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An Open-end Winding Four-level Five-phase
Drive

Milan Darijevic, Student MembetEEE, Martin Jones, Emil Levi-ellow, IEEE

.AbstracSA four-level five-phase open-end winding (OeW) phase drives are also coremidd as being well suited to
drive topology is introduced in the paper. The drive comprises medium- and high-power applications [5, 6]. Merging these

a five-phase induction machine with open-end stator windings, v concepts seems natural, and several attempts have been
supplied using two two-level voltage source inverters with reported recently [6-13]

isolated and unequal dc-link voltages, in the ratio 2:1. The A ..
topology offers the advantages of a modular structure with 1h€ open-end winding (OeW) topology, —originally
fewer semiconductor components and has a greater potentialdescribed in [4], can be considered as an alternative

for fault tolerance, compared to an equivalent single-sided four- approach to create multilevel phase voltage waveforms [14].
level drive. Due to the large number of switching states, Oew drives offer some advantages over conventional
development of a suitable space-vector pulse-width modulation mltilevel drives. One advantage is the reduced component

(SVPWM) method can be challenging. Hence, this paper ., 19 14] compared to traditional equivalent NPC and FC

examines the implementation of two level-shifted carrier-based ) = | fi h f | | NPC
modulation (CBPWM) methods. The effect of dead time on the converters. For examplé, ‘a lve-phase four-ievel |
drive performance is discussed and it is shown that COnverter requires an additional 30 diodes and 10 switches

simultaneous PWM switching of both inverters can lead to While the equivalent FC converter requires an additional 10
degraded output phase voltage waveforms. Detailed analysis ottapacitors, diodes and switches. Another advantage is the
this phenomenon is presented, a solution is proposed, and the:apability of the OeW topology to operate under faulted
modified modulation techniques are incorporated in an congitions [15, 16]. It has been suggested in the literature
experimental set-up, at first in conjunction with V/f control. that such drives may offer an alternative supply solution in

Once when the proof-of-concept has been provided, full field S . .
oriented control (FOC) is implemented in this OeW drive applications such as EVsS/HEVs [17, 18], electric ship

topology for the first time; detailed experimental testing is propulsion [19], rolling mills [20] and renewable electric
conducted and results are reported. energy systems [21].

Index TermsSMultiphase drives, open-end winding, pulse One disad_vantage of t_his topology is t_hat two is_olated de
width modulation, induction motor drives, field oriented POWEr supplies are required to feed the inverters in order to
control. eliminate a path for zero-sequence current flow. A second

disadvantage is that, if the dc-link voltages are in a ratio 2:1,
|. INTRODUCTION the switches in the higher voltage dc-link will need to

tolerate twice the voltage than in the equivalent four-level

Owing to the constraints of the current semiconductm:,c or FC converters [14]. For these reasons the
t_echnolo_gy multilevel converters are ofte_zn reg_arded aécf:hfiguration considered here is not suitable for high voltage
solution for hlgh-power applications [1]. Mul_tllevel 'nverterﬁpplications, but may be an interesting solution for EV/HEV
are a topology which enhances the quality of the OUt%Lﬂ}pIications. The requirement for isolated dc-links does not

voltage _Wa"eform' reduces vidt and_ enables thepresent a problem in EV/HEV applications where the
construction of a high power converter without the_ problq lated supplies can be formed using batteries. In these
of switching series-connected semiconductor devices. High . ~~iions where the dc-link voltage is rather low and

power drives can pe found in industrial sectors such as ifited, a machine with a lower current rating can be utilized

mining, petrochemical, cement and marine industries | ce the voltage across phases can be higher when two
Co_mmc:nly erSpIoN)IIDeg mll'f]lt'lef;/?l converters arI(:eCthe ndeuqﬁgependent batteries are used instead of a single one [18].
point clamped ( ), the flying capacitor (FC) and t oreover, the multiphase structure offers further advantages

\C/:anous pzlalscad(e_:j bICOI\TI\DI(Ca:rt?:rC togoclzclggles (CB) . [2I- uch as a reduction of the per-phase current rating for a
ommercially avariable , P an converters INClUARe,  machine power compared to the three-phase

the Converteam MV/7000, the Alstom Alspa VDM 6000 a ternative, the possibility of increased torque density,

the Siemens Perfect Harmony rangsspectively [1]. Multi- increased fault tolerance [5, 6] and lower acoustic noise [22],
all attractive attributes for EVs and HEVs. Furthermore,

multiphase machines are under investigation in the

Manuscript received September 16, 2014; revised December 15, _ ;
and February 13, 2015; accepted March 08, 2015, fiework of on-board integrated battery chargers [23, 24].
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studied in relation to only three-phase drives [28-30] whewgented control (FOC). The current controllers in g

the space vector modulation technique was used to conptahe are synchronized to the dominant dead-time generated

the inverters. The drive is able to produce 37 phase volthgemonics (i.e. the®and 7).

space vector locations forming 54 equilateral triangularThe paper builds on previous work reported in [26, 27]. It

sectors [28]. The developed SVPWM algorithm requiréggins with a description of the topology, along with the

large look-up tables in order to identify the sector tlmmpact of the dc-link voltage ratio, before describing the

reference occupies and the switching sequences todbeeloped modulation methods. Next, the dead-time induced

applied, making the scheme difficult to implement. A fractabltage spike phenomenon is described and a solution for the

based SVPWM method with low computational burden dead-time spikes removal is introduced. Experimental

proposed in [29]; it relies on the fact that a three-phdsgestigation of the problem follows, together with the

system produces simple triangular subsectors. This technigyeerimental verification of the developed solution, using

cannot be easily adapted to five-phase drives since the fimgen-loop V/f control. Performance of the modulation

phase system does not produce such uniformly distributechniques is thus not influenced by the current controllers.

subsectors and there is also more than one plane to consifierally, implementation of closed-loop current control in
The modulation strategies discussed so far consider bathjunction with FOC is described and a high-performance

inverters as a single “coupled” entity. A decoupled SVPWMultilevel multiphase OeW drive is realized and

algorithm which views the inverters as individual two-levelxperimentally tested for the first time.

converters is discussed in [30]. The method is based on

sharing the reference between two inverters in the same rétidULTIPHASE OPEN-END WINDING TOPOLOGY WITHDUAL

as the dc-link voltages, i.e. 2:1, with both inverters having INVERTERSUPPLY AND UNEQUAL DC-LINK VOLTAGES

the same switching frequency. A second strategy utilizés, qrive consists of a five-phase induction machine,

switching of the two inverters using switching frequenci%ﬁpp"ed via two isolated two-level PWM voltage source
that are proportional to their dc-link voltage with respect {Q a ters (VSI), as shown in Fig. 1, where V& supplied
the overall dc-link voltage. Power losses that come fra, Vi, and ’VSJ_> is supplied froWdQ. Leg voltages of
switching losses are equalized between inverters in this wgy VSIs, vy and v,, are defined with respect to the

In the case ,Of .multlphase multilevel drives the Iargt‘?verters’ lower dc-link rails, denoted witil andN2 in Fig.
number of switching states and voltage space VvectorSaqiyal phase voltage can be calculated as:
combined with the requirement to consider several planes -

simultaneously in order to achieve optimum performande="s SV, SVy.u (1)

[5], means that carrier based PWM methods are preferafisrevy,y, represents the potential difference between two
due to simplicity. Comparison of CBPWM and SVPWMottom rails of VSJ and VS} dc links, that is, common
methods shows that CBPWM is capable of achieving th@yde voltage. However, in order to establish correlation
same level of performance as the SVPWM method whigtween this topology and an equivalent drive with single-
requiring a much reduced computational burden [11]. Itdgied supply, one can use an equivalent drive model, as
for these reasons that CBPWM methods are analyzed hergyplained in [26], which represents a single-phase equivalent
Two modulation strategies, with carriers having in-phaggen-end configuration (denoted with dashed box in Fig. 1),
disposition (PD) and alternative phase opposition dispositiiltable for comparison with multilevel inverters. In this
(APOD) are developed and investigated using simulationsise, voltage potentials dfL andN2 are equal, and phase
[26]. It is shown that the operating mode of the converter Ggdltage in the equivalent model can be compared with leg
be selected using a simple reference offset; hence @@uts of single-sided multilevel inverters.
switching losses can be reduced when the drive operates gt us define next the switching state%, which
low speeds. In this paper these modulation methods &frespond to thg™ inverter andi™ phase in Fig. 1.
examined experimentally using a four-level five-phase Oe¥\itching state is equal to the state of upper switch Syif
induction machine drive prototype for the first time. It ig turned on, and 0 otherwise. Clearly, there are 4 possible
shown that, in this topology, the inverter dead time hasg@nbinations in the equivalent model, as listed in Table I.

stronger influence on drive performance than in th®yr each of them, leg voltage outputs are defined with regard
configurations analyzed in the past. This is because t®the dc-link voltage ratio:

simultaneous dead-time intervals in two inverters, which &

. . P Vdcl — Vdc SVch
causes triggering of unwanted voltage levels and additiofiagt —— =———— (2)
distortion of the phase voltage waveforms. The paper "dc2 Vicz
experimentally investigates the dead-time spike phenomeMdifre Vau * Vae and Ve represents the dc-link voltage of
and a simple alteration to the PWM strategies, whitlie equivalent single-sided suppWs= Vau + Vae). Setting
minimizes the occurrence of so called dead-time spikes! i1, results in an OeW drive which is equivalent to the
proposed and evaluated. There is no evidence in literafiff€e-level single-sided topology. In that case states with
that application and implementation of carrier-based PWIN/=1 andN =4 in Table | result in the same equivalent
and dead-time induced voltage spikes in four-levahase voltage level. This case is analyzed in detail in [12,
multiphase drive systems with an OeW configuration h&dl- Forr>1 the number of phase voltage levels will be
been studied until now, except for the simulation study fipur, and the number of space vectors will increase. The first
[27], which is the starting point for this paper. It ignportant consequence of>1 is absence of redundant
demonstrated that the spike removal algorithm (SRA) is véMitching states that exist in the case of equal dc-link
effective and that closed-loop current control alone canvéftages, meaning that each switching state results in a
mitigate the issue. The paper also investigates for the fifterent equivalent voltage level. In general, three out of
time the performance of the four-level drive under fief@ur equivalent phase voltage levels are actually dependent
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onr. Therefore, it is important to determine the influence of TABLE I. RELATIONSHIP BETWEEN SWITCHING STATES, LEG AND
the dc-link voltage ratio on the drive properties. TS EQUS"ZfALENT '\T?\ZEVOLTAGE\Z'F{/?ENERAEE‘SS“QI'%N v
In order to allow easier comparison with other solutions; T 11 T v e+ 1) | Var+1) | ¢ (1) Vel + )
the drive properties are initially analyzed using the vecforz |1 [ 0 | r Vi + 1) 0 r Vd(r + 1)
space decomposition approach [5]. Since the drive comprises | 0 | 1 0 Vod(r + 1) Ved(r + 1)
two two-level five-phase inverters, overall number of4 | 0] O
switching states is°22° = 1024. The influence of the dc-link ~  —-—————— -
voltage ratio on the space vector magnitudes is illustrated in Supn1 Supta
Fig. 2, where circular lines apply to the first sector, and Dupty o_{
radial lines apply to the ninth sector. Phase voltage space Gt it
vectors forr =1.5 and 3 are more clustered, while 2 L -
provides a more homogeneous vector distribution. Table | Qcm _
Drlufll
.(/(I:TT{
Sint1 |

ia

D1z
Gdn12 Gdn15

o
Ddn12 | Ddnl5 |

5

Dan1s

shows that onlyr = 2 provides equidistant phase voltage
levels. In this case, 781 voltage space vectors are generated,
of the same values as in the case of a single-sided four-level
inverter. Wherr = 1, 211 voltage space vectors are available
[12]; hence, from this point of view, better performance can
be expected in the case when 2.

S

; mac.hine. . g]

Ph.2 Ph.5

3

Ph.1

I1l. DEVELOPEDMODULATION TECHNIQUES

Sup21 Sup22

D2

up22

Setting r=2 and using the overall dc-link voltage
Vg = 600 V, results in/gq = 400 V andVye = 200 V. Since
four switching combinations of two inverters in one drive
phase are possible (Table 1), four different equivalent phase
voltage levels, i200V, 0, 200V and 400V, result.
Consequently, three carrier signals are required. Reference
voltage of one phase, with min-max injection [8] and carriers
for both PD and APOD PWM, are shown in Fig. 3, where all

S|gnals are normalized witNg. and zero per-unit Value_ Fig. 1. Open-end winding-phase topology with dual two-level inverter
corresponds to the lowest voltage level (-200 V). Modulatiogupply. One drive’s phase that represents equivalent drive model is boxed
index M) is defined as a ratio between the reference within the dashed line.

amplitude and one half of the total dc-link voltadg/2.
Hence, assuming zero-sequence (min-max) injection, tl 5,
modulation index spans 0 to 1.05 range.

Vit

Dinzr
Gdn21 1 ganza
|

San21 | San22

1
1
1
1
1
1
1
1
1
1
1
1
1
+
i Five-phase [open-end
1
1
|
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1
|
1
1
|
|
1
1
1
1

SRS S e n e T T S R S e R s S =S

300

150! 150

Comparison of the reference and carriers (Fig. 3) produc = =
three logic variabled;, Ay andAg: o S
oif V. >C thenl 150 >~ 150
Ai=® . K (3)
of v, < Ck thenO -300 -300

wherev;” is the reference voltage for tH*éphase, whileC, is

a carrier. Since there are two inverters and three carr...
signals, the inverter switching stat&, cannot be obtained
directly from variablesd;;, Ay and Ay. Table Il shows the 300
Karnaugh maps that are used to derive the simple

~300 -150 0 150 300
V. (V) [V

300

150

conversion from logic variable&, to switching signals;. = =
The sum-of-product form was chosen, which provide<- o S0
r;jaf(')ozs; =150 = 150

v _i _ (4) -300 -300
Si=As At A I ‘

-300 —150 0 150 300 -300 —-150 0O 150 300

These apply to both PD and APOD PWM. Table Il show v, (V) V] V. (V) [V
that there are “don’t care states”, marked with “X”. These c d

states represent logic statés;(Ay, Ag) Which cannot occur. 9 2. Phase voltage space vectors ferl. (a), 1.5 (b), 2 () and 3 (d).
For exampled; = 0, Ay = 1, Ay = 0 is not possible since the
reference \{) cannot be less tha®, while at the same timevoltage (CMV) vyona (Fig. 1), which can be used for
being greater tha@, or C;. From Fig. 3, it can be concludedselecting different operating modes [26]. In Fig. 3,
that the instantaneous reference value can belong to onB.gf:= 1/2 is used, since full dc-link voltage utilization is
the three so-called reference zones, defined with voltageeded for modulation indices higher than 0.7, for the case
levels. This is summarized in Table Ill, together wittvhen min-max injection is applied. This reference offset
operation mode in each of the zones of the two VSis. value leads to two-level operation in low modulation index
Since two dc-link voltages are isolated and unequal, caege (0 <M " 0.35), since reference will be completely in
additional parameter is introduced. Reference offRgkd) the second reference zone (Fig. 3, Table Ill). For 0.35,
represents a harmless dc component incéimmon mode the same reference offset leads to four-level operation. It can
3
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be seen that two-level operation, which is used in low i TVWOLEVEL  THREGLEVEL __ FOUR-LEVEL
modulation index range, is formed with simultaneous AN ISR LA A A A A AR A TN /
switching in two VSis, since both inverters operate in PWM ‘
mode in reference zone 2 (Table Ill). This leads to additional Z
switching losses. Therefore, two-level operation can be: "]
utilized by settingRyset= 1/6 or 5/6. In these two cases, , AAAVAB4R VNSV VYY) VY
common mode voltage dc component will be different, b, 4. election of diferent PWM modes usiie Phase voltage
only VSI, will operate in PWM mode, while all leg voltageseference for four-level operation is shown, for different modulation index
of the VSL will be on the same voltage potentiafand reference offset parameters.
Consequently, VSl forms star connection between stator
windings, for M ” 0.35. Rygser influence on the number of€ In scenario 2, the phase voltage during dead time takes
voltage levels is depicted in Fig. 4. the value which is different from both initial and final
Reference offset can be used to achieve three-level VOItage level between which the transition is to be done.
operation. This could be done, for lowl (" 0.35) and AS far as single-sided supplied drives are concerned, only
medium modulation index range (0.33vk< 0.7), by setting Scenario 1 is possible. For example, in a four-level NPC
Rofiset O €ither 1/3 or 2/3. In these cases the phase voltiteerter [31], only one complementary switch pair in the leg
reference willpass through two reference zones (Fig. Will change state during transition between adjacent leg
Table 111, leading to different switching behavior dependin¢p!tage levels. On the other hand, in a four-level open-end
on the reference zone. For example, wRgRcis 1/3, both winding drive the voltage is formed as a difference of
inverters will operate in PWM mode when reference pas§&sresponding leg voltages of the two inverters. Scenario 1
through 2° reference zone, while only V;Swill operate in will occur when transition from one phase voltage level to
the reference zone 1. This asymmetrical operation lead$h@adjacent voltage level is to be accomplished by switching
increased low order harmonic content in phase voltage &g inverter only, while leg voltage of the second inverter in
current spectra. Therefore, in the proposed solution the dif¥@t phase remains unchanged.
will operate as two-level drive with only one VSI in PwM When leg voltages in both inverters must be changed in
mode forM " 0.35, while for the rest of the modulatiofPrder to make phase voltage transition between adjacent

index range four-level operation will be utilized. levels, scenario 2 will take place. This causes an unwanted
phase voltage level during dead-time intervals. The direction
IV. DEAD-TIME INDUCED VOLTAGE SPIKES of this voltage level is determined by the sign of the phase

: . . cyrrent. This phenomenon is explained in detail in [27] and
In general, during dead-time intervals, output voltagesi addressed here with the help of Fig. 1 and Fig. 5

the VSls are determin_ed by the load current, which ﬂo‘%‘%miconductor states in the first phase, during nfe
through antlparallel diodes. As a result, there are t‘ﬁ’ﬁ/itching period Ts= 500 ps), are shown in Fig. 5, for
possible Scenarios [27]: ) , negative phase current and phase voltage reference in zone
€ In scenario 1, the phase voltage during dead time tae¥, the purpose of discussion, dead time is set to 15 ps.
the value equal to one of the two voltage levels betwepRy syitch state is 1 when corresponding power transistor or
which the transition is to be done. diode conduct, otherwise it is 0. Since the phase current is
negative in the whole switching period (with respect to

TABLE Il. MAPPING OFLOGIC VARIABLES (Ayj) AND INVERTER SWITCHING . . . . L .
(") notation in Fig. 1), diodeB,p; andDgrp; Will conduct, while

SIGNALS (Syi (a) andSy (b))

@S diodesDgm1 and Dyypi will be turned off. Having in mind
N A data in Table I, in the time_ insta_nnt (n-l)-'!'s S,pn_ andS;
As 00} 01} 11, 10 should be turned on, which will result in equivalent phase
0 0 X X X voltage of 1/¥y. However, since the currentis negative,
1 0 1 1 X Sz Will not conduct. Instead, antiparallel dio@gg, will
(b) S be turned on, while complementary transistdgy; and
A Ay Sin1 are off. So the current will flow throudhz: andDyp 1.
Ay 00| 01} 11) 10 This continues untit = t;, when the first transition occurs.
0 1 X X X The equivalent voltage should change from{{3o 0 att,,
1 0 1 0 X however the dead-time interval will start in both inverter

legs. End of the dead-time interval is marked withlt

TABLE Ill. OPERATIONMODE OFVSIS VS REFERENCEZONE. follows that the phase voltage during intertiak t < t, will

Ref. zone Range in Fig. 3 V3l VS| ) . . ; .
1 g 0?0 1,3,ng holds 0 Wi not be determined by switches in this phase, but with phase
2 1/3V4 t0 2/3/4. | PWM PWM current sign, which means that diod®g;; and Dgn; will
3 2/t 1 holds Va | PWM conduct and equivalent voltage level will be \2{3rather

1 . than 0. The consequence of this transition is an unwanted
7,\\ A AN /“ % AVAVAVAVAY /\ V(_)Itage !ev_el (200 V_) in 'Fhe phase voltgge),(a_s shown in
2 — — — X777 Fig 5. Similarly, at time instant determined with the second
\ / J O\ 2 ”f‘“""““f\‘ AYAVAY / \/\/| reference intersection with carrier signal=¢;), another
il / v RN 2 e AN /)| dead-time spike will occur (of duratidp- ts), with the same
s S ——w — ——a direction and amplitude.

e fimels From the control point of view, it is important to notice

. b. . . R
Fig. 3. Reference voltage of one phase and carrier signals for PD PwMm @@t both PWM strategies lead to the simultaneous switching

and APOD PWM (b), foM = 1. Carrier frequency is 500 Hz, for better of the VSIs (§; and S;). As a consequence, dead-time
visualization.

Garyief ¢

Normalised voltage
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Fig. 5. Example of gating signals formation based on phase voltage  Fig. 6. Example of gating signals formation based on phase voltage
reference\’) and carrielC, comparison in the reference zone 2, for  referencev;’) and carrielC, comparison in the reference zone 2, for PD
conventional PD PWM. PWM with implemented SRA.

intervals appear at the same time in both VSIs. Therefore,
the dead-time spike elimination algorithm (SRA), proposed
in [27], is based on reference shifting. This ensures that the
gating signals are not changed at the same time. When this is
applied to the situation described abogu; turns off
followed by S,1. Therefore, whergm, turns on the current
flows through Sima and Spi and the equivalent phase
voltage is held at 1X8.. Next, S,»; switches off and the
current flows throughDgyp; and so the equivalent phase
voltage is 0 as expected. This situation is shown in Fig. 6.
The SRA results in a slightly asymmetrical phase voltage
waveform. This does not lead to any significant harmonic
distortion since similar waveforms, but with inverse
asymmetry, will take place when the phase current chandes 7. Determination of the additional offset value that should be added to
its sign. Further details of the SRA follow in the next section the voltage reference in zone 2 in order to eliminate dead-time spikes.
along with analysis of the harmonic performance.
€ For h+0.5)Ts<t<(n+1)Ts andi; "0 only reference
V. DEAD-TIME SPIKE ELIMINATION ALGORITHM for VSI, should be increased k.
) ) ) ) As a result, dead-time interval will never coincide in the
As described previously dead-time spikes can Res of two VSIs that are associated to the same phase. The
eliminated by modification of the modulation strategy so thadified PWM algorithm should be applied only when the
the dead-time intervals do not occur simultaneously in Vi@ference is in zone 2. From the load perspective, this
and VS} when the reference is in carrier zone 2. This can bggjfication doubles the effective dead time, in comparison
achieved with addition or subtraction of a small referenggine original PWM. This means that the antiparallel diodes
offset, which will shift in time the reference intersection withi;| conduct twice longer and will either hold the current
the carrier signal. The reference offset should be setto:  \gjtage level or switch to the next level, as in the scenario 1.
r= (2/3) t fs Vdc (5)

where (i is the dead-time duratiomn this way, dead-time

intervals in the same drive phase in two VSiIs will take placelhe results presented in this paper are obtained using the
one after another, rather than simultaneously. Although tRkperimental system shown in Fig. 5. The control algorithms
is probably the simplest compensation method for dead-tigie€ developed and tested using dSPACE DS1006 processor
spikes, it requires a different switching algorithm in the firpard, while a DS5101 digital waveform output board is

VI. EXPERIMENTAL RESULTS INOPEN-LOOPV/f OPERATION

and the second half of the switching peried= 1/f). used for PWM generation. Two two-level VSIs are used to
The algorithm is depicted in Fig. 7. For th® switching supply the five-phase induction machine. The machine
period it can be summarized as follows: parameters are provided in the Appendix. It is coupled to a

€ For nTs<t<(n+0.5)Ts and i; >0, reference will be dc machine and operated under no-load conditions, unless

increased by(r in the case of V$) while switching of the sSpecified differently. The VSis are supplied with unequal dc-
VSI, should be governed with the original reference valuk voltages of 400 V and 200 V. The higher dc-link voltage
€ For (n+0.5)Ts<t< (n+ 1)Ts and i; > 0, reference for IS obtameo_l using a Sorensen SGI-600-25 dc _supply. The
VSI; should remain unchanged, while switching of tH@wer dc-link voltage is obtained via a Spitzenberger
VS, should be determined with the reference valg@ntrollable power supply. The carrier frequencies are 2 kHz

reduced byr. and the semiconductor drivers have fixed dead time af 6
€ For nTs<t< (n+0.5)Ts and i; "0, only reference for Firstly, the steady-state performance of the drive is

VSI; should be reduced bi. investigated under open-loow/f control for different
modulation index values. This control method is used in

5
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order to determine the true performance of the CBPWM I I A RN
modulation techniques, without the inevitable influence of LTI AT LLUATTRMATTTTTTT ML AETIALLLE
current controllers that will exist in FOC mode. Figs. 9-11 [/ A T e 111
and Figs. 12-13 show oscilloscope recordings of the al R 1| 011 L S 1 |
waveforms produced using APOD PWM and PD PWM 5} " il BT TRV

Tek iwop — GilikHz_Moise Fiter
T T T

without and with the spike removal algorithm, respectively. S ’M'M%'mé“\ :

The leg voltages of V$land VS|, associated with the first B T T T et R B NN W
drive phase \g; and vz;), and the corresponding phase B L o
voltage ;) traces are given (channels 1, 2 and 3, @ @ z0s fioims [T (R

respectively), together with the motor phase currépt ( MS02014 - 142601 16012014

channel 4). The transient performance of the drive operating ™ — FEee
under FOC is investigated in the next section, where the MUV WTTLLITETTTITIATULLLLU LTI TE
results are recorded using the dSPACE system. T R JJIJ[I]IIE' UL

It has been shown that simultaneous switching in T T I T P
reference zone 2 leads to unwanted transitions in phaseb)“'d";;mbm'- : MMHM “ﬂlrl'fhltu
voltage, which are visible as unwanted voltage transitions ] ' P

ED0kHz_ Moise Fiter

(spikes). Therefore, spikes prevalence in produced phase “F =~~~ el T TN A
voltage waveforms depends on how long phase voltage _f__ -~ ° ~~ ° %
reference is in reference zone 2 per fundamental period. That 8 204 Judims g0 /e shemnfing
is, for four-level operation, the occurrences of unwanted MS02014 - 12:38:56 1410212014

phase voltage levels are inversely proportiondlito Fig. 9. Experimental results for conventional PD PWM (a) and APOD
The phenomenon is illustrated in Figs. 9 and 10, duringWM (b). forM =1 andRyise:= 1/2. Oscilloscope channels, from top to
four-level operation with PD and APOD PWM methods. The bottom: CHIS1es, CH2S s, CH3SW, and CHASI..
waveforms show that dead-time spikes occur only when both ™k flf f i
VSIs are in PWM mode. The unwanted voltage levels
(spikes) are less visible in the case of APOD PWM, since
this modulation, under ideal conditions, already has higher _ =g .- "8 REEE - N
voltage distortion than PD PWM. It is evident that the dead- e o ; o o
time spikes are present only in the middle third of the phase
voltage waveform, which corresponds to the reference
crossing into the zone 2. It has to be noted that the VSI's leg : ] : : :
voltages do not contain dead-time spikes, since they are a & i VS TR RTTNT C
consequence of combining leg voltages during common MS02014 - 14:26:28 16012014
dead-time intervals. Therefore, the erroneous voltage levels
will not cause overvoltage damage to the VSI components,
but may lead to high frequency EMI and acoustic noise.
Two- level operation is shown in Fig. 11, which is the same
for both PD and APOD PWM, since phase voltage reference b)
is compared with the single carrier signal (sifgge:= 1/6,
ref. zone 1). It is obvious that two-level operation does not ~f =~
lead to dead-time spikes if a suitable reference offset is L : ;
selected causing only one inverter to switch. b v I (T = RN TN |
Results of the spike removal algorithm (SRA) MS02014 - 12:36:58 1470262014
implementation in PD and APOD PWM are shown in figuresFig. 10. Experimental results for conventional PD PWM (a) and APOD
12 and 13, foM =1 and 0.5, respectively. Waveforms fOPWM (b), forM = 0.5 andRysrset= 1/2. De_lta z_acquisition and signal labels are
M =0.2 are identical to those in Fig. 11, since only one the same as in Fig. 9.
inverter is in PWM mode, and reference is placed in zone 1, Tekse stk teimfim
while SRA has effect on operation in zone 2 only. PN 8 00 T : :
Clearly, the dead-time spike elimination algorithm is very S DUDEE DU S U SRS SURDE BUE DU S
effective, but the non-ideal nature of the inverters leadsto ¢ -~ .-~ .- = -~ . . ‘
some practical limitations. NamelgRA is conceptually : I ; '

G00kHz_Muoise Filter
——

h|n|minmliummﬂ1wm1ql|IHM|ﬁnmmflmnmmmmim|m@
BT T

Tek sip

I

& v i i i i ]
& a0y 204 fonams JiEm_—ioams 3sdn6iHdEgzEs |
MSO2014 - 15:29:12  16/01/2014

Fig. 11. Experimental results for original PD and APOD PWMMox 0.2
andRyse:= 1/6. Data acquisition and signal labels are the same as in Fig. 9.

based on synchronization of leg voltage transitions of two
leg outputs, connected to the same OeW phase. Due to
different dynamic characteristic of IGBTs and antiparallel
: diodes, some minor spikes in phase voltage will exist even
Fig. 8. Experimental set-up. when gatingsynchronization of gating signals is almost
6
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a) b)
Fig. 14. Open-end drive phase voltage formation in reference zone 2: PD
PWM without (a) and with (b) SRA. Data acquisition and signal labels are
b) the same as in Fig. 1. Dashed line marks gating signal transitions.

Fig. 12. Experimental results for original PD PWM (a) and APOD PWM
(b), with SRA, forM = 1 andRyse:= 1/2. Data acquisition and signal labels
are the same as in Fig. 9.

a)

Fig. 15. Phase voltage and current THD agavh&br the open-loopy/f
control.

Here X; is the RMS value of the™ harmonic, the
fundamental is denoted with; andK is set to 5000. The
THD is calculated for modulation index ranging from 0.1 to
1.05 in 0.05 increments and is shown in Fig. 13. PD PWM
offers superior performance; in particular, the current THD
is significantly lower fromM=0.4 toM=1. This is a

b) consequence of the harmonic mapping, with APOD PWM
generating slightly higher low order harmonics which map
into the low-impedance-y plane [26].

VII. CLOSED-LOOPCONTROL

High performance control of multiphase multilevel drives

Fig. 13. Experimental results for original PD PWM (a) and APOD PWMha_S been dea'_t W|t_h relatively rare')_/’ a notable exception
(b), with SRA, forM = 0.5 ancRse:= 1/2. Data acquisition and signal - being  [25]. Likewise, PWM algorithms for open-end
labels are the same as in Fig. 9. winding drives cover only open-loop VSI control [26, 27].

ideal. This is depicted in Fia. 14. where onlv one switchiThiS seems to be logical, since the number of levels and
. P 9. L% y Wachine windings configuration (star-connected or open-

transition is shown for PD PWM without and with SRA, fo&p) influence the PWM algorithm only, while FOC of

voItage_ refe_rence in zone 2. F|_g. 14a shows that, althOLi’\s;?ultiphase machines developed for two-level converters can
the gating signals are synchronized, the leg voltages ch 9€ sed without any modification. However, it seems

ﬁ;gjgvzrrznt;;rgetﬁefzg rtg ttr:f rgg3l(3atrl1rtnehgg1epl\?orﬂzn;egv\llir;c. ortant to demonstrate the performance of the considered
) P 9 ology under the closed-loop control, since that is

for a short time, to an unwanted voltage level. Fig. 1 o . S
' . -nowadays a standard approach in industrial applications.
shows that the SRA suppresses this phenomenon by shi gﬂher%ore, the impactppof the SRA on thep%ynamic

thhoe ga;'rng Sg?nzlriaﬁo I':Qﬁtc;?]est'lltlagz Ssevé':]cgroasn dr(:alciugr rformance of the drive under FOC should be evaluated.
WEVEr, a Very gl ' u : T these reasons this section discusses use of indirect rotor

pvbl&Xt;néTﬁoggrn;oglc er:garrr]fg;?;ﬁncceo;f ;TZ dPDs'r?ndth'gPto x FOC to control the speed of the five-phase induction
IS Exper Y P using chine, as discussed in [5]. As with three-phase machines,

harmonic distortion (THD) as a figure of merit: only two current componentsiq( ig) are required for

K x2 independent torque and flux control if the multiphase
THD = : — (6) machine has nearly sinusoidal magneto-motive force (MMF)
iz2 X1 distribution, as the case is here. On the other hand, the
7
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existence of drive asymmetries, finite switching frequency
and other non-ideal effects lead to the need for additianal (
y) current controllers if high efficiency is to be achieved [5].
The inverter dead-time effect can be represented as a
simple square wave [32]. This can be resolved into a set of
odd harmonics; since the fifth harmonic cannot flow in a
five-phase machine, the dominant harmonics are 'thengl
7" These harmonics appear as ac components ix-the
plane where the machine’s impedance is low, since it
consists of stator’s resistance and leakage inductance only. It
is demonstrated in [33] that the dead-time caused harmorigs 17. Low-order phase current harmonics for closed-loop current control
can be suppressed using synchronous Pl current controlltis Pl controllers, foM = 1 andM = 0.5. Harmonics are normalized with
in thex-y plane. In this case th&*and 7" harmonics appear respect to the fundamental component.
as the ¥ and 6" harmonics, respectively. However, the Pl
controllers are unable to fully compensate ac components
and require high bandwidth [34]. An alternative solution,
used here, employs a multiple reference frame structure [35,
36] using PI controllers in several synchronous reference
frames in parallelThe method is based on separate control
of the most dominant current harmonics. This solution
requires two pairs of Pl controllers, in order to suppress
and y components that correspond to th& and 7'
harmonic. The current control structure is depicted in Fig.
16. Current components labelled with iy, iz andiy; are _ o _
obtained with additional rotational transformations thafi9:- 18- Low-order harmonics for two modulatlon_mdex values with FOC
rotate the second plane with -€8and 7€ where &is rotor (closed-loop current control is used) and with open-Miip
flux space vector electrical angular speed. In this way,
obtainediys, iy, ixz andiy; are dc and almost constant, with a
small ripple that comes from switching harmonics, which
have amplitudes much lower than the origin4l @énd 7'
harmonics. It should be noted that this current control
scheme, while easy to understand, requires several
transformations and PI controllers. A less computationally
demanding solution, using resonant controllers, is given in
[37] for any phase number. However, since a five-phase
machine is considered here and only two harmonics are of
interest, the computational saving would be small [38].
The performance of the current control scheme, presented
in Fig. 16, is examined using the experimental set-up shown
in Fig. 8. The PI controller parameters are provided in the
Appendix. The PD PWM method is selected since it has
been shown to be superior to APOD (Fig. 15). The current
spectra shown in Fig. 17 demonstrate that the PD PWM with
closed-loop current control and the SRA is capable of
achieving sinusoidal currents containing negligible low order
harmonic content. Fig. 17 shows that the closed-loop current
control system effectively suppresses the dead-time induced
low order harmonics, in contrast to the open-lv@iontrol.
The dynamic performance of the FOC with the SRA isg. 19. FOC response under no-load conditions to speed reference stepping

presented in Figs. 19-21. from O rpm to 1500 rpm. Top to bottom: speed (rpargxis current
reference, actuag-axis current, normalized voltage reference, and stator

phase “1” current.

Firstly, in Fig. 19, the speed reference is stepped from
zero to 1500 rpm. As expected, thp@xis current reference
(iq*) almost immediately steps to its maximum value and
remains there until the reference speed has been met. The
measuredj-axis currentig) tracks the reference closely. The
power invariant transformation is used. This means that the

magnitude of the stator current space vector Wi||\@

greater than the RMS value. The voltage referemcean be
Fig. 16. Indirect FOC with closed-loop current control with four-level fiveseen to cross into different reference zones without any
phase open-end winding drive (power invariant transformation is usechiSCEl’nab'e impact on the dynamic performance of the drive.

8
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During the transient (at approx. 0.7 s), the reference offselNext, a speed reversal transient is examined. Fig. 20
changes from 1/6 to 1/2 and so the operating mode charsfesvs the commanded speed stepping from 1500 rpm to -
from two- to four-level. This transition leads to a change 500 rpm at = 3 s. Again, the dynamic performance of the
common mode voltage dc component, from -100V tiive is excellent with theg-axis current tracking the
100 V; however, this has no effect on the drive performanceference as expected. Lastly, the response of the drive
since the two dc sources are fully isolated. It has besuring step loading and unloading is given in Fig. 21. Once
noticed that parasitic capacitance between the VSIs’ bottagain a typical FOC response is observed with the dynamic
rails can lead to a short spikeiipduring changes iRye; performance being largely influenced by the speed PI
this effect is reduced by limiting the rate-of-change of tleentroller tuning.
reference offset, meaning that the transition of referencés the final experimental set of results, Figs. 22 and 23
offset from 1/6 to 1/2 is ramped rather than instantaneoillsstrate phase voltage waveform under FOC with and
The transition of reference offset lasts for two switchingithout use of the spike removal algorithm. They
periods. This has no impact on the FOC dynamidemonstrate that closed-loop current control alone is not
performance. capable of suppressing unwanted voltage transitions, as can
be seen from Fig. 22. Hence the SRA should be
implemented in conjunction with FOC and closed-loop
current control in both planes, in order to ensure removal of
the dead-time induced spikes, Fig. 23.

Fig. 22. Phase voltage under FOC without SRIA=(1, PD PWM).

Fig. 20. FOC response under no-load conditions for speed reversal from
1500 rpm ta51500 rpm. Traces as in Fig. 19.

Fig. 23. Phase voltage under FOC with SRAS 1, PD PWM).

VIII. CONCLUSION

The paper presents a four-level five-phase drive
constructed using two two-level inverters and a five-phase
induction machine with open-end windings. Inverter dc links
are isolated in order to eliminate the path for zero sequence
current circulation. Presented analysis shows that equal dc-
link voltages will lead to a three-level drive equivalent,
while any unequal dc-link voltage ratio will lead to a four-
level operation. Analysis of space vector distribution shows
that the dc-link voltage ratio 2:1 leads to the most
homogenous distribution of space vectors in both planes and
this ratio is therefore chosen. Two carrier based modulation
strategies (PD and APOD PWM) are developed for this drive
in conjunction with the dc-link voltage ratio 2:Tthe paper
shows that the inverter degiche can lead to the triggering
of unwanted voltage levels in the phase voltages. A simple
solution is proposed and the performance of the CBPWM
techniques is verified experimentally for the first time. It is
shown that the PD-PWM method offers better overall
performance compared to the APOD PWM.

Fig. 21. FOC response to step load application and unloading at the speed §€ dynamic performance of the drive is investigated
1500 rpm. Traces as in Fig. 19. using indirect field oriented control in conjunction with
9
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