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Abstract: This paper studies the dc-link voltage stability for a hybrid five-phase open-end winding (OeW) drive operating
under carrier based (CB) pulse-width modulation (PWM). The drive consists of a five-phase induction machine, supplied using
one three-level and one two-level voltage source inverter (VSI). This configuration is analysed for the case of isolated dc-link
rails, while dc-link voltage ratio is considered as an additional degree of freedom. It is demonstrated that different dc-link
voltage ratios lead to the different overall number of voltage levels across stator windings. Modulation strategies are
investigated and their performances are analysed from the dc-link voltages stability point of view. An analytical method for
dc-link voltage stability analysis is presented. Results show that the four-level configuration always leads to stable dc-link
voltages, regardless of the modulation strategy. On the other hand, if six-level configuration is combined with modulation
strategies that lead to an optimal harmonic performance, not all dc-link capacitor voltages will be in balance depending on

the operating conditions.

1 Introduction

The open-end winding (OeW) supply concept has been
under intensive scrutiny for the last 25 years [1-2]. OeW
drives are considered as an alternative to single-sided
multilevel inverter feeding, which enables realisation of
multilevel supply by using simpler inverter structures [1-2].
The main benefits of this concept are related to the distributed
machine feeding structure, which allows easier inverter
construction, offers several options for drive reconfiguration
[3-4], and increases possibilities for post-fault control
development [5-7]. OeW drives offer greater scope for
increasing the operating speed range [3, 8-9]. A matrix
converter based OeW drive has recently been investigated as
a means of eliminating common mode voltages which lead to
bearing damage and electrolytic capacitor degradation [10].
The OeW structure offers attractive features for EV
applications including integrated fast charging systems [11].
When compared to the conventionally used two-level drives,
multilevel structure enables utilisation of higher overall dc-
link voltages, by eliminating the limitation that comes from
voltage blocking characteristic of individual switches. Usage
of multiphase machines instead of three-phase ones enables
further increment of the drive power, by splitting the overall
drive current on more than three phases [12]. Multiphase
concept also offers an easier development of post-fault
control strategies, based on either simpler solutions or
solutions without any additional hardware, when compared to
solutions for three-phase drives. For these reasons multiphase
machines have attracted considerable interest over the past 20
years and have been investigated for use in more-electric
aircraft, offshore wind and naval applications [13].

In general, dc-link capacitor voltage balancing is an
important topic for all multilevel voltage source topologies
[14-19], since development of modulation methods usually
assumes nearly constant dc-link voltages. Besides, any
unexpected voltage variation across capacitor terminals may
lead to an overvoltage and ultimately breakdown. A solution

to this problem is to use auxiliary circuits, similar to braking
choppers in two-level VSIs, in order to limit capacitor voltage
rise above a certain level. In that case, unbalanced capacitor
discharge causes additional energy losses, due to surplus
energy dumping. An alternative hardware based approach is
given in [15, 16]. However, it also leads to a more complex
structure with an increased component count, which is in
contradiction with the primary motivation for the OeW drive
development.

A software approach, i.e. modification of the modulation
strategy, is a less costly and more elegant solution [17-20]. It
is shown in [17] and [18] that so-called decoupled modulation
techniques avoid the switching states that lead to
overcharging for the case when the OeW drive comprises two
two-level three-phase and five-phase inverters, respectively.
There is however, a trade-off between harmonic quality of
produced waveforms, switching losses and capacitor voltage
balancing. The work presented in [19] proposes a three-phase
modified coupled modulation method, which is able to
balance the dc-link and maintain high harmonic performance,
while [20] employs a discontinuous PWM to achieve dc-link
voltage balancing in the OeW drive comprising two two-level
VSIs.

This paper analyses a new OeW multiphase drive
topology suitable for high power applications [21] and
investigates the modulation strategies with particular
emphasis on the dc-link stability building on the analysis
method proposed in [18]. In Section 2, the topology is at first
analysed using the equivalent drive modelling approach [21].
It is shown that this drive can be made equivalent to a four-,
five- or six-level single-sided supply, depending on the ratio
of dc-link voltages. Coupled and two decoupled CB PWM
methods [22, 23] are briefly reviewed in Section 3. Section 4
is dedicated to the analysis of the dc-link voltage stability,
with regard to the dc-link voltage ratio and modulation
strategy. Experimental results are presented in Section 5,
while Section 6 concludes the paper.
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Fig.1. One drive’s phase that represents equivalent drive model [1 8 24] for f ive-phase open-end winding topology with

one three-level and one two-level VSI.

2 A|.1aI¥sis of the hybrid five-phase open-end e S%=1and S}, =1 results in vix= Ve,
winding topology « S{=0and S?k =1 results in vix = Vip=Vac1/2;
One phase of the analysed drive topology is shown in Fig. S =1and P —0 lts i _

. . . t =7

1. Each VSI is connected to one set of stator winding ends. an ”‘ FESUTS T vik

Leg voltages of VSI; and VSI, are denoted with vy and vy * Si=0and S}, =0 results in v, =0;

for the k™ drive phase and measured with respect to the
bottom dc-link rail potential of the corresponding inverter, v
and v, respectively. Phase voltage and phase current in the
k™ drive phase are labelled with v, and if, respectively. In Fig.
1, two complementary pairs of power switches in VSI; are
denoted with superscripts @ and b (Sup1x and Sk, Sf,plk and
Sznlk) for the &A™ drive phase. Complementary switches in VSI,
are labelled as Sy« and Syqox. In order to prevent de-link short
circuiting, switches with the indices “up” and “dn” should not
be turned on at the same time. Having that in mind, analysis
is simplified using switching states, defined as:
o St=1if Sypik or Dy is turned on; Six = 0 if Sgui or
Digni is turned on;
. Sblk =1if Sl:,plk or D[;plk is turned on; Sblk =0 ifSl;plk or

D};pl « 1s turned on;
o So=1if Sypok or Dipok 1s turned on; Sax = 0 if Sauok or
Dy is turned on.
Regardless of the chosen modulation strategy and the rest
of the drive, it is clear from Fig. 1 that the output voltage of

VSI, (i.e. vix with respect to v,1) is determined with S¢, and
b
Slk:

The third switching combination listed above results in

the off state of 5’?,,,1 « and S, meaning that the neutral point
clamped (NPC) leg output voltage is in this case determined
by conduction of antiparallel diodes and the phase current
sign. This is referred to as a high impedance state (Z).
Switching between 0 and Vy1/2 is referred to as low-side
PWM operation, while high-side PWM corresponds with
switching between Vg1/2 and V. The equivalent drive
model [18, 24], depicted in Fig. 1, shows that there are 2° = 8
possible switching combinations per one drive phase. The
resulting leg and phase voltage levels are given in Table 1

using the dc-link voltage ratio as a system parameter:
r=—= (N

Inspection of Table 1 shows that the topology is capable
of producing up to six voltage levels. For some values of r
however, certain switching combinations result in the same
phase voltage level. For example, for »=1 switching
combinations 2 and 7 result in the same voltage level. For
r =2, voltage levels of V4/(r + 1) and 0 can be obtained using
two different switching combinations. This is a direct
consequence of the dc-link voltage ratio, since Vi1 =2 Vaeo
results in equivalence vy, = Vae1/2 = Viea.

Table 1. Relationship between switching states, leg and equivalent voltages.

N S(llk SIIJk Sy Vi Ve Vol Ve Equivalent vi/ V.
1 1 1 0 ri(r+1) 0 rl(r+1)

2 1 1 1 rl(r+1) 1/(r+1) (r=D/(r+1)
3 1 0 0 zZ 0 7

4 1 0 1 Z 1/(r+1) Z

5 0 1 0 r/(r+ 1)/2 0 rl/(r+1)/2

6 0 1 1 rllr+1)/2 | 1/(r+1) 2 -D/(r+1)
7 0 0 0 0 0 0

8 0 0 1 0 1/(r+1) ~1/(r+1)




The overall dc-link voltage supply is equal to
Vie= Va1 + Vaeo. This is clear from the equivalent drive
model, where in the case of v, = v,» one would find that
maximal and minimal equivalent phase voltage are equal to
Vier and —Vgaeo, respectively. Maximal voltage amplitude
across the load is equal to (Vi1 + Va2)/2. The distance
between the minimal and maximal voltage levels is always
equal (normalisation with V. is used, while v, is considered
as the zero potential). These two voltage levels define the co-
domain for phase voltage reference in the case of CB PWM.
In order to determine the actual phase voltage waveform,
common-mode voltage (CMV) v, should be taken into
account. Therefore, the phase voltage waveform can be
obtained using:

Vi =Vik = V2k ~ Vn2nt 2)
Assuming that the sum of all phase voltages is zero, the CMV
is calculated as:

5

Vnonl =Vn2 =V = éz(‘ﬁk —Vai)

k=1 (3)

Using the equivalent drive model in Fig. 1 and switching

state combinations in Table 1 one is able to calculate
equivalent voltage levels for different values of 7.

=0
V2. r/(r D), if r<2 _JV/(rD), ifr<2
21/ (), ifr>2 |12/, if r>2
if r<2

1 - 1/2-7/(r+l), if r<2 / 1 - 1/(r+D),
4_{1—1/u+n, ifr>2 5_{1—-U24¢U+D,Hr22
=1

@
Fig. 2 shows that drive under analysis has four inner
voltage levels, which are produced differently for » <2 and r
> 2. Clearly, for r =1, Is and /4 are equal, while » = 2 results
in b, = I3 and I4 = [5s. Although carrier signals are time
dependent variables, their amplitudes are determined with r.
In order to visualise influence of dc-link voltage ratio on
carriers’ distribution, they are represented with triangular
signals in the background. One may conclude that » = 1,2 and
4 result in configurations that operate with equidistant voltage
levels. With =1, the drive can be operated as a five-level
single-sided VSI. Since VSI; has two and VSI, one
complementary pair of IGBTs, transitions between certain
phase voltage levels are clearly based on simultaneous
switching of the inverters. This leads to the presence of so-
called dead-time spikes, as shown in [24, 25]. With r = 2, the
drive topology is capable of producing only four voltage
levels, since four out of eight combinations in Table 1 are
feasible. The overall dc-link voltage of Vg = 600 V results in
Viet =400 V and Vg =200 V and voltage levels of —200 V,
0V, 200V and 400 V. While both 1 <r <2 and r> 2 result
in a six-level configuration, comparison of the two cases
shows that two VSIs operate differently, due to differences in
formation of the /, 4 voltage levels. The voltage levels are not
equidistant for any dc-link voltage ratio in 1 <r <2 range,
which leads to a worse harmonic performance.

For > 2, transitions between /3 and /4 involve only
switching of one VSI, while transitions between /, and /3 and
l4 and /s can be only performed using simultaneous switching
of two inverters. This means that dead-time spikes will occur

Normalised voltage

I 1.5 2 25 3 35 4
de-link voltage ratio
Fig. 2. Equivalent phase voltage levels against dc-link
voltage ratio.

less frequently than in the case of 1 < r < 2, while NPC
converter never operates in rail-to-rail switching mode.

Only r = 4 results in equidistant voltage levels. As known
from previous research [26], this ensures the lowest harmonic
distortion, due to more uniform distribution of phase voltage
space vectors in two planes. This short analysis of dc-link
voltage ratio influence on available voltage levels, presence
of dead-time spikes and expected drive behaviour narrows
down the number of configurations, i.e. different values of r,
for further consideration. Hence, only »=2 and r=4 are
analysed in this paper.

3 Modulation methods

OeW drives can be modulated in such a way that
inverters are controlled either as a single entity or
individually. The former is referred to as coupled control and
it relies on already known modulation strategies for single-
sided multilevel inverters, applied to OeW drives after slight
modifications [23-26]. The latter approach considers the
inverters as separate entities that are modulated
independently, using two phase voltage reference sets,
formed by splitting the original sinusoidal phase voltage
reference. This concept, referred to as decoupled inverter
modulation [17, 18], leads to somewhat simpler inverter
control, when compared to the coupled modulation methods,
but also to reduced harmonic quality of produced waveforms.

As known from the literature, modulation strategies for
dual inverter systems can be developed in several ways.
Comparison of CB and SV PWM methods shows that CB
PWM can achieve the same level of performance as the SV
PWM methods, i.e. the maximum modulation index in the
linear region of 1/cos(n/10) = 1.051 in the case of a five-
phase machine [27]. This can be achieved by adding the zero-
sequence injection to the sinusoidal phase voltage reference,
calculated as:

Vinj = -1/2- (vmin + vmax) (5)
where Viyax and vui, stand for the maximum and minimum
value, respectively, of the normalised phase voltage

references. The final phase voltage references are generated
using the following expression:

VZ(f)=%+%-sin(M~2-7r~fn-t—2~7z/5-(k+1))+vmj(6)

where modulation index M is defined as a ratio between the
reference amplitude and V,/2. Equation (6) provides phase
voltage references for V/f= const. control, since sine wave
amplitude is normalised with M, as is the angular frequency

3
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Fig. 3. Phase voltage reference with min-max injection
and carrier signals for PD PWM for: r = 2 (a), r = 4 (b).

as well (f, stands for the nominal machine frequency).
Angular phase shift is 2-7/5-(k — 1) for the k™ drive phase.

Using data from Table 1 one is able to obtain the exact
values of available voltage levels for different values of r,
which actually define reference zones as depicted in Fig. 3,
for r=2 and 4 for carriers with in-phase disposition (PD).
Other carrier arrangements result in worse harmonic
performance [27], and therefore are not in the focus of this
paper. Phase voltage reference v;" is given in red, for
modulation index M = 1, defined as a ratio between the v;"
amplitude and V./2.

Since each of the VSIs has lower number of levels than
OeW drive when considered as a coupled entity, some
additional calculations are required. Depending on r, a
different set of equations has to be applied, in order to
generate the final gating signals. This approach is explained
in detail in [23, 26, 28].

Firstly, v;" is compared with carrier signals Cy, in order to
obtain logical variables 4x which are equal to 1 if v;" > Cy and
otherwise 0. Relations that connect 4;; with S are obtained
from the analysis of data given in Table 2 and expected drive
behaviour when v;" is in between certain carriers (areas
denoted with shades of grey in Fig. 2). Using state machine
analysis methods and other rules explained in detail in [23,
26, 28], final expressions are given in Table 2. Clearly when
r = 2 the inverters never operate in PWM mode at the same
time, meaning the simultaneous switching and dead-time

spikes do not exist in this drive configuration. Also, PWM
operation between 0 and -V4.1/2, and between Ve1/2 and Ve
is symmetrical, due to symmetry that comes from expressions
for $°1x and SP1x. This ensures the natural balancing of dc-link
voltages on VSI; side. When r =4 Table 2 shows that 4, and
Aay appear in more than one expression, which confirms that
simultaneous switching of VSI; and VSI, exists. Hence, a
modification proposed in [24, 26] should be applied in
reference zones 2 and 4 in order to eliminate dead-time spikes
from phase voltage waveforms.

Next, the decoupled modulating algorithms developed in
[18] for a drive comprising two two-level VSIs are modified
and applied to the analysed OeW topology. In this case, phase
voltage reference is obtained using (6) with dc offset of 1/2.
Modulation indices for two inverters are calculated as:
O i 0SM <M, S

a {(r +1)-(M =M, /(r+1)) if M
(r+)-M if 0SM<M
{M it M

(P S M <M

max /(r + 1)
r+1)<SM<M,,,

) =

max max

(7
where M. = 1.05 represents maximal modulation index
value. Using M; and M, one is able to perform the unequal
reference sharing as in [18] and to produce voltage references
for VSI; and VSL:

* 1 1 «
Vlk(t):E"’(Ml /M)Evk(t)
®
* 1 1 «
Vi (t)zz—(Mz /M)Evk(t)

Equations (7) and (8) can be applied for any r. From that
point of view, these, so-called unequal reference sharing
(URS) algorithms, are simpler than any coupled inverter
control. In general, only VSI, operates in PWM mode for
modulation indices up to Mu./(r + 1). Multilevel operation
will take place over a wider range of M for higher values of
r. Similarly to strategies presented in [18], two decoupled
modulation strategies can be produced, based on phase
disposition of VSI; and VSI; carrier signals. These are refered
toin [18] and [21] as URS1 and URS2. However, this has no
infuence on dc-link capacitor voltage stability, only on
harmonic performance. Hence, only term URS will be furher
used in this paper. Formation of the VSI references is
depicted in Fig. 4, for all carriers with in-phase disposition.
More details can be found in [18] and [21].

4 DC-link capacitor stability issues

Efforts to analyse dc-link capacitor voltage balancing in
OeW drives are reported in [17, 29, 30]. All of them can be
classified as a voltage-based dc-link capacitor voltage

Table 2. Expressions for switching state generation in the case of 3L-OeW-2L drive.

dc-link . number of VS, VSL
voltageratio | levels _ _
r=1 5 St = Ay, Sty = Ay + Ak - Ay So = A2k
1<r<2 6 Sf;c=A5k‘24k‘A3k’S1}}f=A3k’22k‘A1k S2k=24k'A3k’22k
r=2 4 St = Asye Sy = Ay Soy = A2k
r>2 6 St =A4k’S1};c =4y Sor = Ask - Ay - A3k - Aoy - Ay

max
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Fig. 4. Formation of the VSI voltage references in the case
of decoupled control: V/f acceleration, r = 2 and the final
M value equal to 1.

analysis, since they rely on the Kirchhoff’s voltage law and
investigation of the space vector application time impact on
the dc-link capacitor voltage levels.

However, they can be applied only in special cases, for
which proposed control algorithms are developed. Namely,
some parameters, such as the number of voltage levels,
number of drive phases and dc-link voltage ratio define the
phase voltage space vector distribution, while their influence
on the dc-link capacitor voltages is defined under the
assumption that current flow in all drive phases is always the
same when a specific vector is applied. This last condition
drastically limits the number of cases in which voltage-based
analysis can be used, since phase angle between stator phase
voltage and stator phase current is a variable load-dependent
parameter. Consequently, a novel approach using only
Kirchhoff’s current law, introduced in [18, 25], is used for the
studied topology. Firstly, impact of drive and modulation
strategy parameters on dc-link capacitor voltages is analysed
using a simplified and then linearized drive model, which
does not include pulse width modulation and relies on a
sinusoidal approximation, i.e. the harmonic content of all ac
signals in the circuitry is neglected. Using labels from Fig. 1,
the dc-link model based on Kirchhoff’s current law is formed:

icdcl l(t) = idcl (t) - idclinld (t)
icdcl2(t) = idcl (t) - idclinkl (t) - imp (t) Q)

icch (t) = ich (t) - idclinkZ (t)

where i, stands for the current sourced from the mid-point
of the NPC inverter dc side. This current, as well as igeink1,
ideink2, can have both positive and negative mean value over
one fundamental period, which affects dc-link capacitors’
voltage balancing on the VSI; side. Expressions for dc-link
capacitors voltages, based on Fig. 1 are:

2
1 G _
Vedel 1(t2) = J(ldcl (t) ~dclink (t)) -dr + Vedel l(tl)
dell )

12

vcdch(tZ) == I(idcl (t) - idclinkl (Z) - imp(t))' dz + Vedel I(Zl)
dc2l 5
12
Veder (1) = J-(ich (O) = i getino (1)) At + Ve (1)

dec2 g

(10)

Analysis of Fig. 1 and (9) reveals the conditions under
which all dc-link capacitor voltages are in balance. Due to
current unidirectional nature of dc-link formation circuit,
currents iz1 and i4» are always positive or zero, which means
that a constraint for power sourcing from the dc to ac side of
application is that igeink1 and iaeink2 have positive mean values
over one fundamental period. This ensures stable dc-link
capacitor voltage on VSI, side, determined by the rest of the
dc source circuitry.

The situation is more complex on the VSI; side. This
inverter is aimed to operate with three equidistant voltage
levels (Vict, Vimp = Vac1/2 and v, = 0), while switching is only
allowed between adjacent levels, i.e. there should be no
switching from Vg to v,,1 and vice versa. The desired de-link
voltage levels on VSI; side mean that the expected capacitor
voltages are Veaci1 = Veaci2 = Vaer/2. In this case, it is not
sufficient to have positive igcink1 and igciini2, in order to ensure
stable dc-link voltages. In addition, the #,,, mean value has to
be zero over one fundamental period in order for veq.11 and
Vede12 to be equal. In other words, in order to understand the
dc-link capacitor voltage balancing, it is sufficient to analyse
idclinkl, imp and Ldclink2-

Relations between switching states and phase currents,
with dc-link currents, obtained using analysis of different
modulation strategies and labels from Fig. 1, are:

5
Lactink1 () = Z(Sluk (1) S5 (1) - iy (f))
k=1
5

OEDY BAGIIACHAGY an
k=1

5
bgetink2 () = D (S21 (1)1 (1))
k=1

where the bar over the logical variable represents logical
negation operation. Analysis of switching patterns shows that
S9 and St are never in PWM mode at the same time, at least
in the case of modulation strategies presented in this paper.

Linearized drive model, based on the sinusoidal phase
current approximation, is shown in Fig. 5a. An equivalent
circuit, based on ideal transformers and (11) is shown in Fig.
Sb. Expressions for dc-link current contributions from one
drive phase are:

Lgctinie (1) = dije(2) - i (1)
impk(t) = dmpk(t) ' ik (Z) (1 2)

Igctinior (1) = =do (1) - i (1)
where d,p(f) stands for VSI; mid-point duty ratio, which is
calculated as:
_ga : _ga b
i (0) {1 ~di(0) if1=dii () <di @) (13)
dy (1) if  1—dy(6)2dy (1)
In (12) and (13) d, and @, duty ratios correspond to S,

and Ssz switching states, respectively. These two expressions
form the complete drive model, which can be applied to any
configuration (i.e. » value) and any modulation strategy. The
only difference comes from the fact that duty ratios are
calculated in a different manner. Phase current is in all these
cases calculated as:

i,@)=1,-sin(w,, - t—(k-1)-2-1/5—-¢) (14)
while (6) provides the overall phase voltage reference,
5
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Fig. 5. Equivalent model of topology under the sinusoidal approximation (a) (for simplicity, only the k™ drive phase is
shown). Linearized equivalent model of topology under the sinusoidal approximation (b).

regardless of the drive configuration and modulation strategy.
For simplicity reasons, analysis is performed for the phase
voltage reference without min-max injection, i.e. vy; =0 in
(6).

In the case of r=2, duty ratios are calculated using
simpler expressions. All three complementary pairs of
switches (S%1x, SP1x and Sa) are equally and symmetrically
used during one fundamental period (in multilevel operation).
Normalised voltage levels are /=0, L =1/3, 5=2/3 and
l4=1. Duty ratio expressions, based on Table 2 under the
assumption of infinite switching frequency, are summarised
in Table 3. Duty ratio expressions for decoupled modulation
are given in Table 4 [28]. Those can be used regardless of dc-
link voltage ratio, which only has an influence on the border
between two-level and multilevel PWM operation.

Based on the model in Fig. 5b, mean values of dc-link
currents are calculated for the complete range of ¢. Results
are shown in Fig. 6, for three different modulation index
values, for which multilevel PWM operation takes place.
Line over the symbol in Fig. 6 represents the mean value in
steady state conditions, over one fundamental period. Current
imp has a mean value equal to zero with both modulation
methods, while all other dc-link currents have always positive
mean values. This means that all dc-link voltages are
naturally balanced, which makes the four-level configuration
(r =2) suitable for variable speed drives.

With =4, the drive is able to produce six equidistant
voltage levels, with normalised values /1=0, L=1/5,
l3=2/5, 14=3/5, Is=4/5 and ls=1. In this case, VSL is
employed in every reference zone (Fig. 3.). VSI; performs
low-side PWM switching in the reference zone 2 and high-

side PWM in reference zone 4. It can be seen in Table 1 that
the transitions between L —/3 and li—/s can only be
performed with simultaneous switching on both OeW sides.
Similarly to four-level OeW drive presented in [24, 26], this
kind of modulation causes not only dead-time spikes, but also
capacitor voltage balancing problem at the lower dc-link
voltage side [20]. Duty ratios for coupled modulation
methods with » = 4 are listed in Table 5. In the case of
decoupled control, expressions for duty ratios are identical to
those in Table 5. Using (12) and the model in Fig. 5b,
contributions of each drive phase to the overall dec-link
currents are obtained. Fig. 6(c-d) shows the dc-link current
mean values for coupled and decoupled modulation when » =
4.

Due to symmetrical operation of the low- and high-sides of
VS, impr negative and positive parts are symmetrical,
regardless of M and ¢. Operation of VSI; high-side also
ensures that ignix always has a positive mean value.
Situation on the VSI, side is more complex, since this inverter
operates in all reference zones in PWM mode. For some M
values, this leads to an overcharging, which can be seen from
the igeink21 waveform in Fig. 6¢, for M= 0.6 and 0.8. In this
case, the lower M value for which izim2 becomes negative is
not equal to the border between single-sided and multilevel
operation (i.e. M = 0.2). Numerical analysis shows that this
phenomenon takes place for 0.495 < M < 0.901, regardless of
the phase angle. This means that for the » = 4 configuration,
when coupled PWM is used the dc-link voltage of VSI, will
rise when 0.495 <M < 0.901. The rate of the dc-link voltage
rise will depend on the phase angle as shown in Fig. 6¢ and
hence on the parameters and loading for the machine. This
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Table 3. Duty ratio calculations for the four-level configuration and coupled PWM methods.

Condition i, d, dy;
L < <h 0 3-(i) 1) 1
L<vi(<h 0 1

3:(b— (i)
L<v)<l 3-(vi(®) — I) 1 0

Table 4. Duty ratio calculations for the four-level configuration for decoupled PWM methods.

. a b
Condition dy; di doy
0<v<1/2 2-(vil) = 1/2) 1 var(?)
1/2 <vi(f) < 1 0 2-vik(?) Vau(?)
Table 5. Duty ratio calculations for the six-level configuration and coupled and decoupled PWM methods.
141 a b
Condition di d\, ok
L<vi)<h 0 0 5-(1 —vi(2)
L<vi)<h 0 5-(vi(®) — b) 5-(vi(®) — b)
L<v)<h 0 1 5-( Ly —vi()
L <vi)<Is 5-(vi(f) — L) 1 5-(vi(®) — L)
Is < vi(t) < s 1 1 5-(ls —vi(t)
a) coupled control, r=2 b) decoupled control, r =2
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Fig. 6. Phase angle influence on the dc-link current mean values in the case of four-level configuration (r = 2) with coupled
(a) and decoupled (b) control and in the case of six-level configuration (r = 4) with coupled (c) and decoupled (d) control.



can be avoided by switching to the decoupled PWM method
during the operating region. This comes at the cost of slightly
worse harmonic performance [21].

5 Experimental results

Experimental results are obtained using a custom built five-
phase three-level NPC inverter (VSI;), a custom made two-
level inverter (VSL,) and a four-pole five-phase induction
motor. The inverters are supplied from controllable dc power
supplies. The motor is controlled using the V/f= const.
control law with the switching frequencies of both VSIs equal
to 2 kHz, while dead-time interval is set to be 6 us.

Steady-state waveforms, obtained with coupled and
decoupled control with » =2 and » = 4, are shown in Fig. 7
for nominal speed (M = 1). VSI, leg voltage v»; is shown on
oscilloscope channel CHI1, VSI; leg voltage vi; at CH2,
machine phase voltage v at CH3, while channel CH4 shows
the stator current #;. Clearly, six-level configuration results in
more sinusoidal phase voltages and phase currents regardless
of the modulation strategy. This is a direct consequence of
finer division of the same overall dc-link voltage range.

In the second set of experiments (Fig. 8) the machine is
accelerated from 0 to 1500 rpm in a linear ramped manner

over 8 s. This takes the drive through the modulation index
range 0 to 1 in order to investigate the performance of the
modulation techniques with regard to the dc-link stability.
Regarding coupled control, it is clear that » =2 results in
optimal energy consumption, while » =4 leads to additional
energy losses. In that case, VSI; naturally keeps its voltage
levels balanced, due to symmetrical low- and high-side PWM
operation, but coupled modulation leads to an overcharging
on the VSI, side. As expected from derived model analysis,
the modulation results in negative izcinkor mean value over one
fundamental period, for any phase angle lower than 90°.
Experimental results for decoupled PWM methods show that
drive operates with naturally balanced dc-link voltages for
both values of r. Although the modulation index range in
which the drive with r = 4 suffers from overcharging problem
is somewhat smaller, as well as the overcharging rate, when
compared to the results in [26], it is clear that this represents
a significant drawback.

On the other hand, it is clear that this drive configuration
with coupled control has the best harmonic performance,
compared to decoupled PWM. From that point of view, it
seems that configuration with » =4 may have great practical
significance for high-power applications in which the
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Fig. 7. Experimental results: waveforms for r = 2 and M = 1, with PD PWM (a) and URS PWM (b);
forr =4 and M = 1, with PD PWM (c) and URS PWM (d).
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machine is aimed to operate with constant speed most of the
time. Regarding variable speed drives, this configuration can
be utilised only if application demands allow combination of
modulation strategies during speed variation [21]. According
to the harmonic performance, available in [21], it appears that
PD PWM should be replaced with URS in the modulation
index range in which overcharging phenomenon takes place.

6 Conclusion

A novel multilevel five-phase open-end winding drive is
analysed in this paper. The drive consists of a five-phase
induction machine with open-end windings, supplied from
two voltage source inverters, with isolated dc-links. The
inverter with the higher dc-link voltage is a three-level
neutral-point clamped VSI. The other side of the machine
windings is supplied from a two-level VSI. It is shown that
this drive configuration can operate as a four-, five- or six-
level single sided five-phase drive. The number of equivalent
voltage levels depends on the ratio between dc-link voltages
that are used to supply the two inverters. Four- and six-level
drive configurations are chosen for further analysis. For these
two cases, two different modulation strategies are discussed.
It is shown that coupled modulation strategies offer better
harmonic performance, when compared to decoupled
counterparts, which are based on phase voltage reference
sharing.

Modulation strategy influence on dc-link voltage
stability is analysed as well. The results show that the lower
dc-link voltage capacitor can be overcharged when optimal
modulation strategy is applied to the six-level configuration.
This conclusion is based on the novel approach of dec-link
modelling and is later experimentally confirmed. It is also
shown that, in all other cases, all dc-link voltage levels are
stable for any commanded speed (modulation index value)
and phase angle between phase voltage and phase current.

Since overcharging phenomenon is only present in small
range of modulation index values, the benefits offered by high
harmonic performance quality of this drive configuration can
be exploited in applications where frequent speed variation is
not expected. In those cases, low harmonic distortion of phase
voltages and currents may lead to the higher efficiency and
easier fulfilment of industrial standards for electromagnetic
interference and acoustic noise. Other presented cases result
in stable dc-link voltages, which makes them more suitable
for variable speed drives and automotive applications.

7 References

[1] Stemmler H., Guggenbach P.: 'Configurations of high-
power voltage source inverter drives', Fifth European
Conference on Power Electronics and Applications,
Brighton, UK, 1993, vol. 5. pp. 7-14.

[2] Corzine K. A., Wielebski M. W., Peng F. Z., et al: 'Control
of cascaded multilevel inverters', IEEE Trans. on Power
Electron., 2004, 19, (3) pp. 732 —738.

[3] SadeghiS., Lusu G., Toliyat H.A., et al.: "Wide operational
speed range of five-phase permanent magnet machines by
using different stator winding configurations', I[EEE Trans.
on Ind. Electron., 2012, 59, (6), pp. 2621 - 2631.

[4] Melo, V. F. M. B., Jacobina, C. B., de Freitas, N. B.:
'Open-end nine-phase machine conversion systems,'
IEEE Trans on Ind. Applications, 2017, 53, (3), pp.
2329-2341.

[5] Pires V. F., Foito D., Silva J. F.: 'Fault-tolerant multilevel
topology based on three-phase H-bridge inverters for open-
end winding induction motor drives', in /EEE Trans. on
Energy Conversion, 2017, 32, (3), pp. 895-902.

[6] NguyenN.K., Meinguet F., Semail E., et al.: 'Fault-tolerant
operation of an open-end winding five-phase PMSM drive
with short-circuit inverter fault, I[EEE Trans. on Ind.
Electron., 2016, 63, (1), pp. 595-605.

[71 Melo, V. F. M. B., Jacobina, C.B., Rocha, N.: 'Fault
tolerance performance of dual-inverter-based six-phase
drive system under single-, two-, and three-phase open-
circuit fault operation,' in /ET Power Electron., 2018,
11, (1), pp. 212-220.

[8] Reddy, B. P., Keerthipati, S.: 'A multilevel inverter
configuration for an open-end-winding pole-phase-
modulated-multiphase induction motor drive using dual
inverter principle,' I[EEE Trans. on Ind. Electron., 2018,
65, (4), pp- 3035-3044.

[9] Toulabi, M. S., Salmon, J., Knight, A. M.: Design,
control, and experimental test of an open-winding [PM
synchronous motor," IEEE Trans. on Ind. Electron.,
2017, 64, (4), pp- 2760-2769.

[10] Tewari, S., Mohan, N.: 'Matrix converter based open-
end winding drives with common-mode elimination:
topologies, analysis, and comparison,' [EEE Trans. on
Power Electron., 2018, 33, (10), pp. 8578-8595.

[11] Shi, R., Semsar, S., Lehn, P. W.: 'Constant current fast
charging of electric vehicles via a DC grid using a dual-
inverter drive,' IEEFE Trans. on Ind. Electron., 2017, 64,
(9), pp. 6940-6949.

[12] Barrero F., Duran M. J.: 'Recent advances in the design,
modeling, and control of multiphase machines—Part I',
IEEE Trans. on Ind. Electron., 2016, 63, (1), pp. 449-458.

[13] Barrero F., Duran M. J.: 'Recent advances in the design,
modeling, and control of multiphase machines—Part 1T,
IEEE Trans.on Ind. Electron., 2016, 63, (1), pp. 459-468.

[14] Kouro S., Rodriguez J., Bin W., Bernet S., et al.: "Powering
the future of industry: high-power adjustable speed drive
topologies', IEEE Ind. Applications Magazine, 2012, 18,
(4), pp. 26 - 39.

[15] Reddy B. V., Somasekhar V. T., 'A dual inverter fed four-
level open-end winding induction motor drive with a nested
rectifier-inverter', [EEE Trans. on Ind. Informatics, 2016,
9, (2), pp- 938 - 946.

[16] B. V. Reddy, V. T. Somasekhar, 'An SVPWM scheme for
the suppression of zero-sequence current in a four-level
open-end winding induction motor drive with nested
rectifier—inverter', IEEE Trans. on Ind. Electron., 2016, 63,
(5), pp- 2803-2812.

[17] Reddy, B. V., Somasekhar V.T ., Kalyan Y.: Decoupled
space-vector PWM strategies for a four-level asymmetrical
open-end winding induction motor drive with waveform
symmetries,' [EEE Trans. on Ind. Electron.,2011, 58, (11),
pp. 5130-5141.

[18] Darijevic M., Jones M., Dordevic O., et al.: "Decoupled
control of a dual-inverter four-level five-phase drive', [EEE
Trans. on Power Electron., 2017, 32, (5), pp. 3719 - 3730.

[19] Lakhimsetty S., Surulivel N., Somasekhar V. T.:
Tmprovised SVPWM  strategies for an enhanced
performance for a four-level open-end winding induction
motor drive', IEEE Trans. on Ind. Electron., 2017, 64, (4),
pp. 2750-2759.



[20] Maramreddy H. V. R., Teegala B. R., Bumanapalli R. R, e?
al.: 'Discontinuous PWM technique for the asymmetrical
dual inverter configuration to eliminate the overcharging of
DC-link capacitor', I[EEE Trans. on Ind. Electron., 2018,
65, (1), pp. 156-166.

[21] Darijevic M., Zoric L., Jones M.: 'Optimised modulation of
five-phase open-end winding drive', Proc. Conf.
Electronics, Intelligent Motion, Renewable Energy and
Energy Management, (PCIM) Europe, Nuremberg,
Germany, 2017, pp. 1-8.

[22] Darijevic M., Jones M., Levi E., et al: "Performance
comparison of two four-level five-phase open-end winding
drives, Proc. Conf. IEEE Int. Symp. on Industrial
Electronics (ISIE), Rio de Janeiro, Brazil, 2015, pp. 1088 -
1093.

[23] Darijevic M., Jones M., Levi E., 'A multilevel five-phase
open-end winding drive with unequal DC-link voltages',
Proc. Conf. 17th European Conference on Power
Electronics and Applications (EPE'15 ECCE-Europe),
Geneva, Switzerland, 2017, pp. 1-10.

[24] Darijevic M., Jones M., Levi E., 'Analysis of dead-time
effects in a five-phase open-end drive with unequal de-link
voltages', Proc. Conf. IEEE Industrial Electronics Soc.
Conf. IECON, Vienna, Austria, 2013, pp. 5136 - 5141.

[25] Darijevic M., Bodo N., Jones M.: 'On the five-phase open-
end winding drives performance’, Proc. Conf. Electronics,
Intelligent Motion, Renewable Energy and Energy
Management, (PCIM) Europe, Nuremberg, Germany,
2015, pp. 1 -8.

[26] Darijevic M., Jones M., Levi E.: 'An open-end winding
four-level five-phase drive', I[EEE Trans. on Industrial
Electronics, 2016, 63, (1), pp. 538 - 549.

[27] Dordevic O., Jones M., Levi E.: 'A comparison of carrier-
based and space vector PWM techniques for three-level
five-phase voltage source inverters', I[EEE Trans. on Ind.
Informatics, 2013, 9, (2). pp. 609 - 619.

[28] Milan, D.: 'Modulation and control strategies for multilevel
five-phase open-end winding drives'. PhD thesis, Liverpool
John Moores University, 2016.

[29] Chowdhury S., Wheeler P., Gerada C., et al: 'A dual
inverter for an open end winding induction motor drive
without an isolation transformer', Proc. Conf. Applied
Power Electronics Conf. and Expo. (APEC), Charlotte,
USA, 2015, pp. 283 - 289.

[30] Ewanchuk, J., Salmon J., Chapelsky C.: 'A method for
supply voltage boosting in an open-ended induction
machine using a dual inverter system with a floating
capacitor bridge', IEEE Trans. on Power Electron., 2013,
28, (3), pp- 1348 — 1357.

10



