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Abstract—Open-ended winding induction machines fed from
standard two-level Voltage Source Inverters (VSI) provide an
attractive arrangement for AC drives. An alternative approach is
to use a dual output Indirect Matrix Converter (IMC). It is well
known that the IMC provides fully bidirectional power flow
operation, with small input size filter requirements. Whilst a
standard IMC consists of an AC-DC matrix converter input stage
followed by a single VSI output stage, it is possible to replicate the
VSI to produce multiple outputs. In this paper an open-end
winding induction machine fed by an IMC with two output stages
is presented. The IMC modulation strategy aims to reduce the
common-mode voltage whilst compensating any zero sequence
voltage fed to the machine. The system is modeled using a PSIM
and MATLAB/Simulink platform. Experimental results
demonstrating the viability of the method are presented usinga 7.5
kW prototype.

Index Terms—Matrix converters, Space vector pulse width
modulation, Variable speed drives.

I. INTRODUCTION

N OPEN-END winding induction machine fed by two 2-level

VSls, offers several advantages when compared to a
standard wye or delta connected induction machine drive. The
main features of an open-winding induction machine drive can
be summarized as [1]-[2]:

(1) Equal power input from both sides of each winding, thus
each VSl is rated at half the machine power rating.

(2) Each phase stator current can be controlled independently;
possibility to have twice the effective switching frequency
(depending on the modulation strategy).

(3) Extensibility to more phases, therefore multiphase
induction machines can be considered if current reduction
is required; possibility of reducing common-mode voltage
(CMV).
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(4) Certain degree of fault tolerance, as there is voltage space
vector redundancy.

However, an open-ended winding induction machine drive
can have some drawbacks, such as [1]: possibility of zero
sequence current flowing in the machine, because of the
occurrence of zero sequence voltage, and more complex power
converter requirements, i.e. more power devices, circuit gate
drives, etc.

In addition, the open-ended winding approach can be used in
other applications such as power transformers [3] or
synchronous machine drives in wind power generation systems
[4].

In the recent decades, a significant research effort has been
focused on direct frequency changing power converters, such
as the Matrix Converter (MC) [5] or the Indirect Matrix
Converter [6]. It is known that these power converter topologies
offer a suitable solution for direct AC-AC conversion,
achieving sinusoidal input and output currents, bidirectional
power flow capability and controllable input power factor,
without using bulky energy storage elements [6].

Several works have been focused on investigating the open-
end winding topology based on direct matrix converters. This
topology requires a total of 18 bidirectional switches (i.e. 36
IGBTSs and diodes) and achieves a maximum output voltage of
1.5 times the input phase voltage as reported in [7], where the
dual-matrix converter scheme is described and a modulation
strategy is proposed intended to reduce the common-mode
voltage at the load terminals. Experimental results are shown
using open-loop V/f control strategy for an induction motor. In
[8]-[9] a detailed mathematical analysis of this topology is
presented. Additionally a modulation strategy aiming to reduce
the CMV s studied and experimental results are shown for a
passive resistive-inductive load. Moreover, the dual-matrix
converter scheme has been widely studied for applications in
multiphase open-end winding AC drives. For instance, in [10]
a three-to-five dual matrix converter topology is studied; in this
case a total of 60 power devices are required and a switching
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strategy to reduce the CMV is proposed. The system is
experimentally verified with a 5kW, 5-phase induction
machine. The same authors propose in [11] a similar approach
for a three-to-seven dual matrix converter system (96 IGBTs
and diodes required) where the modulation strategy proposed
aims to eliminates the CMV and simulation results for an
induction machine load are presented.

On the other hand, relatively few publications concerning the
open-end winding topology based on the indirect matrix
converter can be found [12]-[14]. In [13] a modulation strategy
intended to reduce the CMV is presented and preliminary
experimental results are shown for an R-L load. In [12] two
modulation strategies are proposed for the system: a Space
Vector Modulation (SVM) strategy intended to reduce the zero
sequence voltage and a carrier-based modulation (SPWM)
strategy that produces only high frequency zero sequence
voltage components. Simulations results for a passive load are
presented. In [14] a five-leg open-end winding topology based
on the IMC is proposed. In this case as one leg of the output
inverters must be shared by two phase windings of the load,
additional constraints arise regarding the modulation strategy.
Simulation results for a passive load are shown.

In this paper an experimental investigation into the
application of an IMC with two output stages to supply energy
to an open-ended winding induction machine is presented. The
topology is depicted in Fig. 1, where the input stage, consisting
of an AC-DC matrix converter, provides the DC link voltage
for the two VSI output stages. The modulation strategy for the
input converter is standard [15] and aims to provide the DC
voltage for the output stages. The modulation strategy for the
output stages uses only voltage space vectors which do not
produce common-mode voltage at the machine terminals [16].
Moreover, the zero sequence voltage at the machine terminals
is reduced by decreasing the average zero sequence volt-
seconds within each sampling period [17]. Preliminary results
with the application of this topology to an open-ended winding
machine were presented in [13] and the concept is further
developed and verified in this paper. The proposed approach is
modeled using a PSIM/MATLAB platform and experimentally
verified in a 7.5 kW rig. Simulation and experimental results
are presented and discussed.

Il. DUAL-OUTPUT STAGE INDIRECT MATRIX CONVERTER

Regarding the topology in Fig. 1, the modulation strategy for
the rectifier aims to obtain the maximum positive DC link
voltage in each sampling period. Usually, the Pulse Width
Modulation (PWM) reference signal is chosen to operate the
converter with unity displacement power factor at the input.
The output stage of the IMC consists of two VSI. Each inverter
can produce eight space voltage vector locations independent
of the other, resulting in a total of 64 voltage vector
combinations. The six-terminal open-end winding induction
machine is connected between the VVSI outputs. Considering the
six bidirectional switches of the input stage and the two output
stages, a total of 24 discrete IGBTs and diodes are needed in
this topology.
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Fig. 1. IMC with two output stages feeding an open-ended winding induction
machine.
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I1l. COMMON-MODE VOLTAGE

Conventional PWM inverters generate alternating common-
mode voltages relative to ground which generate currents
through the motor parasitic capacitances to the rotor iron [18].
These currents find their way via the motor bearings back to the
grounded stator case. The so-called bearing currents have been
found to be a major cause of premature bearing failure in PWM
inverter motor drives [19]. One of the main advantages of the
open-end winding topology is the possibility of reducing the
common-mode voltage at the machine terminals and this has
been the research topic of several investigators [7]-[11], [13],
[20]-[24]. For the topology depicted in Fig. 1, the common-
mode voltage is given by [16]:

Uem = g(vAm + Vg1 + Vcig T Vaze t Vg (1)

+ Veog)

where vy, Vpig, Veig, With i = 1,2, are the pole voltages of
each inverter with respect to the grounded neutral point of the
source (Fig. 1). These voltages can be also expressed as:

Vaic = SapiVpe t SaniVne
Vgic = SepiVpc T SeniVne 2
Veic = ScpiVpe T ScniVna

where v, and v, are the voltages of the positive and negative
rail of the DC link with respect to the grounded neutral point of
the source, respectively; Sy, Syni € {0,1} with x = A4, B, C,
i = 1,2 are the switching functions of the inverter devices (0:
switch opened, 1: switch closed) and Swni = 1= Sxpi
(because of the complementary operation of the upper and
lower switches of each inverter leg). Therefore,

1
Vem = 3 [(SApl + Sgp1+ Scp1 + Sapz + Spp2 + Ssz)UpG

+(SAn1 + SBnl + SCnl + SAnZ + SBnZ
+ Sen2)Vnel

©)

Let NSW = SApl + SBpl + SCpl + SApZ + Ssz + Scpz, thUS

1
VUem = g [NsvaG + (6 — Nsw)an] (4)

Where Ny, is the number of upper inverter switches closed.
The squared RMS value of the common-mode voltage is:
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1 (7 2
vz = —f [NsvaG + (6 - Nsw)an] dt (5)
0

CMRMS — 36T
where T is the period of v,,; (equals the period of v,,;). Further
expansion yields:

1 T
36V s = Ny f vZode
0

1 T
# 2o (6 = No) 7 [ vpovndt  (©)
T

1
+ (6 — Ng,)? —f vi.dt
T Jo

The voltages of the DC link rails are given by:

Upe = Sapvra + prvrb + Scpvrc (7)

Vng = SanVra + SonVrp + ScnVrc

where v,.,, v, and v, are the converter input phase voltages
and S, Sy, With x = a, b, ¢ are the switching functions of the
rectifier (see section I1V-A). Accordingly v, and v,; will

always be segments of different input phase voltages and

[V (O] = vt —t,)] ,t, ER (®)
thus
T T
0 0

Differentiating (6) with respect to N, and equating to zero,
it can be found that v2,,,,, . (and implicitly v,,.,,.) achieves a
minimum value at Ny, = 3, which means that in order to
reduce the RMS common-mode voltage at the machine
terminals, only three upper inverter switches should be closed
at each switching period.

This can be further investigated by considering a virtual
midpoint of the DC link as a reference point (see point 0 in Fig.
1). Then, (1) can be rewritten as:

Vem = E(UAIO + Vp1o T V1o T Vazo t Vs2o

+ Vc20) t+ Vog
= Vemo T Vog

(10)

where the contributions of the input and output stages to the
overall common-mode voltage have been separated (v,; and
Vemo, Fespectively). The voltage v, is the voltage between the
reference point 0 and the grounded neutral point of the source.
This voltage can be calculated as:

1
Vo = E [(Sap + San)v‘ra + (pr + Sbn)vrb
+ (Scp + Sm)vrc]

(11)

It can be seen in (11) that v, depends on the modulation of
the input stage, which in this work is totally defined by the duty
cycles of the rectifier stage (see 1V-A). Thus, vy, will have a

predictable and bounded value. On the other hand, the voltage
Vemo Can be rewritten as:

Vemo = % [Nsw % + (6 — Nyy) (_ %)]

(12)

i [Nswvpc — 3vpc]

Therefore, it can be seen in (12) that by using Ny, = 3, the

contribution of the output inverters to the common-mode
voltage is eliminated [16].

IV. MODULATION FOR THE IMC WITH TWO OUTPUT STAGES

A. Modulation of the input (rectifier) stage

The input (rectifier) stage of the converter is modulated,
using Space Vector Modulation (SVM). To obtain a maximum
positive DC link voltage, commutation between the largest and
second largest positive line input voltages is carried out [15].
For the modulation algorithm, a current reference vector is used
and six sectors are considered as shown in Fig. 2a and 2b. The
reference current vector is chosen with zero phase shift angle
respect to the converter input phase voltage vector (see Fig. 2a).
In this way, unity displacement power factor operation is
achieved at the converter input. Fig. 2b also shows the current
reference vector in the first sector with 6, the angle of the
current vector referred to the sector.

The y — & duty cycles for the rectifier SVM are given by
[15]:

d d
dﬁ:dy:dg ' dg:dyfda )
with
d, = sin(”/3 = Oreri) » ds =sin(B,e5,) (14)
Vsa Vsb_ Vsc be
ba 111
v
ca v
:I:II:III:IV:V:VI: cb
(a) (b)

Fig. 2. a) Sector definition for the input rectifier and b) current vectors.

The modulation of the rectifier results in, depending on the
sextant, an upper (or lower) switch closed (corresponding to the
highest absolute value of the input phase voltage) and two lower
(upper) switches modulated according to (13).

B. Modulation for the IMC Output Stages

For the topology depicted in Fig, 1, the aim of the modulation
strategy for the output stages is to reduce v,,,, whilst providing
the desired machine phase voltages. The voltage vectors for
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inverter 1 are shown in Table I; the same space vectors are valid
for inverter 2 but with superscript 2.

TABLE |. SWITCHING STATES OF THE INDIVIDUAL INVERTERS

States of inverter 1 [S,1 Spp1 Scpa]
Vi=1[100] Vi=1[110] Vi =1[010]
Vi=1[011] Vi =1001] Vi=1[101]

vi=[111] | Vi =[000]

Let V;; = [V{'V/?] with i,j =1...8, be the phase voltage
vector combination of the dual-inverter output. A
representation of the vector locations is shown in Fig. 3 [16].

According to Section Ill, a voltage vector producing null
common-mode voltage v, should have only three upper
switches closed (N,, = 3). Considering, for instance, the dual-
inverter space vectorV;, =[1000 1 1], the common-mode
voltage v, generated by the output stages of the IMC is given
by (10), where in this case:

Va10 = Vp20 = Vc20 = % (15)
and
VUp1o = Vcio = Vazo = _% (16)
Therefore
v = (o Voo Vo Vo Voo Voc)
moTe\2 2 2 2 2 2 17)

The same procedure can be used to verify that voltage vectors
given in Table I generate zero v,,, [16].

Null vector V,
Vi Vs Vas Vs can be either(?
Vmavzzvvsarvzm
VSSYVGG’V777V88
i Vi v v Vi v Vie Ve
21 38 34 85
Vi, Vi V76 Ve Ve \ V15’ V24
V37 V27
V. V.
vV V71 7 V43 Vo V18 / V65 Vv
“ V81 VSS V23 V74 "
Va Vel
' Vs
VAVA A VA
Ve Ve Vo [\Ver Vi \Ver Voo Ve
VSZ V54
Vsz Vsaa V62 V63

Fig. 3. Space vector locations of the dual-inverter scheme.

Hence, to eliminate v,,, and maximize the output load
voltage, the modulation strategy for the output inverters
considers the zero voltage vectors {V,g, Vg,} and the largest
active voltage vectors {V;4, Vys, Vae, Vaq, V2, Ves} (see Fig. 3).

Note that it is possible to use all of the active vectors given in
Table Il (rather than just the largest ones), but this complicates
the algorithm and the benefits in terms of current/voltage Total
Harmonic Distortion (THD) are not significant (less than 2%
according to simulations).

TABLE Il. SPACE VECTORS WITH ZERO COMMON-MODE VOLTAGE
CONTRIBUTION

Space vector combinations
[SApl SBpl SCpl SApZ SBpZ SCpZ]
Via=[100011] Ve =[001101]
Vs =[110001] Ve;=[101100]
Ve =[010101] Vi3=[011010]
V,y=[011100] Vi, =[100110]
Vs, =[001110] Vie=[100101]
Ve =[101010] Ves =[101001]
]
]
]
]

V,3=[110010] | Vs =[001011
Vs =[010011] | V5,=[010110
=1
=

V,e=[011001] | V,,=[110100
V,e=[111000] | Vg =[000111

It can be noted that the zero vectors V.4 and Vg, produce an
output phase voltage, which is the same in each machine
winding (Vp for vector V;g and —V), for vector V). Since V;;
is a space vector combination of the dual-inverter, it can be
represented by:

_jm 2n
Vij = Vaiaz + Vpiga€ 3 + Vg€ 3

(18)

where V4442, UVg1p2 aNd v, are the machine phase voltages.
Therefore, for vectors V,g and Vg, (19) is obtained:

21 _om
g = Vg7 = Vpc + Vpce!3 + Vpce ™3

14
(19)
14

2T 2T
s = Vo (1 +el3 + e‘JT) =0
Itis verified that the magnitude of these voltage vectors is zero,
hence they are effectively zero vectors of the dual-inverter
system.The duty cycles for each of the output stages are
calculated as:

d, = m(t) sin(”/3 — Orefo) (20)
dg = m(t) sin(@ref,o) (21)
dy=1-d,—dg (22)

where m(t) is a variable modulation index givenby  m(t) =
m,(d, + ds). The factor (d, + ds) is included to compensate
the fluctuations of the DC link voltage; m, is the standard
modulation index (0 < m, < 1) and 8, , is the angle of the
output reference voltage space vector.

To obtain a correct balance of the input currents and the
output voltages in a switching period, the modulation pattern
should produce all combinations of the rectification and the
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inversion switching states [15], resulting in the following duty
cycles for the active vectors:

duy = ol | dgy = dpd

dos = dodf | dgs = dﬁdg ()
The total zero vector duty cycle is:
do=1—d,—dp (24)
and the combined zero vector duty cycles are:
doy = dody , dos = dod§ (25)

C. Voltage gain of the converter

It has been shown that the input rectifier uses an SVM

strategy to maximize the DC link voltage. However, the average
value of the DC link voltage, in every switching period, varies
between a minimum Vi, min = ng,z—z and a maximum
Vonmax = Vsu—1, where Vg ;_; is the peak value of the input line
voltage. The output voltage vector locus considering the
average DC link voltage is shown in Fig. 4.
Therefore, the voltage produced by the output stages is limited
by the minimum average DC link voltage (red circle in Fig. 4).
As each machine phase winding can be considered to be
supplied by an H-bridge, the amplitude of the fundamental
output phase voltage is given by [25]:

~ V3
Vo,ph = monn,min =m, _Vs,l—l

5 (26)

where m,, is a modulation index for the output inverters (0 <

m, < 1). Since the input phase voltage equals v/3 times the
input line voltage, eq. (26) can be rewritten as:

V3 R
Vo,ph =m, 7\/§Vs,ph = 1.5moVS‘ph (27)

Hence, with the proposed topology (see Fig. 1), the maximum
output phase voltage without over-modulation is 1.5 times the
input phase voltage.

be Vpn,max= Vs,l-l (peak)

=0.866V'; 1.1 (peary

n,min

270°

Fig. 4. Output voltage vector locus for the average DC link voltage.

V. ZERO SEQUENCE VOLTAGE

As mentioned before, the dual-inverter fed open-ended
winding induction motor drive may suffer from zero sequence
current caused by zero sequence voltage. This zero sequence
voltage is produced because of the asymmetry of the
instantaneous phase voltages applied to the machine windings
(due to the voltage space vectors used). In general, zero
sequence currents may give rise to increased RMS phase
current, thus increasing the system losses; high current/voltage
THD and machine over-heating and vibrations. The zero
sequence voltage is given by [17]:

% +v +v

vy = A1A2 B;BZ c1c2 (28)

The zero sequence voltage contributions from the 64 space
vector combinations are shown in Table Ill. As can be noted
from Table Il and Table Ill, the vectors that do not produce
common-mode voltage are not the same vectors that do not
produce zero sequence voltage. Hence, as the vectors used to
modulate the converter output stages will eliminate common-
mode voltage (section 1V-B), compensation must be performed
to avoid the circulation of zero sequence current in the machine.

The average zero sequence voltage within a sampling
interval can be eliminated by forcing the zero sequence volt-
seconds to zero [17] by applying the null voltage vectors with
unequal times. Accordingly, the standard switching sequence
used in the IMC [15] is modified (see Fig. 5) in order to
reduce/eliminate the average zero sequence voltage within a
sampling period. For the modulation strategy presented, the
duty cycles for both output VSIs are the same, which can be
noted in Fig. 5.

TABLE Ill. ZERO SEQUENCE VOLTAGE CONTRIBUTIONS FROM DIFFERENT
SPACE VECTOR COMBINATIONS

Vs Voltage vector combinations
—Vpe/2 Vg7

_VDC/3 V84- , V86 ’ V82 , V57 i V37 ) V17
_VDC/6 V85 , V83 , V54 ’ V34- , V81 ’ V56 , VSZ ’ V36
V32 i V47 i V14— i V16 , V12 , V67 ) V27
0 V88 !V55 'V53 'V35 !V33 'V44'V51 'V31 'V4—6'V4—2

V15 ’ V13 i V64- i V24- ’ Vll i V66 i V62 ’ V26 § VZZ § V77
V58 ’ V38 , V4-5 , V4-3 , V18 ’ V65 ’ VZS ’ V63

+Vpc/6

be Vas s Voa Var Vo1, Var » Vos , Voo
+Vpc/3 Vag Vo 1 Va2 s Vas , Va3, Vig
+Vpc/2 V7g

teom

»—" "

o[« Y > | < St >

[h'4

;l x0y l ay lBy l (1-x)0y l(l-x)OéSl iA la&lxoal

4

< T, >

s

Fig. 5. Modified switching sequence for the IMC with two outputs.

Taking into account that the same space vector sequence
applied in the ¥® interval is applied in the §% interval but in
reverse order, then the value of x, which causes the cancellation
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of the zero sequence volt-seconds,
sampling period to satisfy [17]:

is calculated at every

V;61X(0y + 08) + v, (ay + afd)

+ Vzs3 (ﬁy + B(S) (29)
+ v, (1 —x)(0y +056) =0

where v,q, with k =1,2,3,4, is the zero sequence voltage
value at intervals x0y, ay, By and (1 — x)0y, respectively.

Solving (29) (considering the space vectors used), it can be
found that x is given by:

oL dpy s — ey —da

(30)

VI. SIMULATION RESULTS

The system has been modeled and simulated using PSIM.
The results obtained in PSIM are then plotted and analyzed in
the MATLAB environment. The simulation data (which is the
practically the same as the experimental rig), is given in Table
IV. A 20Hz digital synchronous filter is used for filtering the
capacitor voltages signal [26]. An open loop V/f strategy was
used to control the machine. For simulation purposes, the load
used is a constant torque, set to 35 Nm. As the machine rated
phase voltage is 220 V and the converter voltage gain is 1.5, see
(27), the input phase voltage was set to 130 V, in order to not
exceed the machine ratings (Vo ppmax = 1.5-130 ~ 200V
without overmodulation). Further information about the
machine parameters can be found in the Appendix.

TABLE IV. SIMULATION/EXPERIMENTAL PARAMETERS

Variable Description Value
P, Machine power 7.5 kW
Vinpn Machine phase voltage 220V
Vs Input phase voltage 130V
Lg Supply inductance 0.1 mH

f Input voltage frequency 50 Hz
fs Switching frequency 12 kHz

C Input filter capacitance 2 uF
L Input filter inductance 0.5mH

R Input filter resistance 100 Q

The DC link voltage and phase-a machine voltage are shown
in Fig. 6, top and bottom, respectively. The reference output
voltage and frequency were set to 150 V and 50 Hz respectively.

The machine currents for 25 Hz operation are shown in Fig.
7 (top), while Fig. 7 (bottom) shows machine currents for 50 Hz
operation.

Small disturbances, occurring every 60°, can be noted in the
motor currents shown in Fig. 7. These current disturbances are
due to the application of zero voltage vectors to machine
windings, see PWM pattern in Fig. 5, aiming to reduce the zero
sequence voltage.

6
300
= 200}
(&)
[=]
>
100
0 . . .
0 0.005 0.01 0.015 0.02
Time [s]
400
200l
=
< o0
<
= ol
-200
-400 I I I
0 0.005 0.01 0.015 0.02
Time [s]

Fig. 6. DC link voltage (top) and output phase voltage (bottom).

[A]

ab,c

.
0 0.05 0.1 0.15 0.2
Time [s]

[A]

ab,c

0 0.02 0.04 0.06 0.08 0.1
Time [s]

Fig. 7. Machine currents for 25 Hz output (top) and 50 Hz output (bottom).

During the application of zero voltage vectors each machine
phase winding is supplied with a voltage of —V,. or +Vp.
When —V,. voltage is applied to the machine windings the
current decreases according to the zero vector duty cycle. Fig.
8 shows the current disturbance along with the corresponding
DC link voltage and output phase voltage.

T T T T
18- disturbance 7]
<
o 14l < 7
. . . .

0.1 0.2 0.3 0.4 0.5 0.6

:
< 300
2
%, 250 V V [
o
>
L L |
1 0.2 03 0.4 05 0
400 : ‘ : :
200 i
0 i
> 200 i
1 0.2 03 0.4 05 0

-400
0

A1A2 I\l

6
Time [ms]

Fig. 8. Phase a machine current (top), DC link voltage (middle) and machine

phase-a voltage (bottom).
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The low order harmonics of the machine currents are
presented in Table V.

TABLE V. HARMONIC CONTENT OF THE MACHINE CURRENTS

25 Hz 50 Hz
Harmonic RMS Value [A] | RMS Value [A]

Fundamental 10.5 14.490
2nd 0.011 0.130

3rd 0.107 0.105

4th 0.008 0.037

5th 0.005 0.034

6th 0.022 0.217

The input (supply) currents are shown in Fig. 9 (top) while
Fig. 9 (bottom) shows the converter input phase voltage (blue)
and current (green) for an output reference of 150 V and 50 Hz.
Operation at unity displacement factor is evident in Fig. 9
(bottom). The notches present in the voltage and current
waveforms, occurring every 60°, are due to the output current
disturbances reflected on the input converter voltage and
current, further attenuated because of the input filter.

. . . .
0 0.02 0.04 0.06 0.08 0.1
Time [s]

[V], 5*lsa [A]

sa

\Y

0.015 002 0025 0.03 0035 0.04
Time [s]
Fig. 9. Supply currents (top) and input converter phase voltage and supply

current (bottom).

0 0.005 0.01

Fig. 10 shows the common-mode voltage separated into v,
and v, as defined in (10). Due to absence of the reference
point 0 in the real (and also simulated) converter, the common-
mode voltages v,; and v,,,, shown in Fig. 10 top and bottom,
respectively, are obtained as:

Upc
VoG = Vng t -
Uemo = E (VAln + Vpin T Vcin T Vazn t Vpan (31)
Upc
+ v, -
CZn) 2

where n is the negative rail of the DC link. It can be seen in the
simulation results that the contribution of the output inverters
to the common-mode voltage is completely eliminated due to
the modulation strategy used.

Fig. 11 shows the zero sequence voltage (top) and its
frequency spectrum (bottom). This voltage has been obtained
measuring all the three machine phase voltages and then
applying (28). It can be noted that the low order zero sequence
harmonics are reduced because of the asymmetry of the null
vector duty cycles used in the switching sequence for each
output stage.
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Fig. 10. Common-mode voltages v, (top) and v, (bottom).
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Fig. 11. Zero sequence voltage (top) and its frequency spectrum (bottom).

VII. EXPERIMENTAL RESULTS

The proposed strategy has been tested using the experimental
system shown in Fig. 12. The IMC has been designed and built
at the University of Nottingham Power Electronics, Machines
and Control lab facilities. A six-pole induction machine rated at
7.5 kW is used. A DSP board, based on the TMS320C6713
processor, is used as the control platform. The calculation of
duty cycles is carried out on the DSP among several other tasks.
An FPGA interface board, designed at Nottingham University,
is used to implement the modulation strategies and data
acquisition. Communication between the DSP and a PC is
achieved using a DSK6713HPI (Host Port Interface) daughter
card. The converter input stage uses SK60GM123 modules and
the output stages use SK35GD126 modules. The switching
frequency is 12 kHz and voltages and currents are also sampled
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at 12 kHz. A four-step commutation strategy is used based on
the input converter voltage sign [27].

The voltages and currents have been measured using the
Yokowaga DL850 ScopeCorder, using four two channel, 12 bit,
high speed 100Ms/s modules for voltage measurements and two
12 bit, two channel, 10Ms/s modules for current measurements.
The load used in the experimental system is a DC generator,
coupled to the induction motor shaft, supplying a resistive load.

AC SUPPLY

FILTER

TWO-OUTPUT IMC

DATA
ACQUISITION

: i
PWM 7
PATTERNS

INTERFACE BOARD

OPEN-END WINDING
INDUCTION MACHINE

Fig. 12. Experimental setup.

Fig. 13 (top) shows the DC link voltage while Fig. 13
(bottom) shows the voltage across the machine phase-a
winding. The output phase voltage presents a fundamental
component of 141 V, 50 Hz, slightly less than the voltage
reference (150 V). This voltage difference is attributed to the
voltage drops of the power devices. According to the datasheets
of the power modules used in the converter, the voltage drop in
the IGBTSs and the diodes can be modeled as:

Varop =711 + Vi
where 7 is the slope of the device voltage-current curve, I is the
circulating current in the device and V;, is the device voltage
drop for almost zero current. A summary of the V,, values
(extracted from the corresponding datasheets) is shown in Table
VI. Further details about the power modules of the converter
can be found in the Appendix.

TABLE VI. THRESHOLD VOLTAGES OF THE POWER DEVICES

Viniger Vindiode
Rectifier 15V 1.0V
Inverter 08V 1.0V

Therefore, as in each conduction period there are two IGBTs
plus two diodes of the rectifier conducting and two IGBTS or

two diodes of the inverter conducting, the overall voltage drop
will be at least (for almost zero current):

Varop,tot = Z(Vth,IGBTrect + Vth,dioderect) + 2Vin 16870y
—2(1.541)+2-08=66V

As can be seen the modulation strategy used results in a
bipolar pulse width modulated voltage at the converter output.
Good correspondence between the simulation and experimental
result can be observed.
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Fig. 13. DC link voltage (top) and output phase voltage (bottom). Scale
100V/div.

The machine currents for 25 Hz and 50 Hz operation are shown
in Fig. 14 top and bottom, respectively. The reference output
voltages are set to 75 V and 150 V, respectively.

Display Group
L1

Fig. 14. Machine currents for 25 Hz output (top) and 50 Hz output (bottom).
Scale 5A/div.

In Fig. 14, the effect of the zero voltage vectors in the PWM
pattern shown in Fig. 5 is also observed. The supply currents
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are shown in Fig. 15 (top), again with good correspondence
with the simulation study. Fig. 15 (bottom) shows the input
phase voltage and current.
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Fig. 15. Supply currents (top — Scale: 5A/div) and converter input phase voltage
and supply current (bottom — Scales: 50V/div for voltage and 15A/div for
current).

Fig. 16 shows the common-mode voltages v, (top) and
Vemo (DOttom). The voltages vy, and v, are very close the
simulation results shown in Fig. 10. Simultaneous
measurements of six PWM machine terminal voltages and the
DC link voltages, with respect to the negative pole, are needed
to determine v, and v, hence some voltage spikes in those
signal occur because not all channels are sampled exactly at the
same time and because in Fig. 10 the input switches are ideal.
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Fig. 17. Zero sequence voltage (top) and its frequency spectrum (bottom).

VIII.

In order to give a primary evaluation of the converter losses
for the topology presented in this work and also an initial
comparison with a standard IMC losses, the power losses in the
converters are evaluated using the standard approach presented
in [28] and applied in [29]. This method considers simulated
waveform data together with power devices manufacturer’s
datasheet information (see the Appendix) to calculate
conduction and switching losses.

The losses comparison between a standard IMC (one output
stage) and the two-output IMC presented in this paper, is carried
out considering a 330V, 7.5kW load with power factor equal
0.81. The converter output current for the two-output IMC is
9.3A whereas the converter output current for the standard IMC
is 16.2A. The results are summarized in Table VII.

As can be noted, for the considered conditions, the dual-
inverter output IMC presents similar losses to that of the
standard IMC, resulting in a suitable alternative in terms of
efficiency for this type of applications.

CONVERTER L0OSS CALCULATIONS

200k TABLE VII. POWER LOSSES CALCULATION
= Two-output IMC | Standard IMC
3 O et gl
g INPUT
>
-200 | RECTIFIER H2.rw 1036 W
400 ‘ ‘ ‘ OUTPUT INV1 INV2 191.9 W
0 0.005 oo 0015 0.02 INVERTERS | 958 W | 101.8 W
400 TOTAL LOSSES 309.9W 2955 W
- 2001 IX. CONCLUSION
E 0 A modulation strategy for a two-output IMC feeding an
g 200 1 open-ended winding induction machine has been shown. The
100 ‘ ‘ ‘ strategy has been modeled and experimentally verified in a
o 0.005 oo 0.015 0.02 prototype rig. The strategy reduces the common-mode voltage
ime [S,

Fig. 16. Common-mode voltages v, (top) and v, (bottom).

Finally, Fig. 17 shows the zero sequence voltage (top) and its
frequency spectrum (bottom), agreeing closely with the
simulation results.

and dynamically compensates the load zero sequence voltage in
order to avoid the occurrence of low frequency zero sequence
current in the load. For the proposed topology, the maximum
output phase voltage it is possible to obtain without
overmodulation is 1.5 times the input phase voltage. A
preliminary converter power loss evaluation has shown that the
topology has similar efficiency compared with standard Indirect
Matrix Converter.
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APPENDIX

Machine parameters (referred to stator): R, = 0.45 Q, R, =
0.54Q, L, = 0.0818 H, L, = 0.0854 H, L, =
0.0860 H, six poles, stator phase voltage 220 V.

Rectifier power module: SK60GM123

Parameters: E,, = 7.0 m/, E,;f = 5.2 m/, E,,. = 2.4m],
Tiepr = 0.0313 Q, 745040 = 0.0150 Q.

Inverters power module: SK35GD126

Parameters: E,, = 4.6 mJ, Eqrr = 4.3 mJ, B = 2.9 mJ,
Tiepr = 0.0320 Q, 735040 = 0.0163 Q.

Junction temperature considered for both the rectifier and
the inverter: 125°C. Gate-emitter voltage considered for the
IGBTs: 15V

REFERENCES

[1] Y. Wang, D. Panda, T. A. Lipo, and D. Pan, “Open-winding power
conversion systems fed by half-controlled converters,” IEEE Trans.
Power Electron., vol. 28, no. 5, pp. 24272436, May 2013.

[2] Y.Wang, T. A. Lipo, and D. Pan, “Robust operation of double-output AC
machine drive,” in Proc. IEEE ICPE, May/Jun. 2011, pp. 140-144.

[3] S. Anand and B. G. Fernandes, "Multilevel open based grid feeding
inverter for solar photovoltaic application,” Proc. IEEE IECON, 25-28
Oct. 2012, pp.5738-5743.

[4] Y. Wang, T. A. Lipo, and D. Pan, “Half-controlled-converter-fed open
winding permanent magnet synchronous generator for wind
applications,” in Proc. Int. Power Electron. Motion Control Conf., 2010,
pp. T4-123- T4-126.

[5] P. W. Wheeler, J. Rodriguez, J. C. Clare, and L. Empringham, “Matrix
converters: A technology review,” |IEEE Trans. Ind. Electron., vol. 49,
no. 2, pp. 276-288, Apr. 2002.

[6] J. W. Kolar, T. Friedli, J. Rodriguez, and P. W. Wheeler, “Review of
three-phase PWM ac-ac converter topologies,” |IEEE Trans. Ind.
Electron.—Special Section Matrix Converters, vol. 58, no. 11, pp. 4988—
5006, Nov. 2011.

[7] R.K. Gupta, K. K. Mohapatra, A. Somani, and N. Mohan, “Direct-matrix
converter-based drive for a three-phase open-end-winding ac machine
with advanced features,” IEEE Trans. Ind. Electron., vol. 57, no. 12, pp.
4032-4042, Dec. 2010.

[8] J. Rzasa, “Research on dual matrix converter feeding an open-end
winding load controlled with the use of rotating space vectors,” in Proc.
IEEE IECON, 2013, pp. 4919-4924.

[9] J. Rzasa and G. Garus, "Research on dual matrix converter feeding an

open-end-winding load controlled with the use of rotating space vectors,"

in Proc. IEEE IECON, 2013, pp. 4925-4930.

S.M. Ahmed, H. Abu-Rub and Z. Salam, "Common-Mode Voltage

Elimination in a Three-to-Five-Phase Dual Matrix Converter Feeding a

Five-Phase Open-End Drive Using Space-Vector Modulation

Technique," IEEE Trans. Ind. Electron., vol.62, no.10, pp.6051-6063,

Oct. 2015.

S.M. Ahmed, Z. Salam and H. Abu-Rub, "Common-mode voltage

elimination in a three-to-seven phase dual matrix converter feeding a

seven phase open-end induction motor drive," in Proc. IEEE Conf. Energy

Conv., 2014, pp.207-212.

J. Riedemann, R. Pena, R. Cardenas, J. Clare, P. Wheeler and M. Rivera,

"Switching strategies for an indirect matrix converter fed open-end load,"

in Proc. IEEE ISIE, 2013, pp.1-6.

J. Riedemann, R. Pena, R. Cardenas, J. Clare, P. Wheeler and M. Rivera,

"Common mode voltage and zero sequence current reduction in an open-

end load fed by a two output indirect matrix converter," in Proc. IEEE

EPE, 2013, pp.1-9.

T. Quoc-Hoan; T.D. Nguyen and L. Hong-Hee, "A SVM method for five-

leg indirect matrix converters with open-end winding load," in Proc.

ICPE & ECCE, 2015, pp.934-939.

C. Klumpner and F. Blaabjerg, “Modulation method for a multiple drive

system based on a two-stage direct power conversion topology with

reduced input current ripple,” IEEE Trans. Power Electron., vol. 20, no.

4, pp. 922-929, Jul. 2005.

P. Srinivasan, B. V. Reddy, and V. T. Somasekhar, “PWM switching

strategy for the elimination of common mode voltage of a two-level

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

10

inverter drive with an open-end winding induction motor configuration,”
in Proc. Joint Int. Conf. PEDES/Power India, New Delhi, India, 2010, pp.
1-6.

V. T. Somasekhar, S. Srinivas, B. Prakash Reddy, C. N. Reddy, and K.
Sivakumar, “PWM switching strategy for the dynamic-balancing of zero-
sequence current for a dual-inverter fed open-end winding induction
motor drive,” IET Electr. Power Appl., vol. 1, no. 4, pp. 591-600, Jul.
2007.

S. Chen, “Bearing current, EMI and soft switching in induction motor
drives—A systematic analysis, design and evaluation,” Ph.D. dissertation,
Univ. Wisconsin, Madison, 1995.

J. M. Erdman, R. J. Kerkman, D. W. Schlegel, and G. L. Skibinski, “Effect
of PWM inverters on AC motor bearing currents and shaft voltages,”
IEEE Trans. Ind. Appl., vol. 32, no. 2, pp. 250-259, Mar./Apr. 1996.

K. K. Mohapatra and N. Mohan, “Open-end winding induction motor
driven with matrix converter for common-mode elimination,” in Proc.
IEEE PEDES Conf., Dec. 12-15, 2006, pp. 1-6.

A. Somani, R. Gupta, K. K. Mohapatra, and N. Mohan, “On the causes of
circulating currents in PWM drives with open-end winding AC
machines,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 3670-3678,
Sep. 2013.

Said, N.A.M.; Fletcher, J.E.; Dutta, R.; Dan Xiao, "Analysis of common
mode voltage using carrier-based method for dual-inverter open-end
winding," in Proc. Australasian Universities Power Eng. Conf., 2014,
pp.1-6.

J. Kalaiselvi and S. Srinivas, “Bearing currents and shaft voltage
reduction in dual-inverter fed open-end winding induction motor with
reduced CMV PWM methods,” IEEE Trans. Ind. Electron., vol. 62, no.
1, pp. 144-152, Jan. 2015.

R. Baranwal, K. Basu, and N. Mohan, “Carrier-based implementation of
SVPWM for dual two-level VSI and dual matrix converter with zero
common-mode voltage,” IEEE Trans. Power Electron., vol. 30, no. 3, pp.
1471-1487, Mar. 2015.

N. Mohan, T. Undeland and W. Robbins, “Switch Mode dc-ac inverters:
dc to sinusoidal ac” in Power Electronics: Converters, Applications, and
Design, 3ed, 2002.

D. Casadei, G. Serra, A. Tani, and L. Zarri, “Effects of input voltage
measurement on stability of matrix converter drive system,” Proc. Inst.
Elect. Eng.—Elect. Power Appl., vol. 151, no. 4, pp. 487-497, Jul. 2004.
P. W. Wheeler, J. Clare, and L. Empringham, “Enhancement of matrix
converter output waveform quality using minimized commutation times,”
IEEE Trans. Ind. Electron., vol. 51, no. 1, pp. 240-244, Feb. 2004.

M. Apap, J. C. Clare, P. W. Wheeler, M. Bland, and K. Bradley,
“Comparison of losses in matrix converters and voltage source inverters,”
in Proc. IEE Seminar Matrix Converters, Apr. 2003, pp. 4/1-4/6.

R. Pena, R. Cardenas, E. Reyes, J. Clare, and P. Wheeler, “Control of a
doubly fed induction generator via an indirect matrix converter with
changing DC voltage,” IEEE Trans. Ind. Electron., vol. 58, no. 10, pp.
4664-4674, Oct. 2011.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Javier Riedemann (S'14-M'15) was born in Punta Arenas,
Chile. He received the electrical engineering degree from
the University of Magallanes, Punta Arenas, Chile, in 2010
and the D.Sc. degree from the University of Concepcion,
Concepcion, Chile, in 2015. He is currently a lecturer at the

Department of Electrical and Electronics Engineering,
‘x University of Bio-Bio, Concepcion, Chile. His main

interests are in control of power electronics converters and
variable speed ac drives.

Jon C. Clare (M'90-SM'04) was born in Bristol, U.K,, in
1957. He received the B.Sc. and Ph.D. degrees in electrical
engineering from the University of Bristol, Bristol. From
1984 to 1990, he was a Research Assistant and Lecturer with
the University of Bristol, where he was involved in teaching
and research on power electronic systems. Since 1990, he
has been with the Power Electronics, Machines and Control
Group, The University of Nottingham, Nottingham, U.K,,
where he is currently a Professor of power electronics. His research interests
include power-electronic converters and modulation strategies, variable-speed-
drive systems, and electromagnetic compatibility.

Pat W. Wheeler (SM'11) received the B.Eng. (Hons.)
degree in, 1990, and the Ph.D. degree in electrical
engineering for his work on matrix converters, in 1994, both
from the University of Bristol, Bristol, U.K. In 1993, he
moved to the University of Nottingham, Nottingham, U.K.,
and worked as a Research Assistant in the Department of
Electrical and Electronic Engineering. In 1996, he became a
Lecturer in the Power Electronics, Machines and Control
Group, The University of Nottingham. Since January 2008, he has been a Full
Professor in the same research group. He has published 400 academic
publications in leading international conferences and journals. Dr. Wheeler is a
Member at Large and Distinguished Lecturer of the IEEE Power Electronics
Society.

. X ’

Ramon Blasco-Gimenez (S'94-M'96-SM'10) obtained his
BEng degree in Electrical Engineering from the Universitat
Politecnica de Valencia, Spain, in 1992 and his PhD degree
in Electrical and Electronic Engineering from the University
of Nottingham, UK, in 1996. From 1992 to 1995 he was a
Research Assistant at the Dept. of Electrical and Electronic
Engineering of the University of Nottingham. In 1996 he
joined the Dept. of Systems Engineering and Control of the
Universitat Politécnica de Valencia, where he is an Accredited Professor. His
research interests include Control of HVdc systems, Wind Power Generation
and Grid Integration of Renewable Energy Systems. He is a co-recipient of the
2004 |EEE Transactions on Industrial Electronics Best Paper Award. He has
been guest co-editor of The IEEE Transactions on Energy Conversion and The
Mathematics and Computers in Simulation journals. He is a Chartered Engineer
(U.K), IET member, IMACS TC1 Committee member and Chair of the
Renewable Energy Technical Committee of the IEEE Industrial Electronics
Society.

L/

11

Marco Rivera (S'09-M'11) received his B.Sc. in
Electronics Engineering and M.Sc. in  Electrical
Engineering from the Universidad de Concepcion, Chile in
2007 and 2008, respectively. He obtained his PhD degree at
the Department of Electronics Engineering, Universidad
Técnica Federico Santa Maria, in Valparaiso, Chile, in
2011. During 2011 and 2012, he worked as a postdoc
researcher and part-time lecturer at the Department of
Electronics Engineering, Universidad Técnica Federico Santa Maria, in
Valparaiso, Chile. His research interests include matrix converters, predictive
and digital control for high-power drives, four-leg power converters, and the
development of high performance control platforms based on Field-
Programmable Gate Arrays. Currently, he is a professor in the Department of
Industrial Technologies at Universidad de Talca, Curico, Chile. In 2015 he
received the Outstanding Engineer Award from The Chilean Association of
Electrical and Electronics Industry and the IEEE-Chile.

Rubén Pefia (S'95-M'97) was born in Coronel, Chile. He
received the Electrical Engineering degree from the
Universidad de Concepcion, Concepcion, Chile, in 1984,
and the M.Sc. and Ph.D. degrees from the University of
Nottingham, Nottingham, U.K., in 1992 and 1996,
respectively. From 1985 to 2008, he was a Lecturer in the
Universidad de Magallanes, Chile. He has been with the
Electrical Engineering Department, Universidad de
Concepcion, since 2008, where he is currently a Full Professor. His main
interests include control of power electronics converters, ac drives, and
renewable energy systems. Dr. Pena received the Best Paper Award from the
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS in 2004, and the
Ramon Salas Edward Award for research excellence from the Chilean Institute
of Engineers in 2009.




