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Control Strategies for Open-End Winding
Drives Operating in the Flux-Weakening Region

Paul SanduleséuFabien Meinguét Xavier Kestelyh, Eric Semat, Antoine Bruyéré

Abstract—This paper presents and compares control strategies
for three-phase open-end winding drives operating in the flux-
weakening region. A six-leg inverter with a single dc-link is
associated with the machine in order to use a single energy
source. With this topology, the zero-sequence circuit has to be
considered since the zero-sequence current can circulate in the
windings. Therefore, conventional over-modulation strategies are
not appropriate when the machine enters in the flux-weakening
region. A few solutions dealing with the zero-sequence circuit
have been proposed in literature. They use a modified space
vector modulation or a conventional modulation with additional
voltage limitations. The paper describes the aforementioned
strategies and then a new strategy is proposed. This new strategy
takesinto account the magnitudes and phase angles of the voltage
harmonic components. Thisyields better voltage utilization in the
dg frame. Furthermore, inverter saturation is avoided in the
zer 0-sequence frame and ther efor e zer o-sequence current control
is maintained. Three methods are implemented on a test bed
composed of a three-phase permanent-magnet synchronous
machine, a six-leg inverter and a hybrid DSP/FPGA controller.
Experimental results are presented and compared for all
strategies. A performance analysis is conducted as regards the
region of operation and the machine parameters.

Index Terms—AC machines, Current control, Fault-tolerance,
Field weakening, Harmonic components, H-bridge, Modulation
strategies, Open-end windings, Permanent magnet machines,
Space vector pulse width modulation, Variable speed drives

. INTRODUCTION

with two isolated sources that can exchange energy between
them [8].

Several converter topologies have been suggested to be
associated with three-phase open-end winding machines [9].

Independent full-bridge converters (with different sources,
DSPs, sensors and so forth) are the most appropriate as
regards fault-tolerance, but are only cost-effective for critical
applications in which failures have dramatic effects.

Topologies with two three-leg inverters are alternative
solutions to reduce the cost of the system. In case there are
two isolated sources and thus sepafatelinks, the zero-
sequence current cannot circulate. This is an advantage for the
healthy operation as current ripple and Joule losses are
reduced. Fault-tolerant capability of this topology is discussed
in [10], showing that some fault conditions can be handled by
creating an artificial neutral point with the faulty inverter, at
the expense of a phase-voltage drop of half the initial value.

On the other hand, a topology with a single dc-link has the
advantage to reduce the drive cost, while offering a good fault-
tolerant capability since the machine can be operated with two
active phases. In the latter case, the sum of the healthy phase
currents has to be different from zero in order to eliminate
torque ripple [11], [12]. This can be obtained through r@-ze
sequence path. With this topology, a control strategy for
handling the zero-sequence current in healthy operation is
required as well.

Problems associated with the zero-sequence current are
generally due to a low zero-sequence inductance and thus a
low time constant, yielding high-frequency current ripple in

PEN-END winding machines have been used in variougase a two-level modulation strategy is used. In [13], a

drive applications. Early works focused generally omnodified space-vector pulse-width modulation (SV-PWM)

fault-tolerant capability [1], [2]. Further investigationsstrategy is presented, in which the common mode voltage is
have shown other advantages, such as a reduced complegjfinated. This allows an elimination of the high-frequency

compared with multi-level inverter drives [3], increased powesero-sequence current as well, as all selected vectors have an
for the same ratings of switching components compared wighstantaneous zero-sequence voltage equal to zero. However,
the conventional star-connected topology [4], the possibility #pe zero-sequence circuit is then short-circuited and triplen
integrate a charger functionality without any additionaharmonic current components can circulate. The magnitude of
component for electric vehicles [5], [6], a method to boost thfe zero-sequence current depends on the machine parameters,
supply voltage [7] and a topology for supplying the machinge. the zero-sequence emf, inductance and stator resistance. In
some cases, this current can be large and therefore other
modulation techniques, apart from two-level PWM
! Paul Sandulescu, Fabien Meinguet, Xavier Kestelyn, and Eric Sanmail teChniqueS' need to be used as conventional three-level PWMs
with Arts et Métiers - ParisTech, L2EP, 8, Boulevard Louis XIV, 59046 LillefOr instance [14], [15], [16].

FRANCE phone:+330320621561 In case a conventional modulation technique is used, vectors
2 Antoine Bruyére is with Valeo Powertrain, 14, avenue des Béguinewith a zero-sequence voltage different from zero can be
95800 Cergy Saint-Christophe, France applied. Compared with star-connected machines, there is an
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important difference regarding inverter saturation. When six- II. DRIVE MODEL
step or quasi-six-steps strategies are applied to star-connecteg,o grive topology under study is shown in Fig. 1. The

machines, fifth- and seventh-harmonic components affect t8g1sm and inverter models are described in the following
voltages and currents [17], [18], [19], [20]. Considering a SiXsactions.

leg inverter, triplen harmonics, i.e. those associated with the
zero-sequence component, have to be considered as well. A. Open-end Winding PMSM Model
In case of inverter saturation, the magnitude of the third- Neglecting the effects of saliency and magnetic saturation,
harmonic voltage component can be larger than those of i@ model of PMSMs is given by:
fith and seventh harmonics. This, combined with a low zero-

sequence inductance, can have dramatic effects on the phase 51 _ ;a d ﬁa ff‘
currents. Consequently, inverter saturation has to be avoided. b| = Rs Io| + [Lavel 7 | Ib [ + | Eb (1)
In [22], inverter saturation is avoided by reducing the Ve e 4 E

maximum fundamental voltage available in tig reference whereV,,. are the voltages at the machine termin&lsthe
frame. stator resistangéd,,. the phase currentf.,;.] the inductance

In this paper, strategies proposed in [13], [14], [21] and [2Zhatrix and E,,. the electromotive force (emf) due to the
are first recalled. These strategies will be referred to as Zefsrmanent magnets. Neglecting emf harmonic components
space vector modulation (Z-SVM) and voltage-limited PWM)eyond the third harmonic, the emf is describedEpy, =

(VL—PWM): An analysis of expe_rimental results highlighting sin(8,) + kremssin(36, + )

the properties of both strategies is conducted. E, NN o _ o ]
Next, it is shown that the strategy proposed in [22] is bas¢d, | = QKt|5m (ee - ?) + KremsSin (3 (He - ?) + ”)

on a worst case analysis and can be substantially improves,

. 41 . 4t
Through the analysis of a waveform composed of Lsin (ee B T) + Kpemasin (3 (9‘2 _A?) + n)J
fundamental- and third-harmonic components, the importaniédiere Q is the mechanical angular velocity, is the emf
of the relative phase and magnitudes of both harmonicsd@nstant andkge,s; is the amount of third harmonic
highlighted. A new voltage limit is then calculated, yieldingcomponent with respect to the fundamental harmonic.
better voltage source inverter utilization. An implementation The electrical equations of open-end windings PMSMs
of this strategy is also proposed, which will be referred to &xpressed in the rotor reference frame are given 1by (2) after

zero-sequence harmonic detection (ZSHD) in what follows. 12

For each strategy, a calculation of the voltage limits is given _ _ 2 V2 ‘/El ‘/71
and a detailed control scheme is proposed. It has to be notegcessively applying Concordié] = \F 1 = -3
that a conventional flux-weakening strategy is applied, which 0 V3 V3
can be found in a vast body of literature [23], [24], [25], [26], 2 2
[27], [28]. | T 0
Finally, a comparison of the three strategies is performé@nd rotationa[R] = |0 cos(6,)  sin(6,)
and hints for the selection of the appropriate strategy as a _ 10 —sin(6,) cos(6.)
function of the machine parameters are given. transformations:
Val =R, |la|+|0 Ly O|=|lLs|+
v, | [0 0 Lg|*|1
e(36,)
twe —Lqlq 2)
Lalg +Yu,
In what folows, it will be considered that :
e(36,) E,
We —Lqlq = |Eq ()
/ \ Lalg + Yy, Eq
, |
= : % 'c = where L, is the zero-sequence inductantg,andL, the d-
la / and g-axis inductances respectively, the electrical angular
a ’

velocity andg, the electrical position. The zero-sequence emf
< - E, is composed of a third harmonic component and is thus a

Fig. 1. Drive topology with a single energy source, a six-leg inverter andﬂé\mCtIon 0f399 that can be expressedtaﬁz wee(399) with

three-phase PMSM with open-end windings. e(36,) = ﬁi—t k¢emssin(36,), whereN,,, is the number of
P

pole pairs. Due to the Concordia transformation, a square root
coefficient is present, as it is shown later on in Table Ill. The
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termsE, andE, depend on the value of the fundamental flu: 15
linkage due to the permanent magnéts,, the coupling
terms and possibly other harmonic components which are t
multiple of three (neglected in this approach). 05
Under the assumption of negligible saliency and neglectir
emf harmonic components beyond the third harmonic, tt
electromagnetic torque is given by: 05

Tom = pp[lpM,llq + 6(392)10] 4) A

The parameters of the PMSM under study are given in Tal s
I. It is worth noticing thatl., = L;/24 and|e(36,)| refers to 4
the peak value of(36,) in the zero-sequence frame. A weal 0 ; o 0 05
value of Ly in comparison with } value is quite common for )
3-phase electrical machine with strong mutual couplings. V, (pu) Ve P¥)
this case, b.is close to the leakage inductance. The high rat
will induce constraint on the control.

v, (pu)

‘:qg. 2. Voltage vectors in the abc space (normalized ky).\VThe grey
hexagon shows the projection of the cube in #fespace, whereas one
TABLE | : PMSM parameters diagonal of the cube (black dashed line) is oriented along the zero-sequence
‘ axis.

Parameter Value

A 3D-representation of the VSI is possible by considering
the three phase voltages of the machine. In the abc reference

R, 0.475Q frame the 27 voltage vectors are shown in Fig. 2 (values are
normalized byV,.). The voltage vectors form a cube in the
Li=L, 8.4mH abc reference frame.
The grey hexagon in Fig. 2 corresponds to the projection of
L 0.35mH the cube in thexs reference frame, obtained by applying the
Concordia transformation. In addition to the aff plane, similar
Yma 0.314 V s/rad to the case where a three-phase star-coupled machine is used,

a zero-sequence component is also present. The zero-sequence

e(3.)] 0.010V sfrad component is projected over the zero-sequence axis that is
N oriented along a diagonal of the cube.
pp 4 In what follows, values are presentecin with the voltage
values normalized by,. and currents values d}'abcmax|-
! aperman] 20.4A !

Due to the Concordia transformation, coefficients appear
when expressed ipu. These coefficients are given in Table I

B. Six-leg Inverter Modehg ) and Table Il for currents and voltages respebtive
The converter output voltage with respect to the x-phase

(x € {a, b, c}) is equal to:
+Vpe if (Sx1 AND Syx,)

TABLE Il : Per unit values of the coefficient in the abc aitteference
frames (currents)

V= 0 if (Sx1AND Sx3) (®) l(®) |labepul |lap pul ol
*=) 0 if (Sy, AND Syy)
—Vbc if (Sx, AND Sx3) [Tabemax]| sin @t 1 3/2=1.2247 0

that leads to 264 possible combinations of switching states.
From the 64 switching combinations, considering the
voltage vector that may be applied to the three independe

|Iabc,max| sin 3wet 1 0 \/§:17321

ntI'ABLE III': Per unit values of the coefficient in the abc aftfeference

phases of the machine (Y only 27 different voltage vectors frames (voltages)
appear. As in the case of the three-phase VSI, where 8 vectars
are generated by the different switching combinations angd  V,(t) [Vabe pu Ve Vo pu|

only 7 appears as different for a three-phase star-coupled
machine windings, in the case of the open-end winding ,
machine, from the 64 vectors generated by the inverter only 27 Ve S @et ! 3/2=1.2247 0

appears as different for the machine, the rest being redundant. . sin 30,¢ 1 0 J3=1.7321
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e e e | pemememem e —
[ DSP - . |FPGA|
T || Current cont |&'V*" Vo, -
N urrent control &i/* +| nay |\ I i<

: ki 3 flux-weakening —9b [Rl] b,| Modulation =14 6>
z strategy  [IVq1| [€1 |V strategy  [12]

> Cy T. 3
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VDC Iodq ee (23 | d/dt 1 LI(_I_I

!I Iee-N,'gm
! R

H oiaia [ RIC] e
1| Digital !V
filters p DC

Fig. 3. General block diagram of the control scheme

consists in the voltage limits which are different for each
strategy. Modulation strategies are briefly addressed as well.
The general control scheme is shown in Fig. 3 and differe~*

Ill. CONTROL STRATEGIES

1.5 T T T T
versions of the DSP block will be examined in this paper (Fi i /j.,\ i
5; Fig. 9 Fig. 14. The current referencg is obtained from L e L \
. . . R ~.
the torque referencd,,, by inversing (4). Assuming a 7 SeQ)
negligible contribution of the zero-sequence component to t : * * !
torque generatiorl, is given by: os / ; -
- i
- 3 ! \3/2 i
I‘; = (6) v@. 0 ! @ o 5 _i [
ke > - i
: -
wherek, is the torque constant of the electric machine onl 05 \ - : /
due to the first harmonic component of the emf. \\ * * ’/
Control and flux-weakening algorithms are handled withii 1 '\\ e
the DSP, while data acquisition, modulation strateg \ . ./" /
Concordia and rotational transformations, filtering and sign s L e |
conditioning are deported on the FPGA. T2 a5 a1 05 o 05 1 15 2
Three control strategies are presented in the followir v, (kY

§ectlons, focusmg On_ the_ Cu_rrent control. An 'dentlc%g. 4. Projections of the voltage vectors on to défeplane. The outer
integrator-based solution is implemented for all fluxtexagon is the projection of the cube, whereas the inner hexagon (black

weakening strategies [24]. However, an important differencishdot line) is the surface delimited by vectors having a zero-sequence
voltage component equal to zero.

A Vq
0,rms *
rms \A \oltage
value

limitaton [————*

10

Fig. 5. Control block diagram for the strategy based on voltage vectors having a zero-sequapoeerd equal to zero (Z-SVM).
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CH1

A. Zero Space-Vector Modulatiq#-SVM)

Basics of the Zero-SVM are presented in [13], whereas
implementation details for FPGA are discussed in [14]. The
strategy consists in selecting vectors having an instantaneous
zero-sequence voltage component equal to zero. Among these
vectors, six form a hexagon in tlag? plane defined by, =
0, asdepicted in Fig. 4, dashdotted hexagon. Using these six
vectors and zero vectors, a conventional SVM can be
implemented. Tie abc @A) voltage limit is equal to Ju o
(\/3/2pu) in case of linear modulation, whereas this value A T VR T it 7 S0V
can be increased in case six-step or quasi-six step strategies Sl
are used. In what follows, only linear modulations aréig. 6. Waveforms of one phase current (CH1) and of the sum of the phase
presented for the sake of comparison between the Strategiesc.“”e”ts_ (CH2) for the Zero Space Vector Modulation strategy (Z-SVM). The

. . . conversion factor is 1V equals 1A.

With this strategy), is equal to zero and therefore, from

Max
—
Y
w CH1
Ivin
-256Y
CH2
Pl
T80
CH2

J Piin
/ =136V

Tek JL. M Pos: 00005 MESURES
s £ 3
I
I

2):
2) lo= LUy +1,+1,) (11)
o = =2 (7) v
0 ™ Rg+sLo Fig. 6 shows three interesting properties of this control
Hence, the zero-sequence current only depends on fHEA€Qy: _ ) ) o
machine parameters. 1. the high-frequency current ripple is very low. This is
The control block diagram associated with this strategy is due to the elimination of the instantaneous zero-
given in Fig. 5. sequence voltage component and a large value of the
First, the g-axis current reference is saturated according to a _ da-axis inductance for this machine.
maximum Joule losses criterion: 2. the RMS value of the zero-sequence current can be

high, (depends on the machine parameters). In this

[ =\/(1*)2 U2 =12 ) case, the ratio of Joule losses compared with the

q a d 0rms fundamental component is equal to 10%.

3. the peak value of the phase current can be very large
(depends on the relative phase between the third-

where I;* denotes the saturated g-axis refererigeis the
output of the flux-weakening pontroller, which is chosen as an harmonic and the fundamental components). In this
integrator with gainy. The difference between the voltage case, the peak amplitude increases of about 31%.
limitation V1.5V,c and the magnitude of thelq voltage Consequently, although the high-frequency zero-sequence
references i; and V) is integrated and yield$;. The cyrrent is eliminated, the third-harmonic component is still
integrator output is limited between O anély,.,... The responsible for additional Joule losses (both inverter and
voltage references are also saturated according to the voltaggchine losses), IGBT and heat sink oversizing, magnetic

limitation: saturation and increase of iron losses in the machine.
Furthermore, torque ripple due to the zero-sequence current
Via| < \EVDC (9) can appear as well.
Additional experimental results are presented in Fig. 7. The
W|th V;; the modu'us Of the Saturated V0|tage references test ShOWS the maChine Starting at t|me t=0s and W|th a 100rad

s? acceleratiomaintained throughout 2.5 seconds. The torque
_ reference is such thl=25A.

Experimental results of the proposed strategy are shown ingig. 7(a) shows the 0dq currents. Initially, all currents are
Fig. 6. The test has been conductedhwit,=215 rad S, ¢lgse to their reference, i.5=25A, 1,=0A andl, is low. The
Vpc=200V, I;=25A and a PWM frequency equal to 10kHzyy cyrrents have a sixth-harmonic component due to
For this operating point, the machine is operated in the fluxyditional induced voltages. The zero-sequence current is

(phase is kept constant).

weakening region and the currents are such/fhal8A, I3=-  primarily composed of a third-harmonic component.
16A andl, ,,s=7.68A. A verification of the current limitation ~ The drive enters the flux-weakening region at time t=1.7s.
is obtained through the following calculation: As the machine was operated at rated torque, the current
limitation immediately applies. From t=1.7s until t=2.5s, the
12 + 12 +Igms =\E|1abmax| = 25A (10) d-axis current becomes negative in order to maintain the

voltage reference under the voltage limitation. It is interesting
The plot shows one phase current (CH1) and the sum of t@eobserve that the zero-sequence current increases in the flux
phase currents (CH2), which is related to the zero-sequeng@akening region. This is due to magnetic saturation that
current through the Concordia transformation as follows: ~ decreases the value of the zero-sequence inductance.
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Fig. 7. Experimental results of the flux-weakening strategy with the zero Space Vector Modulation (ZapS¥ichronous currents; b) Mechanical speed; c)
DC-link voltage andiq voltage references; @)C-link voltage andiqg voltage references (zoom).

Saturated voltage references are shown in Fig. 7(c) and (adference different from zero are evaluated. The modulation
which indicate that the magnitude of tthgvoltage references strategy that is used is referred to as “three-level simple

are equal ta/1.5 puin the flux-weakening region. modulation” in [14].
In case any of the 27 voltage vectors can be used, the

B. Conventional Modulation with an Additional Voltage voltage references have to be kept inside the cube (see Fig. 2).
Limitation (VL-PWM) New voltage limitations have to be defined in this case, as

In the previous section, it was shown that it might blustrated in Fig. 8. L _

interesting to select voltage vectors which have an Considering a voltage vectdy with a given zero-sequence
instantaneous zero-sequence component different from zetomponentV;, the closest surface delimiting the cube is
The objective is to eliminate the third-harmonic currenéhown in Fig. 8. The projection df gives the maximum
component. Obviously, it is not possible to eliminate both thsomponent available along theaxis. For an absolute value of
third-harmonic current component (due to the machine emfje zero-sequence component ranging from @3opu, the
and the high-frequency current ripple (due to the invertggtage limit is a straight line passing through points A and B.
voltage). In this section, effects of a zero-sequence voltage
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The equation of the straight line passing through theseUnder the assumption of a single harmonic component in
points A and B is given hy:

Eq. (12) is consistent with the voltage limitation proposed

in [19].

V2pu

AB :

Va = E

3

Vo
A3

[pu]

A
/
e
0
/
Vo
J3/2 pu AR
&K = N .
lpu /7 . Vs
7 )/
// VN B
#/3pu a
»

(12)

the zero-sequence circuit, the maximum value of dae
voltage references can be expressed as:

Vagmax= \/g —Vorms  [pul 13)
Hence, a zero-sequence voltage component different from
zero affects the maximum voltage available indheeference
frame.

The corresponding control block diagram is shown in Fig.
9. The zero-sequence current is now controlled, in a similar
way compared with theq currents, i.e. through a PI controller
and emf compensation (feed-forward). The zero-sequence
voltage referenc&; passes through a RMS calculation block,
whose output is used to calculate the voltage limitation (13).

The g-axis current reference is still saturated according to
(8).

Obviously, V4qmax 1S NOw used to saturate the voltage
reference. Hence, (9) becomes:

3
< \/;VDC - VO*,RMS

Experimental results of the proposed strategy are shown in
Fig. 10. The test has been conducted in the same conditions as
for Fig. 6, i.e. withw,,=215 rad 8, V=200V, [;=25A and a
PWM frequency equal to 10kHz.

ok
Vaq

(14)

limitation

il ’
;=0 4. N A :
——( s p—() "
+ + a)ei ':
3, £ VYoums [rms :
RS - value I
1
+yV !
1 dq,mpx . . 1
A E e BN (VA RS YA |
1
g " 1
Vi Ve |
19 =
|; \VA 1
- + d \oltage 1
0—»@—» Pl 4:-0 > —»

+

+

Fig. 9. Control block diagram for the strategy with a conventional modulation and additional Vatiaggons accounting for the zero-sequence voltage (VL-

PWM)

For this operating point, the machine is operated in the flux 2.

weakening region and the currents are such Rjiatl7.4A,
1;=-17.9A andly ,s=1.5A.
The properties of this strategy are:

1. the high-frequency current ripple is larger than the

the value of the zero-sequence current can be high,
(depends on the machine parameters), but primarily
because of the high-frequency current ripple. The
increase in Joule losses due to the third-harmonic
component is negligible.

ripple of the Z-SVM, but acceptable for the machine 3. the peak value of the phase current can be large
under study.

(depends on the zero-sequence inductance). In this
case, the peak amplitude increases of about 24%.
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Tek M. 5 R Additional experimental results are presented in Fig. 11
: Max The test shows the machine starting at time t=0s and with a
\Zg% 100rad & accelerationrmaintained throughout 2.5 seconds.
M The torque reference is such tiat25A.
G The drive enters the flux-weakening region at time t=1.7s.

Mas A main difference compared with the Z-SVM is the control
over the zero-sequence current, which is close to zero in the
flux-weakening region.

The other major difference is the voltage limitation (see Fig.
11(c) and (d). As the zero-sequence voltage reference is
CHI 009 = 20 00 M T60ms Ext. 7 960V different from zero, the maximurdq voltage decrease#t

SRS R LT w,,=250 rad & the maximum voltage is about 5% lower. This
Fig. 10. Waveforms of one phase current (CH1) and of the sum of the phdz@s an effect on the flux-weakening algorithm which requires
currents (CH2) for the conventio_nal modullation and an additional voltagg Iarger d-axis current (absolute value) in order to fulfill the
limitation (VL-PWM). The conversion factor is 1V equals 1A.
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Fig. 11. Experimental results of the flux-weakening strategy with a conventional modulation and an addditage limitation (VL-PWM): a) Synchronous
currents; b) Mechanical speed;-link voltage and dq voltage referencesPd}-link voltage andiq voltage references (zoom).
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voltage constraint (14). illustrates a waveform composed of fundamental and third-
harmonic components. The maximum value/,pfs equal to
C. New Strategy Accounting for the Phase anéne. For the chosen set of parameters, ke= 1.035,
Amplitude of the Zero-Sequence Harmonic Component, = 0.1 and ¢,, = —m/4, itis shown that the fundamental

(ZSHD) value is larger than the DC-link voltage

In the previous section, it was shown that voltage vectors As mentioned in the introduction section, an objective of
that have a zero-sequence component different from zero haive control strategy is to prevent inverter saturation, which can
reducedef components. Actually, Fig. 8 shows the projectioflead to large zero-sequence currents as the zero-sequence
of a voltage vector which yields a worst case analysis. Theductance can be very low. Therefore, the zero-sequence
derived equation (12) is obtained by considering that botloltage calculated by the controller has to be applied to the
maxima are obtained simultaneously, i.e. that the maximumachine and the problem consists thus in calculating the
values ofl/, and of/, occur at the same time. maximum fundamental atq voltage limit.

Therefore, the problem is reduced to determinipgthat
fulfills (16) whenV, = 1 and for givenk, and¢1’3. Although

the problem seems simple, the solution given by symbolic
math software is rather complex and is not appropriate for a
real-time implementation. For the proposed implementation,
the calculation is performed offline and a lookup table with
two inputs f; and¢1,3) and one outputk() is generated. This
relation is shown in Fig. 13, which depicts the maximum
fundamental voltagé; as a function of the third-harmonic
o 1 2 3 4 s 6 componentt; and for various relative phas¢§3. The figure

0 highlights that the relative phase has an important

Fig. 12.  Waveform composed of fundamental and third-harmonigontribution. For example, in cadg=0.18, relative phases

components (solid black line), its fundamental-harmonic component _ — ; — —
(dashdotted red line) and its third harmonic component (dotted blue Iing').qual to ¢1,3_O and ¢1,3_Tc yield k,=1.15 and k,=0.82

Ve [PU]

ki=1.035, k=0.1 andg, =-w4. respectively, i.e. a difference of about 40%. It is interesting to
note that the worst case of section IIl.B. corresponds to the
13 =0 case¢1’3:n (straight line).
3 Fig. 14 shows the control block diagram associated with the
12| = by = proposed control strategy. The major difference compared
mEEE gy 3= 2 — with the scheme of Fig. 9 is the phase and envelope detector
Ll e g o= - which allows the optimal fundamental voltage to be
S -ﬂ“;{‘__,__/;/__ ——— i o, calculated. This block is further described in Fig. 15.
O L LET T e — The saturated voltage referendgs and ;™ are used to
-.-.___.. "ua T treraa., calculate the phase angle of the fundamental component,
0.9 Mre. o e which is multiplied by three to be consistent with the phase
= S, angle of the third-harmonic component.
08 AL The processing is a little more complex as regards the zero-

0 002 004 006 008 i'l 012 014 016 018 02 sequence component. A quadrature-signal generator (QSG)
3

: o : . e ;
Fig. 13. Maximum value of the fundamental compongrdaska function of which generates a 90°-lagging signal is first apop"e‘?' to the
the amplitude &for different relative phasas s zero-sequence voltage reference [12P]. Two 90°-shifted

signals with pulsation equal tau3 are thus obtained, i.&; ,

A further analysis is presented in this section. The almd Vog- These signals are then transformed into constant
reference frame gives a good representation of the problernstgna|s by applying a rotation matrix with rotation angle
be solved as the voltage limit can be simply expressed as:  equal to 8,. Finally, the constant valuég, andV,, are used

[Vabepu| < 1 [pu] (15) to calculate the phase angle of the third-harmonic component

¢, and its magnitudés;. The difference between both phase
8%%Ie3¢1‘3 is then calculated.

From ¢, , andk,, the lookup table allowg; to be found.
This coefficient multiplies the DC-link voltage to determine
Vo = kysinwt + kg sin (3wt + ¢1,3) (16)  the maximumdqg fundamental voltag&,,; mq,. An additional

éc_)wpass filter (not represented in the figure) is required to

wherek,, k5 are the magnitudes of the fundamental and thir ) ) ; -
L ) . avoid an algebraic loop involving the saturated voltage outputs
harmonic components respectively, wherggs is the phase v andy
; f Aa

displacement between these harmonics, the fundamental
component being the absolute phase reference. Fig. 12

Assuming only voltage fundamental- and third-harmoni
components, the voltage of phase a can be expressed
follows:
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Fig. 14. Control block diagram for the strategy accounting for the amplitude and phase of the zero-sequence voltage (ZSHD)

Experimental results of the proposed strategy are shownTihe waveform is similar to the waveform shown in Fig. 10.
Fig. 16. The test has been conducted in the same conditionglasvever, a difference is noticeable regarding the values of the
for Fig. 6 and Fig. 10, i.e. witw,,=215 rad 8, V=200V, - and d-axis currents (see section IV for a comparison
1;=25A and a PWM frequency equal to 10 kHz. For thibetween the strategies).
operating point, the machine is operated in the flux weakeni

i * 1 z .
region and the currents are such that19.4A, [;=-15.9A 0 Vo env y-“.—-
and/; ,ms=1.5A. =
g o m————
2 ofSmes—eemm T
Vd**—> ¢1 + ¢l,3 VON\——-
v atan 0.1 L y
qa > 0 0.5 1 15 2 2.5 3
Time [s]
a)
. > B atan
Vo' —{ QSG R ks :
Q o| Fod | lnypot - 13 5]
Vos Vog o
<
Fig. 15. Zero-sequence relative phase and envelope detection.
O 13 13 b 13 13
Tek  JL 3 M Pos: 0.000s MESURES 0 0.5 1 15 2 2.5 3
. CH1
; Time [s]
M3
4 L
N CH1 b)
‘ Min Fig. 17. Experimental results of the zero-sequence detection for a speed ramp
258 at maximum torque: a) Zero-sequence voltage and its envelope signal; b)
CHe Phase difference between the fundamental and the third-harmonic.

Mazx
15.2¥

Ch2 Fig. 17 illustrates the zero-sequence harmonic detection for

180V a test where the machine starts rotating at time t=0s with a 100

o rads® acceleration lasting for 2.5 seconds (see speed profile in
ool i Aicie Fig. 18(b)). The torque reference is such jal5A. Fig. 17
CH1 100¥  CH2 100V M 1.00ms Ext. / 360mY

is associated with Fig. 18 showing the Oclgrents, speed
profile anddq voltage references.

Fig. 16. Waveforms of one phase current (CH1) and of the sum of the phaseFig_ 17 (a) shows the zero-sequence voltage reference and
currents (CH2) for a conventional modulation and the strategy accounting fi

r . . o
the phase and amplitude of the third harmonic component. The conversfgﬁ enve|0pe obtained tthUQh the scheme of Fig. 15. In|t|aIIy,
factor is 1V equalgA. the zero-sequence emf is low. However, the PI controller

injects a zero-sequence voltage different from zero. The origin

2-0ct-12 1816 34.1843H:
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of this voltage is the compensation of the non-linearity due tl inductances designed to be operated in a large constant-
the inverter voltage drops and dead-time. The sanp®wer region.
phenomenon has been identified in simulations. Fig. 17(b) shows the relative phase between the fundamental
The zero-sequence emf becomes the largest component-third harmonic components. Initially constant, the phase
when the speed increases. The value is approximately equashifts from 180° when the zero-sequence voltage crosses zero
0.02pu when the machine enters the flux-weakening region at time t=0.7s. The relative phase is approximately constant
time t=1.7s. It is worth noticing that the zero-sequence voltagéhen the speed increases at rated torque. The phase changes
still increases in the flux-weakening region (up to 7.5%Jowever significantly when the machine enters the flux
while the dgcomponents are maintained approximatelyveakening region. The phase is approximately equal to 2 rad
constant. Therefore, even machines with a low zero-sequer(t&5°) atw,,=170 rad & and ends equal to 0.8 rad (45°) at
emf can present a significant amount of zero-sequence voltagge=250 rad 3, i.e. a difference of 70°, which is primarily due
in the flux-weakening region, for instance machines with large a change of theg-axis voltage references.
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Fig. 18. Experimental results of the flux-weakening strategy with a conventional modulation and the proposed (s&atesgguence harmonic detection,
ZSHD): a) Synchronous currents; b) Mechanical speed)€}link voltage andiq voltage references; d) DC-link voltage afgivoltage references (zoom).
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Regarding the voltage limitations, Fig. 18(d) shows thdbsses. These losses depend on the machine parameters as
Vagmax 1S larger than 1.22pu, i.e. that the maximum well, as the zero-sequence short-circuit current depends
fundamental component is larger than the DC-link voltagepproximately on the rati@(36,)|/Lo.

The experimental value obtained with),=250 rad & is 2.4% The electric machine parameters have thus an important
larger than the DC-link voltage. This value is equivalent to thigpact on the different strategies. This is summarized in Table
coefficient k, that can be found in Fig. 13 with, = IV, which can be used as a qualitative tool to select the
VO,env/‘/§ — 0075 _ 4 943 and¢1’3 —T_08. appropriate strategy as a function of the machine parameters.

171 . . Multiple strategies can also be embedded in the controller with
Compared with Fig. 11(d), there is thus a maximum V0|ta%

increase of 2.4% instead of A decrease of 5% appropriate switching from one strategy to another in

function of the operating conditions.

et ®
\\ 1 - . -
0.9 |
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'2 0.4 _1 I E r E
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o
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" +qu,max =k, V1.5 Vo (proposed strategy) Time [s]
. -6 Vgamax =15 Vpe - Vopys (Voltage limitation) . : a) :
. =V g max = V15 V. (Z-SVM) |
100 150 200 250
Mechanical speed (rad s'l) E
Fig. 19. Comparison of the torque vs speed curve for the strategies un :“‘ 0
study.
IV. COMPARISON OF THE CONTROL STRATEGIES K — 1 15 ) e .
Fig. 19 compares the three strategies as regards the tor Time [s]
versus speed characteristic for the machine under study. It b)

shows that the proposed strategy (ZSHD) has superiorrig. 20. Comparison of the voltage references for two strategies: a)
performances in terms of maximum torque and thus efficiendypltage-limited strategy (VL-PWM); b) Zero-sequence harmonic = detection
in the flux-weakening region, followed by the Z-SVM and thé&trategy (ZSHD).
voltage-limited PWM (VL-PWM).

The performance of the ZSHD strategy compared with the
voltage-limited strategy is simple to be analyzed. In Fig. 20 a) This paper has presented three different control strategies
and b), theabc voltage references are shown for botlfor open-end winding drives operated in the flux-weakening
strategies, corresponding to the tests presented in Fig. 11 &gion. The topology under study has the particularity to have
Fig. 18 respectively. The voltage references for the voltagme single energy source; therefore a zero-sequence path
limited strategy are lower than the maximum values equal é&xists and this has to be accounted for in the control loops.
+/-1. This is due to the strategy which considered a worst caseThe first method consists in modifying the modulation
for the voltage limitation. This problem is addressed in thstrategy to eliminate zero-sequence high-frequency current
proposed implementation by taking into account the relativipple. However, triplen harmonics appear and it is shown that
phase and magnitude of the zero-sequence componeghgir effect can be worse than the effect of high-frequency
yielding a better use of the DC-link voltage (see Fig. 20 b)). current ripple.

Compared with the Z-SVM, the superiority of the proposed Consequently, a second strategy is presented. A
ZSHD strategy is due to two factors. First, the zero-sequengenventional modulation is used, and triplen harmonics are
voltage allows an increase of the fundamental componestiminated by the control loop. The worst case analysis is
Although this is a well-known property for star-connectegresented to show that the maximulny voltage has to be
machines, the constraint on the zero-sequence current is stefuced in function of the zero-sequence voltage. This simple
that the gain depends on the machine parameters, primarily &malysis gives good results but proved not to be optimal.
zero-sequence emf but also thy inductances, which  Finally, a third strategy is proposed. Although similar to the
influence the phase of the voltage fundamental componesécond, this strategy takes into account the phase and
Next, the zero-sequence current can be significant using thendagnitude of the third-harmonic component to determine the
SVM strategy. As the Joule losses are accounted in theaximum dg voltage. This yields a better utilization of the
saturation of the g-axis current reference, the maximum torgDe-link voltage while preventing inverter saturation of the
is reduced when the machine is operated at maximum Jogéo-sequence circuit.

V. CONCLUSION
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TABLE IV : Qualitative evaluation of the three strategies under study.

Z-SVM VL-PWM ZSHD

Comments

Ly < ++

High-frequency zero-sequence current ripple is eliminated with
SVM and can be problematic for conventional modulation
strategies (peak currents, losses,...)

++ ++

le(36)1/Lo >

Low-frequency zero-sequence current ripple is eliminated with
PWM and ZSHD and can be problematic with Z-SVM (peak

currents, losses, torque ripple,...)

le(36.) » --[++

maximum dq voltage in the flux weakening region, while larg
values can reduce or increase the maximum dq voltage for Z

The benefits/drawbacks for the Z-SVM depend.gn
For the VL-PWM, large values ¢&(36,)| will reduce the

(depend on parameters and operating conditions).

Common mode

Lo ++
voltage elimination

This is an inherent property of the Z-SVM that other method

cannot achieve.

associated with a six-leg inverter have been presented and it is

Finally, a comparison showed that the proposed strategy Héls B.A. Welchko, J.M. Nagashima, G.S. Smith, S. Chakrabarti, M. Perisic,
superior performances for the machine under study. However,
the performances are strongly dependent on the mach'tg]e
parameters, as discussed throughout the paper.

The problems arising when an open-end winding

is

shown that several solutions are available. Modifications @fy;
the modulation strategy are possible, but an appropriate

machine design
performances.

weakening strategy to multiphase machines.

is also mandatory to obtain bett

Future research will be directed to extend the proposed fl

er

B

For these

machines, the determination of the voltage and current limifs]
for each harmonic component is yet to solve.
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