the clamp g
circuit, the equivalent circuit parameters of the motor have to be known
in order to select the suitable varistor. .

2.3  The Performance:

Since no energy storagé components are present between the input and
output side of the matrix converter, the output voltages have to be
generafed directly from the input §dltages. Each output voltage waveform
is synthesized by sequential piecewise sampling of the input voltage
waveforms. The sampling rate has to be set much higher than both input
and output frequencies, and the duration of each sample is controlled in
such a way that the average value of the output waveform within each
sample period tracks the desired output waveform [5]. As consequence of

the input-output direct connection, at any instant, the output voltages
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have to fit within the enveloping curve of the input voltage system. Under
this constraint, the maximum output voltage the matrix converter can
generate without entering the over- modulation range is equal to V(3/2)
of the maximum input voltage: this is an intrinsic limit of matrix
converter and it holds for any control law [5], [38].
The Output Voltage
Entering in the over- modulation range, thus accepting a certain amount
of distortion in the output voltages and input currents, it is possible to
-reach higher voltage transfer ratio [23], [51], [52]. In Fig.2.17 the output
phase to phase voltage waveform of a matrix converter is shown and
compared to the output waveform of a traditional voltage source inverter
(VSI). The output Vditége Vof a VS8I can assume only two discrete fixed
potential values, those of the positive and negative DC-bus. In the case of -
the matrix converter the output voltages can assume either input voltage
a, b or ¢ and their ;ralue is not time-invariant: the effect is a reduction of

the switching harmonics [38].

i “H' i

- -
. h llll;;”lm!l |
- - A
- a) VSI b) Matrix converter

Fig.2.17 Output voltage waveforms generated by a VSI and a matrix converter

The Input Current:
Likewise to the output voltages, the output currents, synthesized by
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sequential piecewise sampling of the output current waveforms, directly
generate the input currents. If the switching frequency of the matrix
converter is set to a value that is much higher than the input and output
frequency, the inplit currents drawn by the converter are sinusoidal:
their harmonic spectrum consists only of the fundamental desired
component plus a harmonic content around the switching frequency.

In Fig.2.18 the input current drawn by a matrix converter for a 2 kHz
switching frequency is shown. It can be noted that the amplitude of the
switching harmonic components is comparable to the fundamental
amplitude. It is then obvious that an input filter is needed in order to
reduce the harmonic distortion of the input line current to an acceptable
level. It follows that care should be used in speaking about matrix
~ converters as an “all silicon” solution for direct AC/AC power conversion,

since some reactive components are needed.

.The matrix converter performance in terms of input currents represents
a’ significant improvement with respect to the input currents drawn by
~ traditional VSI converters with a diode bridge rectifier, whose harmonic

spectrum shows a high content of low-order harmonics.

W] N
W, |
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Fig.2.18 Matrix converter input current and harmonic spectrum. Switching
frequency 2kHz.
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In the light of the standards related to power quality and harmonic
distortion of the power supply this is a very attractive feature of matrix
converter.

The input power factor control
The input power factor control capability is another attractive feature of

matrix converters, which holds for most of the control algorithms
proposed in literature [3], [56], [47], [54]-[56]. Despite of this common
capability it is worth noting that a basic difference exists with respect to
the load displacement angle dependency. For instance, the algorithm
proposed in [24] does not require the knowledge of the load displacement
angle in order to fully control the input power factor. On the contrary,
the algorithm in [25] does require the knowledge of the load displacemenf
angle whenever the reference input power factor is different from unity.
From an algorithm computational burden point of view this is a

drawback, since it imnplies additional quite heavy calculations.

e t
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Fig.2.19 Matrix converter input line-to-neutral voltage, instantaneous input current
and its average value

2.4 . Comparison
A comparison in terms of number of components utilized by matrix

converter, a conventional AC-DC-AC converter having an inverter with
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diode bridge rectifier and a PWM VSR- PWM VSI (functional
characteristics of bi-directional power flow and sinusocidal input currents)
is summarized in table 2.1. It can be seen that the DC link capacitor and
input inductors associated with the back-to-back inverter circuit are
replaced with the extra six switching devices in the matrix converter
solution.

Table 2.1 Comparison of different topologies used for AC-AC conversion

Topology Controlled Fast Rectifier Large Large
semiconductor switching diodes electrolytic | inductors
devices diodes capacitors
Inverter with diode 06 06 06 01 01*
bridge N
PWM WSR-PWM 12 2 | o0 | ol 03
VSI |

Matrix converter 18 18 00 00 00
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2.5  Simulation of Static AC-AC using IMO mode of operation

System parameters:

Casel

Input voltage: 415 Volts, 3-phase

Input frequency: 50 Hz , _
Output voltage: User selectable (0-400 volts range)

Output frequency: 50 Hz ,
Output load parameters: R= 10 ohms, L = 19 mH

Case Il »

~ Input voltage: 415 Volts, 3-phase

Input frequency: 50 Hz

Output voltage: User selectable (0-400 volts range)
Output frequency: 100 Hz

Output load parameters: R= 10 ohms, L. = 19 mH

Chapter 11

Explanation: Simulation of 9 switch Static AC-AC conversion is carried out

using Indirect mode of operation. An analog approach is applied wherein a

fictitious DC voltage is being generated using various combination of nine

bidirectional switches based on the sector selection and then the same

switches are used in inversion mode for generétin’g AC output. Then the

both the controls algorithms are merged and final gate pulses are

generated. FFT analysis is also carried out for the input current signal and

output voltage signals. The output frequency is varied from 50 Hz to 100

Hz and the difference is harmonic spectrum is observed
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Fig 82.3(a) Rectifier pulses for the generation of fictitious DC voltages
(b) Inverter Pulses for generation of output voltages
(c) Finally development of nine gate pulses for Bidirectional Switches
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2.6 Three phase to single phase conversion

Single-phase applications, where low frequency power is required, are
supplied by single phase to single-phase cycloconverter. If the power
requirement for such applications is sufficiently large then this cause
unbalance in mains supply system. An alternate solution to this problem‘
is to supply such variable frequency loads through a three phase to
single phase convéi‘ter. Thus results in equal distribution on stress on all
the input phases. 4
There are two possible ways of structuring three-phase to single phase
static converter depending on the power conversion requirement. They
are | , '
‘- Fuﬂ bridge Configuration utilizing six‘bid'irectional'switches

. Half bridge configuration utilizing four bidirectional switches

Half bridge configuration is simple and easy to implement but the full
bridge configuration is more versatile in nature and capable of delivering
more power. Generalized direct AC-AC converter configuration is used for
deriving three-phase to single phase converter by setting the number of

input phases to three and the number of output phases to one.

% o-{éz;q

AP % ;
T SN S e 3

A A o

Fig 2.20 Three-phase to single-phase full bridge Direct AC-AC converter

Fig 2.20 shows three-phase to single phase converter consisting of six
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bidirectional switches. This configuration is most suitable for three phase
three-wire applications. An alternate configuration for achieving similar
performance is shown in figure 2.21. This scheme can be used for three
phase four wire systems, i.e. when system neutral is available. Though
simple in construction and implementation, this configuration suffers in

poor input current spectrum compared to full bridge configuration.

%

43 LF -

S €8 E38

wv'ys

Fig 2.21 Three-phase to single-phase half bridge Direct AC-AC converter
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2.7  Simulation of the three-phase to single-phase converter

Input voltage: 415 Volts, 3-phase

Input frequency: 50 Hz

‘Output frequency: 50 Hz

Output voltage: 480 volts, 1 phase

Output load parameters: R= 10 ohms, L = 19 mH

Explanation: in this simulation model the static converter is modified
and used for phase transformation. The input fed to the converter is
three phase where else the output derived is single phase. The same nine
switch com)erter power circuit is now limited to six switch power circuit.
The control topology is slightly modified to yield the desired output.
Harmonic spectrum for input current and output voltage is also derived
from the simulation model to study the level of distortion introduced into

_the source due to the phase transformation.
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Fig S24(a) System block diagram

(b)  Power circuit diagram of the converter
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2.8  Single-phase to Three-phase converter

It is well known that 80% of industrial loads are motor loads of various

capacities. Major part of these motor loads is three-phase induction

motors as these motor are more efficient and economical compared to

their competitors and single phase counterparts. Hence the three-phase

power in its original form is the most economical and efficient usage of

electrical power. Exceptions are always there, in many circumstances it

is seen that extension of three-phase power at certain locations is not

economically viable. Alternately single—phése mains supply such areas.

The cost of the single phase to three-phase conversion in such cases is

comparative low compared to extension of three phase mains. Hence
many schemes have been worked out and‘proposed in the past. Broadly

 these systems are rotéry or static. In rotary systems, a rotary

transformer along with capacitors is used. A rotary transformer is
basically a poly phase squirrel cage induction motor without any shaft.

In no load condition, capacitor current Icap flows into the rotary

transformer. ‘ : ’

ROTARY
-TRANSFORMER

Capacitors

la Ia /\
: = M
SINGLE PHASE INPUT e \

Load

Fig 2.22 Single-phase to three-phase ARNO converter

During light loads condition a part of the capacitor current flows through
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_ rotary transformer and balance amount of capacitor current flows
through the load. With the increase in the load system fequirements
more percentage of capacitor current flows in the external load circuit.
This is commercially known as ARNO converter. ‘

The main advantage of the above mentioned rotary converter is it is cost
effective solution. A single rotary converter can supply to number of
motor loads simultaneously. Initial high starting forque requiring loads
are matters of serious concern for rotary transformer énd also high no
load losses also contribute a lot.

The static converter illustrated in fig. 2.23 employs an autotransformer

with capacitors.

Veap

Vxmer Vab

A

SINGLE

© PHASE INPUT VD

le

&

Fig‘2.23 Single-phase to three-phase static converter using auto transformer

As seen from the figure, the phase A current is supplied by capacitor. A
suitable design of autotransformer and appropriate selection of
capécitors can aid in achieving balance in three phase output voltages.
As an inherent advantage this converter exhibits property of having low
no load losses. Also it capability to balance load motor currents makes it
suitable to rotary transformer. But it suffers limited breakdown torque
and also is sensitive to large variation in operating load point.

Both the above-mentioned converters were popular in late sixties until
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the introduction of thyristors to the market. After the familiarity with
SCRs, the researches preferred conventional AC-DC-AC converters
consisting of few diodes, thyristors and energy storage elements foe
conversion of converting single phase to three phase conversions.

With an attempt to eliminate the usage energy storage elements, a static
converter is discussed here. The static converter shown in figure 2.24

consists of six bidirectional switches.
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Fig 2.24 Single-phase to three-phase static converter using IGBT bridge
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This converter requires six gate pulses for the control of six bi directional
switches. Although the static converter is capable of generating variable
three phase voltage at variable frequency, the simulation for fixed
frequency generation equal to source frequency has been carried only for
proving the concept. '
Advantages:

It permits full control on generated voltage range from zero to rated level,
which helps in achieving smooth starting of induction motors.

High quality input current is achieved.

Novel Technique For AC-AC Conversion .
77 -




- Chaptef I

Disadvantages:
High third harmonic content in output voltage and hence third harmonic

filter required.

2.9  Conclusions

A comprehensive analysis of Direct AC-AC converter, which is capable of
vol‘éage, frequency and phase transformation, has been presented in this
chapter. All the practical issues related to the implementation of Direct
AC-AC converters viz. bidirectional switch configuration, commutation of
the active switches and protection issues are discussed in detail. Both
the modes of operation have been explained in deétail.

Performance evaluation and its implementation using two distinct modé
of operation have been provided. Detailed simulations have been carried
out using either mode of operation showing the frequency and phase

transformation along with voltage amplitude variation.

Novel Technique For AC-AC Conversion
78




