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AC-AC converters (e.g. matrix converters) are mostly semiconductor solutions for applications where intermediate energy
storage is eliminated. This paper summarizes the research done and being carried out at the University of Minnesota for
applications in motor drives and power-electronic transformers with advanced features. This paper presents a carrier-based
modulation method for matrix converters and its application during for both input unbalance and output over-modulation.
Various topologies of matrix converter are described for both drives and power-electronic transformers. These topologies have
some inherent benefits like common-mode voltage elimination across the bearings of the motor/generator and controllable power
factor at the input side. Some of the described technologies require open-ended machines as load and thereby some advantages
like enhanced output voltage (1.5 times the output of normal three terminal load) are achieved. © 2009 Institute of Electrical

Engineers of Japan. Published by John Wiley & Sons, Inc.
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1. Introduction

Matrix converter is a converter topology which has the least
number of passive components compared to conventional con-
verter topologies [1-4]. It uses only semiconductor switches for
power conversion objectives without any intermediate energy stor-
age. It basically consists of nine four-quadrant switches, which
connects the three-phase input to the three-phase output (Fig. 1)
[5]. Matrix converter has also an added advantage of input and
output power factor decoupling.

Various modulation schemes for matrix converters are described
in the literature, which require addition of the harmonics of the
output frequency [3,4] and input frequency to the modulation
indices, and require sector information for generation of PWM
signals [4-8]. A simple modulation method is presented in Ref. 9,
which neither needs any sector information nor any harmonic
injection for calculation of the duty ratios. Also the output voltage
is synthesized to its maximum capacity without compromising
any benefits of the conventional techniques [4-8]. The modulation
method is also extended for an unbalance condition at input and
over-modulation at the output [10,11].

The open-ended three-phase drive systems are obtained by
opening the stator winding neutral of the three-phase motor and
driving the motor from both sides of the stator winding using two
inverters [12-15]. By doing so, the output voltage is enhanced
and the DC-link voltage requirement is reduced. Generally, in
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the previous works, normal two-level and multi-level inverters
are used for the open-ended winding. In the proposed system, the
motor is driven from two matrix converters which are connected to
the opposite sides of the open-end winding. Although the proposed
topology is available in scene since long time [1,2,16,17] called 36-
switch unrestricted frequency changer, a space vector modulation
technique is developed for the control of the converter with
power factor control in entire range [18]. Common-mode voltage
elimination from a single matrix converter driven drive is described
in Ref. 19 by using Venturini’s first method. The control by default
eliminates any common-mode voltage at the load terminals. An
alternate 36-switch indirect topology is also described [20] which
has some advantages like reduced switching loss, reduced clamp
circuit requirement and better commutation. Both of the techniques
use large number of switches which increases the switching loss,
cost and volume of the system. A reduced switch count matrix
converter driven open-ended load topology is proposed which is
quite simple from both design and operation perspective [21].

In electrical power applications transformers occupy a large
volume in terms of space and cost. Mostly in high power adjustable
speed AC drives with flexible voltage transfer ratio, there is often
a bulky low frequency transformer at the input for isolation. The
transformers occupy a large volume in the overall drive system.
The larger volume and weight of transformer mostly comes from
low line frequency (50/60 Hz) excitation. Thus, by increasing
the excitation frequency by means of power converter systems,
the transformer size can be reduced to a large extent. Different
topologies of both DC links based and matrix converter based
power-electronic transformers are available in literature [22-27].
In this paper, different topologies of matrix converter based power-
electronic transformers are investigated. In one of the topologies,
a three-phase to one-phase matrix converter with high frequency
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Fig. 2. Matrix converter driven three-phase machine

transformer is used for common-mode elimination at the output
[28]. Another topology uses three direct matrix converters with
primary of the transformer open for generation high frequency
transformer application [29].

2. Simplified Matrix Converter Modulation Strategy

A simple three-phase to three-phase matrix converter can be
treated as a three-level inverter. In three-level converters [30], the
input DC voltage takes on one of the three DC values: Vy+, 0, Vg4—.
But in matrix converters, the input voltages are three-phase AC.
In three-level inverters, in a switching period, the output voltage
is synthesized by using the nearest available voltage levels, but
in matrix converter the output voltage is generated by using all
available three levels, thereby ensuring power factor control at the
input.

Thus, any output phase is connected to all three input phases
in a switching period for some interval determined by the
corresponding duty ratios. The input phase voltages v,, vp, v. and
the output phase voltages va, vp, vc are related by the relation
shown in (1). The duty ratio for each switch connecting between
input and output is shown in Fig. 2.

Similarly, the input current i,, iy, i and the output current
ia, iB, ic are related by (2).

VA dan  doa  dea Van
vg [ =| di dop dB | X | Vbn (D
ve dic  dvc  dec Ven
i a daA daB daC iA
ipb, | =| doa dv doc | x| iB )
i c ch ch ch i C

Thus, the matrix converter can be represented by a equivalent
circuit which comprises of variable turns ratio transformers
as shown in Fig. 3. The duty ratios of the matrix converter
represent the turns ratio of the transformers. The input is three-
phase sinusoidal in nature, i.e. v, = 14 cos(wt), vy, = 14 cos(wt —
21/3), v = 1% cos(wt — 47 /3). Therefore, the duty ratios shown
in (1) and (2) are sinusoidal in nature for the elimination of input
frequency terms from the output. Equation 3 shows the duty ratios

Fig. 3. Equivalent circuit representation of matrix converter

for output phase-A where ka(f) denotes the output amplitude
control term and p denotes the input power factor control term.

dan ka(t) cos(wt — p)
doa | = | ka(t)cos(wt —2m/3 — p) 3)
dea ka(t) cos(wt + 21 /3 — p)

2.1. Offset duty ratio At any instant, the condition ‘0<
(duty ratio of the switch) < 1’ should be valid. In order to cancel the
effect of negative duty ratios, some duty ratios with positive values
need to be added to all the output phases in equal proportion so
that they only generate finite common-mode voltage at the output
without affecting the output line to line voltage.

Considering the case of output phase-A in order to cancel any
negative duty ratio from (3), the absolute value of the duty ratio
can be added. Thus, the individual offset duty ratios should be

Dy lka (1) cos(wt — p)|
Dy | = | |ka(t)cos(wt —213 — p)| 4)
D, lka(t) cos(wt + 213 — p)|

The new net duty ratios are [D, +daa  Dp +dpa D¢ + deal r
For example, in input phase-a

0 <Dy+dip < 1

0 < [ka(t)V cos(wt — p)| + ka())V cos(wt —p) < 1 (5)
This implies that in the worst begin
0 <2lka(t)] < 1 (6)

which implies the maximum value of |ka(¢)| is 0.5. Hence, the
offset duty ratios (Fig. 4) corresponding to the three input phases
are chosen as

D, [0.5 cos(wt — p)|
Dy | = ]0.5cos(wt — 273 — p)| @)
D, [0.5 cos(wt + 273 — p)|

D.(n D, Dy(t) D, Dy(t) D(t)
0.5 ;_f'\__

~Y

Fig. 4. The offset duty ratios corresponding to all input phases
drawn for a particular case
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To utilize three-phase output generation to full capacity, an
additional common-mode term Vcowm equal to {[max(ka(?), kg(?),
kc(1))+ min(ka(2), ks (1), kc(2))1/2} is added [10] according to
the traditional space vector PWM principle. Thus, the amplitude
of ka(t), kg(t), kc(t) can be enhanced from 0.5 to 0.57 and the
output amplitude is equal to (v/3/2) Veosp = 0.866 V cos p.

dan D, + [ka(t) — Vcom] cos(wt — p)
doa | =| Dp+ [ka(t) — Vcom] cos(wt — 213 — p)
dea D + [ka(?) — Vcom] cos(wt + 273 — p)

®)

But the summation [D,(t) + Dy (t) + D.(t)] is less than or equal
to unity as shown in Fig. 4. Therefore, in order to make the
summation equal to unity another offset duty ratio A(#) equal to
[(1—(Da(t) + Dp(t) + D.(t)))/3] is added to the original value
of D,(t), Dy(t) and D.(¢) in (8). This scheme is easy for
implementation and it neither requires any look up table nor any
harmonic injection in the modulating signal.

3. Matrix Converter Over-Modulation

Similar to over-modulation in normal converters, matrix con-
verter can be operated in over-modulation mode to increase the
fundamental output with some additional harmonics. But there are
multiple over-modulation modes in matrix converter, because both
the output voltage and input voltage are sinusoidal AC. The types
of over-modulation modes are

1. Output-side over-modulation.

2. Input-side over-modulation with power factor control.

3. Input-side over-modulation without power factor control.
4. Simultaneous input- and output-side over-modulation.

3.1. Output-side over-modulation The matrix con-
verter can be made to operate in this mode by increasing the
amplitude of the reference output voltage modulating signals
ka(t), kg(t), kc(t)above the maximum values which is equal to
0.57. In this condition, for a fictitious DC-link voltage of magni-
tude Vyc_fict, the peak fundamental amplitude of the output phase
voltage can be found to be 2Vj. fct/r. The magnitude of this
fictitious DC-link voltage, in linear modulation region, in the
matrix converter depends on the peak input voltage amplitude,
the power factqr of the input currents and can be computed as
Ve fiet = (3/2)‘/ Cos o .

Thus, with input unity power factor, the peak fundamental
output phase VoltageVo can be given as

Vo = 2Viesict/ = 0.95V )

The gain of the modulation in the over-modulation region is
a nonlinear function of the peak amplitude of the reference
modulating signal [31]. At maximum output over-modulation (i.e.
six-step square wave mode), all the instantaneous output references
(i.e. ka(t) — Vcom for phase-A) (8) are clipped to the value £0.5.
With the choice of reference modulating signals in (8) discussed
in the previous section, the true square wave mode (square wave
duty ratios) occurs for peak amplitudes.

3.2. Input over-modulation with power factor control
The idea in this over-modulation mode is to increase the fictitious
DC-link voltage by reducing the offset duty-ratio A(z) as shown
in (10). To achieve this, the choice of the input duty ratios should
be modified such that they sum to unity in a switching cycle with
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Fig. 5. DC-link voltage of a diode bridge converter supplying
a resistive load

reduced offset duty-ratio A(z).

dan Dy + [ka(2) — Veom] cos(wf — p) + A(7)
don | =| Dp + [ka(?) — Vcom] cos(wt — 23 — p) + A(?)
dea Dc + [ka(t) — Vcom] cos(wt + 273 — p) + A1)

(10)

In order to utilize the offset duty-ratio period A(z) for over-
modulation, the other duty ratios in (10) must be scaled up in
same proportion such that they sum to unity. Thus the modified
duty ratios are as shown in (11)

dyy |

T 1-3xA0)

Dy+[ka(t)—Vcom] cos(wt — p)
X | Dp+lka(t)—Vcom] cos(wt — 273 — p)
D.+[ka(t)—Vcom] cos(wt + 273 — p)
an

3.3. Input over-modulation without power factor
control In this scheme, a different approach to input-side
over-modulation achieves the highest possible output voltage of
the converter. Using this method, the fictitious DC-link voltage
can be increased to the theoretical maximum value as shown by
the dotted line in Fig. 5 which is equivalent to the output of three-
phase diode bridge rectifier.

In such a case, the input over-modulation described in the
previous section becomes a special case of the generalized method
in which the time varying functions are all the same.

3.4. Simultaneous input- and output-side over-
modulation The modifications to the duty ratios for input
over-modulation do not affect the choice of the reference out-
put voltage modulating signals. Thus, the matrix converter can be
operated in the over-modulation region with simultaneous input-
and output-side over-modulation. With the input duty ratios chosen
as in (11) and by increasing the peak amplitude of the reference
output voltage modulating signal in square wave mode, the output
to input voltage transfer ratio can be increased to unity when the
input power factor is unity as shown in (12).

2V . 2 x 1.049
= Zldefir _ ZX Vecosp = 1.001 Vcosp
b4 T

12)

Vo

With input-side over-modulation without power factor control and
the output side in square wave mode the input—output transfer ratio
can be taken above unity as shown in (13).

6V3

2V8
Vo= defi 2V y — 1053V
b Vs

13)

4. Extension of the Carrier-Based Pwm Scheme for
Operation Under Unbalanced Input Voltages

Neglecting the switching losses, the power at the input current
port is equal to the power at the output voltage port of a matrix
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converter due to the absence of any energy storage element
in-between. When there is an unbalance in the input voltages,
one has to compromise between balancing and/or the sinusoidal
nature, either in the input-side currents or in the output-side
voltages, so as to satisfy the power transfer condition. In this
regard, three such techniques which use space vectors for output
voltage generation are extended for application with the presented
modulation technique [32-35]. In method-1, the input currents
are sinusoidal but are unbalanced, whereas in method-2 and -3
sinusoidal currents with additional harmonics are in the input side.
Any unbalanced set of three-phase voltages can be represented as
the sum of positive and negative sequence components.

Vap = Vp cos(wit + ©p)s Vay = Vy cos(wit + ON) (14)
vp = Vp cos(wit —27/3 + ¢p),
oy = Vv cos(wit +27/3 + o) (15)
Vep = Vp cos(w;t + 21 /3 + ¢p),
ey = Vi cos(@it — 27/3 + gn) (16)

Thus, vy = vap+vay, Vb = Vpp+vpy and ve=vc,+vc,, Where
(Vp, ¢p) and (VN, @y ) are the amplitude and phase of the positive
and negative sequence voltages respectively. The zero sequence
voltages are absent in a three-wire system.

4.1. Method-1 The modulation indices for the switches
corresponding to any output phase in this method are generated
from the positive and negative sequence components of the
input voltage. The duty ratios (i.e dja, doa, dca for phase-A)
have positive sequence (daap, dvap, deap) and negative sequence
(daay > dbay » deay ) components in proper ratio (18) and (19)) in
order to make the output voltages balanced.

dapn = dapp +dany > doa = dbap + doay dea = deap + deay

17
i daAp ] cos(wit + ¢p)
dbAP :kAP COS(a),‘l‘—2T[/3+(pP)
| deap | cos(wit + 2 /3 4+ ¢p)
(18)
[ daay ] cos(wit + ¢n)
dvay | = —kay | cos(wit +27/3 + @)
L deay cos(wit — 27 /3 + ¢n)

19

In order to eliminate any harmonic terms from the output ks, and
ka, are chosen in proportion to the input positive sequence and
negative sequence voltages.

kap = kVp,kay = kVy (20)

Where ‘k" is proportional to the instantaneous modulation index
of the output phase-A. From (14) to (19) the maximum and
minimum limits of ‘6’ can be obtained as —0.5/ (Vp + ‘7N) <k<
0.5/(‘71: + V). Thus, the range of variation of phase-A voltage
can be calculated as in (12).

In order to compensate for the unrealizable negative duty ratios,
the offset duty ratios shown in (13)—(15) are added [10].

0.5Vp
————— cos(wit + ¢p + pp)

Dp = |=
Vp + VN

0.5V,
+ | cos(wit + o + pp) 1)

Ve +Vn

594

0.5Vp
= cos(w;it — 27w /3 + ¢p + pp)
Vp +Vy

0.5V
+ |[——2 cos(wit +27/3 + on + pp)
Ve +Vn

0.5Vp
——— cos(wt + 27 /3 + ¢p + pp)
Vp +Vy

Dgp =

(22)

Dc =

0.5V,
+ | =2 cos(wt — 27/3 + @y + pp) (23)

\A/P + Vn

4.2. Method-2 Using three phase to stationary two-
phase transformation, the unbalanced input voltages result in the
tip of the resultant voltage-vector rotating in an elliptical trajectory
as shown in Fig. 6. The instantaneous amplitude and the phase of
the resultant vector are as follows:

Vi =y V2 + V2 +20p Uy cos@ oyt +0p +on)  (24)
1 (Vpsin(wt + @p) — Vy sin(@t + ¢y))
(Vp cos(wt + ¢p) + Vi cos(wt + ¢n))

Oinst = tan (25)
The instantaneous modulation indices in this method are calculated
based on the amplitudes of the resultant and reference voltage vec-
tors. The amplitude of the reference voltage vector is (Vp — Vy),
which is equal to the amplitude of the minor axis of the ellipse.
The vectors are shown as dotted lines in Fig. 6. Hence, the max-
imum amplitude of the modulation index at any instant to make
the output voltage balanced is ( Vp — VN) / Vinst-

Taking the case of output phase-A, the duty ratios for the
switches corresponding to input phase-a, b, ¢ are chosen as follows,
where p is the desired input power factor and ka is the output
modulation index:

Ve —V,
dap = kAM cos(@inst? + )
inst
Vp =V,
don = ka L2 =YWL et — 21 /3 +p) (26)
Vinst
Vp =V,
dea = ka NZ 2l cos(winst? + 27 /3 + p)
inst
Da =10.5 cos(winstt + p)|
Dg = |0.5 cos(winstt — 27w/3 + p)| 27

D¢ = (0.5 cos(wingt? + 27/3 + p)|

The instantaneous voltage-vector magnitude can be obtained
by stationarily transforming the input three-phase voltages. To

Fig. 6. Instantaneous voltage vectors
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compensate for the negative duty ratios, offset duty ratios shown
in (27) is desired.

4.3. Method-3 The instantaneous modulation indices
are calculated based on both the amplitude and the phase of
the resultant and reference voltage vectors. The amplitude of
the reference voltage vector is (Vp — VN), which is equal to
the amplitude of the minor axis of the ellipse and rotates at an
angular speed equal to the input frequency, implying that the
phase of the reference vector (6f) at any instant is the same as
(wit + @p) of the positive-sequence input voltage. The vectors are
shown as dotted lines in Fig.6. Hence, the maximum amplitude
of the modulation index at any instant to make the output voltage
balanc.ed is m. _

Taking the case of the output phase-A, the duty ratios for the
switches corresponding to input phase- a, b, ¢ are chosen as

("}P - VN)
dap =k o
“ A Vinst COS(Qinst — Oref) COS( ref + p)
(VP - VN)
dppa =k b 20 N
o A Vinst €08 (Oinst — Oref) COS (Oref 7'[/ +p) (28)
Ve =V,
ch = kA ( P N) COS(Qref + 27-[/3 + p)

Vinst €08(@inst — Orer)

And for cancellation of negative duty ratios the corresponding
offset duty ratios are shown in (29),

Da =10.5cos(Orer + )|
Dp = |0.5cos(brer — 2 /3 + p)| 29)
D¢ = 10.5co8(bref + 27/3 + p)|

To make the sum of duty ratios in a switching period equal to
one, another offset duty ratio equal to {1 — (Da + Dg + Dc}/3
is inavariably added to the original duty ratios in all the three
methods.

5. Open-End Winding Three-Phase Matrix
Converter Drive

In open-ended three-phase motor drive, the stator neutral of the
machine is opened and is connected with another set of supply
(Fig. 7 [12-20]). In consequence, the stator is excited from two
inverters from both ends, thus enabling large voltage rated motors
to be driven from inverters of lower voltage rating. The inverters
in the open-end drive can be replaced by matrix converters, which
is generally known as 18-switch unrestricted frequency changer
[1,2].

Three-phase input,
60 Hz

"7 73

Fig. 7. Direct matrix converter base open-end winding drive

The topologies and control are such that input phase voltages
are connected to two sets of output phase voltage at the terminals
of a motor/generator. This is done by solid-state switches (without
energy storage capacitors and inductors) such that all currents at the
two sets of output phase terminals always have paths to flow to the
input phase voltages [20]. The maximum motor voltage capability
is 1.5 per unit (pu), that is, Vphm = 1.5Vphin Where Vpp, 1 is the
output motor phase voltage and Vpp iy is the input phase voltage
and also eliminates the common-mode voltages at both ends. At
the same time, the insulation stress is equal to the magnitude of

input phase voltage only.

For a single matrix converter, the input phases-a, b, c are
connected to the output phases-A, B, C through switching scheme
shown in Table I. This results in null common-mode voltages at
the output [18,19]. There are six possible combinations and they
can be divided into two sub-groups. The first sub-group using abc,
cab and bca as shown in Fig. 8 (top), results in counterclockwise
(CCW) rotating vectors and the second sub-group using acb, bac
and cba results in clockwise (CW) rotating vectors. Both sets of
vectors synthesize the resultant output voltage limited to maximum

amplitude of 0.5 times the input voltage [18].

When the machine is driven by two matrix converters as shown
in Fig. 7, the net output voltage is the vector addition of voltages
from individual matrix converters. Using CCW rotating vectors
from both matrix converters, six CCW rotating active vectors
and three zero vectors are generated [18]. Similarly, CW vectors
from both matrix converters results in another set of six CW
rotating voltage vectors and three zero vectors. The amplitude of
the resultant voltage vector generated by combining the voltage

vectors of both converters equals (1.732 x 3/2V).

@ A - iy

Output voltages Input currents b B~ — iy

n c C e

A B C a b c .C

@ A —_—

a b c A|B |C b B > iy

clalb B|C|A| ¢ o~ —i,
b c a C|A|B

B— phase
I; (cab)
4
1
E A— phase
1 -
, ‘70 (abc)
] —
' I;(ABC)
Vo (bca) />
0 Iy (bea)
/ C— phase
Output voltages  Input currents u/\(\:i,;
AlB|cC alb]ec ’i><£mmi{8
achACB/a' A
blalctoBlA[C| F><BA—i
c|blafC|B|A|] ¢ Cr—i.
\a A —>i/;
» XA
\ c —i.
B— phase
I; (bac)
A— phase
.
Vo (ACB)
1;(acb)
Vo (BCA)
/ C— phase
/ p
Fig. 8. Utility side power factor using CCW vectors (top) and
CW vectors
595 IEEJ Trans 4: 591-601 (2009)

85U80|7 SUOLILLIOD A1) 8ot |dde ay) Aq peusenob afe sojone YO ‘8sN JO Se|nJ oy Akiqi 8UIUO A8]IAA UO (SUONIPUOD-PUR-SWIB)WOD" 8|1 Ale.q 1Buljuoy//:Sdny) SUOIIpUOD pue stwe | 8y1 89S *[202/80/5T] uo ARlqiauljuo As|iM ‘Uelridi 8y L Aq TSY0Z'881/200T OT/I0p/wod A 1m Aeqipuljuo//sdny wolj pepeo|umod 'S ‘6002 ‘T86YTE6T



K. K. MOHAPATRA ET AL.

Table I. Switching combination for zero CMV

ABC VaB VBc Vea Veom
abc Vab Vbe Vca 0
acb —Vca —Upe —VUap 0
bca Ube Vca Vab 0
bac —Vap —Vca —Upe 0
cab Vca Vab Ube 0
cba —VUpe — Vb —Vca 0

5.1. Utility side power factor control As described
in previous section, the switching combinations (abc, cab and
bca) and (acb, bac and cba) generate anticlockwise and clockwise
rotating vectors at the output respectively. The resultant output
voltage vector constructed from the two switching sets can be
either anticlockwise or clockwise, which consequently generates
corresponding anticlockwise or clockwise rotating resultant output
current vector. The output voltage vector can be represented in
terms of the input voltage vector and switching vector. Similarly
the input current vector can be represented in terms of the output
current vector. Figure 8 illustrates voltages and currents, where the
lower case letters (a, b and c) are used to designate voltages and
currents at the input side and capital letters (A, B and C) are used
to designate output voltages of the converter and output currents
flowing in the phase windings of the AC machine.

The input side three-phase voltage represented by anticlock-
wise rotating voltage vector which is Ve where w is the input
frequency. The switching vectors (abc, cab and bca) transform
the input voltage vector to the counterclockwise rotating output
vectors. Vel®, Vel@+21/3) and Vel@=21/3)  regpectively, and
switching vectors (acb, bac and cba) transform it to the clockwise
rotating output vectors Ve i@/, Vel (-@i421/3) anq Vei-er=21/3)
respectively. The time weighted average voltage vector in a switch-
ing period results in the resultant output voltage vector Vyeiwo!
which for example also rotates anticlockwise. The net output volt-
age vector Voel®! is decomposed into two parts Vi ewe @0
and ‘Z,LWe"“"” ~k which are generated from the anticlockwise set
Vei@! Vel@+21/3) and Vel@=27/3) and the clockwise rotating
vector set Ve i@ Vel (—0i+21/3) and Vel ~o=27/3)  regpectively.

The output current vector is represented by foei®ot=r0 where
po is the output power factor angle. As illustrated in Fig. 8, the
switching sequence (abc, cab and bca) at the output side will
generate a dual switching sequence (ABC, BCA and CAB) at
the input side, which would respectively produce current vector
Ioe!@ot=r0) | et @ot=p0=21/3) and Joei@of=Po+27/3) gt input.

Similarly, clockwise set of switching sequence produces input
switching sequence (ACB, BAC and CBA) and respective
input-side current vectors loe ™ @o!=r0)  fyei(~@ot+p0+2/3) gpd
Toe! C@or+a—21/3),

Resultant input current vectors from CCW and CW sequences
are given by

di cow iOei (@ot=po) + d> ccw iOei (@ot=p0=27/3)

+ds chioei(wotfpo+2ﬂ/3) — i<> chei(wotfpoftx(t))

where a(t) = (—wt + wot — k) (30)
io chei(wot—ﬂo—a(t)) — io ccwei(wot—po—(—w;+w0;_k))
= io_ccwei(wt+k_PO) 31)

d; wfoe—i(wot—ﬂo) +ds foei(—wgt+00+2n/3)

¢ cw

+ d3cw ioei(—wot+po—2n/3) — io_cwei(—a)gt+p0)+ﬁ(t)
where  B(t) = (wt + wot + k) (32)
fo CWf:i(ﬂuoter())wLﬂ(t) — fo Cwei(w1+po+k) (33)
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\
\

Fig. 9. Relation between input-side power factor and output
side power factor

The phasor diagram for both output side and input side are
shown in Fig. 9, where the output-side phasors are noted by V, =
‘A/oeiwotik o = ioeiw0l7p07 Vocew = Vo_ccweiwatik s Voew =
Vyewe' @™  The phasors Vi = Ve Ij cey = Iocone @10
Iew = focwe @010 are reflected at the input side. If the refer-
ence phasors VOCCW and VOCW are equal in both magnitude and phase
then by virtue of input—output symmetry, ioccw and focw are also of
equal in magnitude and phase. If both V¢ and V., are switched
for equal interval then the input phase current /1 has the net phase
equal to ((wt + po + k) + (wt — po + k))/2 = (wt + k). Thus by
controlling k, the input power factor can be controlled without any
influence of output power factor. Similar analysis can be achieved
for the other matrix converter which drives the machine from the
opposite side and by combining the space phasors from both matrix
converters the net output voltage and net input power are control-
lable.

6. Three-Level Indirect Matrix Converter Based
Drive

The three-level indirect matrix converter based open-end drive
has several advantages without compromising any functionality
of the scheme described in the previous section. This scheme
(Fig. 10) has some significant features like less switching and
conduction loss and less prone to commutation failure. The
topology uses same number of switches as that used in the last
section [20]. The converter system constitutes of three three-
level inverters. The three-level inverter can be either normal
neutral-clamped three-level inverter or any capacitor less three-
level inverter. As shown in Fig. 10, the whole inverter system can
be divided into two sections. One is the converter section, which
converts the three-phase AC to three-level pulsating DC—MAX,
MID and MIN which correspond to the maximum, medium and
minimum values of the input voltages respectively. The three-
phase input is connected to the MAX and the MIN rail through
two-quadrant switches and to the MID rail through four-quadrant
switches. The other section is the inverter section, which links the
output to the pulsating DC link. This section consists of two three-
level inverters and each of them is connected to opposite ends of
the open-ended load.

The intermediate DC-link waveforms and corresponding space
vector are shown in Fig. 11. The voltage waveform at the MAX,
MID and MIN rail after rectification are also highlighted. The
voltage waveform repeats every 120° and the space vector just
traverses in the clockwise and anticlockwise direction in only one
sector of 60°.

Any one end of the output section is connected to the pulsating
DC link through six possible switching combinations for null
common-mode voltage. The switching combinations are divided
into two groups (MAX, MID, MIN), (MIN, MAX, MID), (MID,
MIN, MAX) and (MAX, MIN, MID), (MID, MAX, MIN) (MIN,
MID, MAX). Each group of vectors rotates in the same direction
in any sector and both groups rotate in opposite direction.
Every consecutive sectors they rotate alternatively CW and CCW.
Figure 12 shows one group of vectors (MAX, MID, MIN), (MIN,
MAX, MID), (MID, MIN, MAX). The other group will rotate
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Max | AN | || Max
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Fig. 10. Three-level indirect matrix converter based open-ended
drive
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Fig. 12. Space vectors with first group of vector

in opposite direction [20]. These vectors, in either case, can
synthesize the output voltage of amplitude equal to 0.5 times the
input voltage [18].

By using the space vectors with same rotational direction from
both inverters at opposite ends two sets of space vectors are
obtained where each set comprises of six hexagonally located
space vectors and three null vectors (Fig. 13). The two space
sets called reference vector sets rotate in opposite direction at any
instant.

The output is generated from either of the two sets of reference
space vectors or both by using them alternatively by conventional
space vector modulation. The input power factor can be controlled
without any influence of output power factor, by using the analysis
described in previous sections.

7. Matrix Converter Fed Open-Ended
Power-Electronic Transformer For Power System
Application

Generally three-phase transformers are used for voltage and
current transformation in power transmission and distribution
systems. They are large in volume and weight, in terms of copper
and iron. Because of large volume they have also large copper
and iron loss. Because at line frequency, the core cross section
is large in order to generate large flux linkage. If the frequency
of the excitation is increased the core cross-section area will be
reduced by order of magnitude [22,27]. In order to generate high
frequency excitation matrix converters are used, which converts
the line frequency input to high frequency voltage by virtue of
four-quadrant AC-switches [22-27].

In the present system, two matrix converters drive the open-
ended three-phase transformer primary and the star connected
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Fig. 13. Output vectors from both inverters of open-end
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Fig. 14. Matrix converter fed open-ended power-electronics
transformer

Table II. Switching vectors

AN’ BB’ cc A B Cs
ab bc ca ag by Cs
aa bb cc Cs ag by
ba cb ac Cs ag by

secondary of the transformer is connected to another matrix
converter (Fig.14). The two matrix converters (MC-1 and MC-2)
connected to the some source is switched in synchronization in
order to generate null common-mode voltage and to produce
high frequency AC at the primary windings. Clockwise and
anticlockwise switching vectors are switched alternatively with
appropriate phase-shift for power factor control [18,20]. The high
frequency output at the transformer secondary is reconstructed
back to line frequency output by a third matrix converter (MC-3).
As discussed in previous section, the amplitude of the basic vectors
across the windings, herein the transformer primary winding, is
V3 pu. Although the vectors does not rotate in a three-phase
transformer, for analysis purpose they can be treated as virtual
rotating vectors and the sets of switching sequences generate CW
and anticlockwise (CCW) rotating vectors across the primary of
transformer.

In order to generate high frequency excitation across the primary

o I
of the transformer, any two opposite vectors (v/3Voe/ '™ 5)

> I
and v/3Vpe! T ?)) are switched alternatively at high frequency
across the transformer. Thus, the line frequency voltage at the
utility is amplitude modulated by the high switching frequency of
the matrix converter to excite the transformer [22-27]. In ideal
transformer with zero leakage, the amplitude modulated voltage is
reflected across the secondary winding of the transformer.

Only a single matrix converter MC-3 is connected across the
secondary of the transformer and the vectors generated in any
sequence are 120° apart [18,20]. Therefore, when the two opposite
vectors are reconstructed back by MC-3 two 60° apart separate
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T/2

Fig. 15. Any two opposite space vectors and one zero vector is used for
voltage synthesis through MC3

B-phase

. T
-~ eJ(U)HE) MC3 asbscs
0 >
:(> T3 Rephase
_ j(o)t+ﬂ)
0 3
¥
C-phase
A
™ n
~ jlot+2)
6
~ j((ot+£) \/gVoe
\/?_Noe 6
. n
- j(ot+—
\/_’jVOe]( 6)
. T
\/’4 J((Dt*g)
3Ve
AN
4

Fig. 16. Any two opposite space vectors and one zero vector is used for
voltage synthesis through MC3 in anticlockwise direction

vectors (v/3Vpe! @ %) and +/3V,e/ @'~ %)) are generated at the
output (Fig. 15). Because both of the vectors are switched for equal
amount of period (T/2), the average output voltage is 1.5 \706/ ol
However, converter MC-3 can also generate three space vectors,
120° apart from a single vector. Referring to Fig. 16, using the
switching sequence agbscy, csasbg, bscsas two opposite vectors
would generate six anticlockwise (CCW) rotating vectors 60°
apart. By using adjacent vectors in Fig. 16, an output vector
is synthesized at any desired frequency, amplitude and the
direction of rotation, where the maximum achievable amplitude
is (1.5 x ?) pu. Similarly, output voltage synthesis is possible
using CW rotating vectors. The power factor at the input side is
controllable by the way described in previous two sections.

8. High Frequency Transformer Link Three-Level
Inverter Drive with Common-Mode Voltage
Elimination

The topology described in the last section constitutes of large
number of switches and suitable for power system application.
In application related to drives in wind power it is desirable to
have systems with less device count. In wind turbines generally
there are large power transformers at the basement and it is
preferable to have small high frequency transformers so that it
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can be accommodated at the hub near the turbine. It is more
suitable to have a single-phase high frequency transformer in place
of three-phase one to reduce foot area. Operation of single-phase
high frequency transformer are available in literature, and in this
section, the application of a matrix converter driven single-phase
transformer is applied with common-mode voltage elimination at
the three-phase motor load.

The front-end converter as in Fig. 17, first converts the three-
phase input AC voltage at the line frequency to DC by creating
a virtual DC link. This is called the rectification stage. In the
following inversion stage, it converts the virtual DC to a high
frequency AC which is fed to the transformer. A three-phase low
frequency AC is converted into a high frequency single-phase AC.
This converter is basically a direct-link matrix converter with a
conventional rectification stage followed by a single-phase inverter
instead of a three-phase one. The line currents are also shaped to
be in phase with the input voltage waveform.

The PWM signals for the front-end converter are generated
using a simple triangle comparison method [9] or any standard
techniques available in literature. The link voltage at the output
phase A and B, va(?) and vg(z), respectively, are synthesized on
an average over a sub-cycle period T from v,(?), vp(¢) and v (7).
Although the modulation can be realized in many different ways,
in the description here the carrier-based modulation technique
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Fig. 17. Circuit diagram of the single phase power-electronic transformer
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Fig. 18. Direct-link drive for open-end winding AC machines

developed in the first section is extended for modulation of matrix
converter. An offset duty ratio

[10.5 cos(wt — p)| |0.5cos(wt — 27 /3 — p)|

[Da Do 0.5 cos(wt + 27 /3 — p)|1”

DC]T =
is used for canceling the negative duty ratios and in order to
make the sum of total duty ratios equal to unity at all instant
an additional offset duty ratio A,(t) = w, Ap(t) =
0, Ac(r) = ZPFPtD i g ded.

At any instant vag(?) = %vi(kA(t) — kg(¢)) and by making
ka(t) = —kp(t)and toggling ka(¢)between 0.5 and —0.5 an AC
voltage can be generated across the primary of transformer. The
AC voltage is generated across the center tapped secondary is
rectified through a controlled rectifier. The rectified voltage is acts
as three-level voltage for the three-level inverter. The three-level
inverter is operated as a two-level inverter in order to eliminate
any common-mode voltage in the machine [14]. The switching in
the inverter and rectifier and matrix converter are synchronized in
order to eliminate any change in voltage levels at the primary of
transformer [28].

9. Two-Level Indirect Matrix Converter

Matrix converter driven open-end winding drives described in
the previous sections employ 36 unidirectional switches. A direct-
link AC-AC power converter utilizing unidirectional switches to
drive three-phase star (or delta) connected machines was presented
in Ref. [36]. It does not require a DC-link capacitor or input
inductors for energy storage. An 18-switch alternative topology
(Fig. 18) for open-end winding ac machines [22] is described here.
It can generate the same output voltage as generated by the 36-
switch counterparts. However, the common-mode voltage at the
terminals of the machine is a slowly varying waveform.

The common-mode voltage does not however contain any com-
ponents at the switching frequency. Considering the low magnitude
and frequency of harmonics present in the common-mode volt-
age, their contribution toward generating bearing currents in the
machine will be negligible. In Fig. 19, the front-end converter
(RECT) operates like a three-phase diode bridge rectifier and con-
nects the positive terminal (P) of the direct link to the maximum
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phase voltage and the negative terminal (N) to the minimum phase
voltage.

The direct-link voltage is thus a three-phase line-rectified
voltage. The two inverters (INV1 and INV2) modulate the direct-
link voltage to generate ac voltage across the machine phase-
windings. Detailed operation of the direct-link drive is outlined
in (14) and (22). Each inverter has six active vectors and two
zero vectors. Three of the six active vectors have a common-mode
voltage of v;/3 where vy, is the direct-link voltage. The other three
active vectors have a common-mode voltage of 2 v, /3. If only one
of these sets is used by both inverters to generate the voltage across
the machine phase windings, the common-mode voltage across the
windings is zero and the common-mode voltage at the terminals
is either of v;/3 or 2v,/3. Also the magnitude of the resultant
voltage vectors across the machine phase windings is +/3 vg. Thus,
the maximum voltage that can be applied across the machine
phase windings is 1.5 ‘A/m where \7,«,1 is the peak value of the input
phase voltage. Owing to the diode bridge rectifier like operation
of the front-end rectifier, the input current is a 120°—conduction
waveform. The input power factor is not controllable and the
input current has considerable total harmonic distortion (THD)
(= 30%). A solution with multiple drives with phase shifting
transformers has been presented in Ref. [22].

10. Unified Two-Level Converter with Power Factor
Correction

The direct-link drive described in the previous section has
uncontrollable input power factor and poor input current THD. In
order to compensate for the input current harmonics, a minimum
switch active compensation scheme is proposed in Ref. [37]. The
topology for the unified system with active power filtering is shown
in Fig. 19. A clamp circuit consisting of a clamp diode D, and
a clamp capacitor C¢ (Fig. 19) needs to be used for protection
in the direct-link drive and for ride through purpose. The active
filter utilizes this clamp capacitor to inject compensating harmoinic
currents into the input supply.

For proper operation of the drive, the clamp diode must remain
reverse-biased during normal drive operation. The voltage across
the clamp capacitor is controlled by the active filter to be higher
than the maximum direct-link voltage. Detailed analysis of the
unified drive with active filtering is presented in Ref. [37].

The objective of harmonic elimination and power factor correc-
tion can also be achieved using a conventional active filter with
an isolated capacitor. The essence of the described active filtering
mechanism lies in the combination of the active filter with the
clamp circuit and still being able to achieve controllable power
factor with no input current harmonics.

11. Conclusion

Research on different application of matrix converter undertaken
in University of Minnesota is presented. A simplified carrier-based
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Fig. 19. Unified direct-link drive with active filtering

modulation of matrix converter is derived along with operation for
both over-modulation and input unbalance operation. Application
of matrix converter for common-mode voltage elimination in open-
ended drive is presented. Two possible topologies were discussed
along with inherent capability of input power factor control. The
input power factor is unity irrespective of output power factor and
also the input power factor is controllable. Possible application
for high frequency transformer is also discussed. Both single-
phase and three-phase topologies for high frequency transformer
application were proposed.
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