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Abstract—Multiphase machines are often chosen due to their
enhanced fault tolerance. Six-phase ones are especially convenient
because they may be fed by off-the-shelf three-phase converters.
In particular, those with symmetrical windings offer superior
postfault capabilities. On the other hand, estimation of the stator
resistance is important for purposes such as thermal monitoring
and preserving control performance. Resistance estimation by dc-
signal injection provides low sensitivity to parameter deviations
compared with other techniques. It has previously been shown
that the dc signal can be added in the non-torque-producing (x-
y) plane of a six-phase machine to avoid the torque disturbances
that typically arise in three-phase machines. However, extending
this method to the case of an open-phase fault (OPF) is not
straightforward, because of the associated current restrictions.
This paper addresses dc-signal injection in a symmetrical six-
phase induction motor with an OPF. It is shown that, in contrast
to healthy operation, the postfault dc injection should be carefully
performed so that minimum copper loss, peak phase current
and zero-sequence braking torque are achieved. A solution that
attains optimum performance in all these aspects simultaneously
is proposed. Adapted controller and resistance estimation are
also presented. Experimental results confirm the theory.

Index Terms—Fault tolerance, multiphase drives, signal injec-
tion, six-phase machine, stator resistance, variable speed drives.
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I. INTRODUCTION

A MONG the various advantages of multiphase machines
over three-phase ones, fault tolerance is probably the

most important and widely discussed feature. Some of the typ-
ical applications where this property is exploited are those with
safety-critical requirements such as aerospace systems [1], [2],
as well as those where unscheduled maintenance is highly
undesired and difficult such as wind [1] and marine-current
turbines [3]. Specifically, the operation of multiphase drives
under open-phase faults (OPFs) has received considerable
attention [1], [4], [5]. Although a short-circuit fault may also
occur, it is commonly transformed into an OPF by applying
a remedial action [4]–[8]. Compared with other multiphase
machines, six-phase ones are especially convenient due to their
modular three-phase structure, which benefits from off-the-
shelf three-phase solutions [1], [4], [9]. Among the kinds of
six-phase stator arrangements, symmetrical layout offers better
postfault performance [8], [10], as well as simpler control and
smaller current distortion [11]. Furthermore, setting a single
neutral point rather than two also provides superior postfault
behavior [8].

On the other hand, in an ac drive it is important to track
on-line the value of the stator winding resistance, which
varies with operating conditions. This is crucial for purposes
such as thermal monitoring (to prevent overheating) [12]–[15]
and preserving the performance of control schemes such as
those that rely on the estimation of flux linkage or speed
[16]–[18]. Resistance estimation methods based on injection
of dc signals are frequently adopted instead of those based
on ac signals due to the lower sensitivity of the former to
parameter uncertainties. This is because the dc components
are not affected by aspects such as skin effect, inductances
and core losses [12]–[15], [19], [20]. A drawback of dc
injection in three-phase systems, however, is the generation
of braking torque [21] and torque ripple [13], [14], [20].
Consequently, there is a conflict between estimation accuracy
(current magnitude) and the severity of torque disturbances
[12], [20]. More advanced dc injection techniques have been
proposed for three-phase drives, where the dc component is
combined with a certain second-order harmonic to alleviate
the torque ripple [22], [23]. Nonetheless, due to simplifications
and uncertainties in the machine model, the torque pulsation
is not entirely prevented, especially during transients.
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In [13], the conventional dc injection approach without
second-order harmonic was extended to six-phase machines.
The dc current is only added to the non-torque-producing
subspace (x-y plane) of these machines. The x-y dc space
vector may be chosen with any phase angle (injection an-
gle) regardless of the machine parameters, without torque
oscillations and with no impact on the machine performance
(ideally). This angle was set in [13] so that the phase-to-phase
dc-current value, employed for the estimation, is maximized
for a given magnitude of the x-y dc space vector. Later, Sun
et al. [18] proposed a dc-based technique for estimating the
resistance of each phase of a multiphase drive with resistance
dissymmetry, but the increased complexity would not be
convenient in applications where this feature is not needed.
Even if the per-phase resistances are unequal to some extent,
it is often sufficient to estimate the overall resistance. Most
importantly, only healthy operation was considered in [13],
[18], but obtaining the resistance value is equally important in
case of OPFs [24]–[26]. Applying these estimation methods
to a faulty drive is not straightforward, since OPFs cause
coupling between machine subspaces [1], [5], [9], [10], [27],
[28]. Some current injection methods have been devised for
estimating the stator resistance in six-phase machines with
OPFs [24]–[26]. However, since these techniques introduce dc
in a rotating frame (within x-y plane), they essentially inject
ac phase current (with the aforesaid problems) instead of dc.
Moreover, space harmonics were disregarded and the study
was focused on asymmetrical six-phase permanent-magnet
synchronous machines [24]–[26].

In this paper, dc-signal injection for resistance estimation
is addressed for symmetrical six-phase induction motors with
a single neutral point under an OPF. It is shown that, unlike
in healthy drive, the x-y injection angle should be carefully
selected to optimize the postfault performance in various
aspects. Namely, the stator copper loss (SCL), peak phase
current and braking torque should be considered. The optimum
angle for simultaneous optimization of these figures of merit is
established. The control scheme and the resistance estimation
are also adapted accordingly. In fact, it is found that the
proposed injection angle also allows for certain simplifications
in this regard. The theory is confirmed by experimental results.

The rest of the paper is organized as follows. The vector
space decomposition (VSD) is reviewed in Section II. The
general procedure to obtain the dc current references under
OPF is explained in Section III. The selection of x-y injection
angles based on [13] is discussed in Section IV. In Section V,
the effects of the x-y injection angle on the drive OPF
performance are studied in depth, and the optimum values
are established. The proposed modifications in the resistance
estimation and the control scheme for dc injection are de-
scribed in Section VI. The experimental results are presented
in Section VII. Finally, Section VIII concludes the work.

II. VECTOR SPACE DECOMPOSITION (VSD)

In a symmetrical six-phase motor, the stator winding can
be considered as two three-phase sets shifted by γ = π/3 [4],
[8]. Based on the VSD, a variable u (voltage v, current i or

flux linkage λ) of the machine phases can be expressed in six
axes that are orthogonal during healthy operation [4], [27]:

[ uαβ︷ ︸︸ ︷
uα uβ

uxy︷ ︸︸ ︷
ux uy u0+ u0−

]T︸ ︷︷ ︸
uvsd

= D
[
ua ub uc ud ue uf

]T︸ ︷︷ ︸
uph

;

(1)

D =
1

3


1 cos(γ) cos(2γ) cos(3γ) cos(4γ) cos(5γ)
0 sin(γ) sin(2γ) sin(3γ) sin(4γ) sin(5γ)
1 cos(2γ) cos(4γ) cos(6γ) cos(8γ) cos(10γ)
0 sin(2γ) sin(4γ) sin(6γ) sin(8γ) sin(10γ)

1/2 1/2 1/2 1/2 1/2 1/2
1/2 −1/2 1/2 −1/2 1/2 −1/2

 .
(2)

In this manner, the variables are mapped in two planes (α-β
and x-y) and two zero sequences (0+ and 0−). The electrome-
chanical conversion through the main space harmonic only
takes place in the α-β plane. The third-order space harmonic
is associated with the 0− axis [4], [27], [29]. In absence of
asymmetries, just even harmonics of the winding function are
mapped into the x-y and 0+ subspaces, but these components
are normally negligible in induction machines, especially if the
windings are not chorded [29]. Hence, it can be assumed that
the x-y and 0+ subspaces do not involve any space harmonics
and the current through them (if any) produces just losses [27],
[29]. Consequently, the x-y current does not have any impact
on the torque, flux, speed or, through them, on the machine
stability.

III. GENERAL PROCEDURE FOR GENERATING DC
CURRENT REFERENCES UNDER OPF

In general, the dc component (denoted by overbar) of the
x-y stator current, to be injected, can be expressed as [13]

īxs = Idc cosφ; īys = Idc sinφ (3)

where Idc and φ are the modulus and phase angle, respectively,
of the dc current space vector in the x-y plane. The dc stator
currents also need to satisfy the following constraints:

(i) the α dc current is zero (no torque ripple) [13]: īαs = 0;
(ii) the β dc current is zero (no torque ripple) [13]: īβs = 0;

(iii) the 0+ dc current is zero (single isolated neutral point)
[10]: ī0+s = 0;

(iv) the current of the faulty phase ε is zero [10]: īεs = 0.

Without loss of generality (thanks to symmetry), it is
assumed that the OPF occurs in phase a (ε = a). Otherwise,
the phases may be relabeled so that the faulty phase is still
phase a, i.e., corresponding to the first one in uph in (1).

Equation (3) and constraints (i)-(iv) can be considered a set
of six equations that may be written in matrix form:

Aīvsds = A
[̄
iαs īβs īxs īys ī0+s ī0−s

]T
= B; (4)

A =


0 0 1 0 0 0
0 0 0 1 0 0
1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 1 0
1 0 1 0 1 1

 ; B =


Idc cosφ
Idc sinφ

0
0
0
0

 . (5)
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Fig. 1. Current dc components depending on the x-y injection angle φ, for
OPF in phase a. (a) VSD currents. (b) Phase currents.

The last row of A matches the first row of D−1.
Then, the dc VSD and phase currents can be obtained as

īvsds =
[̄
iαs īβs īxs īys ī0+s ī0−s

]T
= A−1B; (6)

īphs =
[̄
ias ībs īcs īds īes īfs

]T
= D−1A−1B. (7)

The possible dc components in the VSD and phase currents
are computed by (6) and (7) and they are shown normalized
by Idc in Fig. 1(a) and (b), respectively, as a function of the
x-y injection angle φ. Note that φ would usually be constant
in a given drive. The selection of φ is studied next.

IV. CHOICE OF x-y INJECTION ANGLE BASED ON [13]
In [13], the x-y injection angle φ is chosen so as to

maximize the accuracy in the estimation of the stator resistance
Rs. Thus, the method used therein to obtain the Rs estimate
R̂s is reviewed first. R̂s is calculated based on certain voltage
and current measurements, vm = ṽm + v̄m and im = ĩm + īm,
respectively, where˜denotes the ac part. To extract v̄m and īm,
it is reasonable to apply a low-pass filter and a notch filter (at
the stator fundamental frequency ωs) [13], as shown in Fig. 2.
Through a sample-and-hold (S&H) function, v̄m and īm are
sampled for an x-y injection angle of both φ (yielding v̄+m and
ī+m) and φ+ 180◦ (giving v̄−m and ī−m), denoted as φ+ and φ−.
Then, by computing v̄+m− v̄−m and ī+m− ī−m, a possible dc error
in v̄m or īm (e.g., due to offsets in the sensors or acquisition
circuit) is canceled [13]. Thus, Rs is estimated as [13]

R̂s =
v̄+m − v̄−m
ī+m − ī−m

. (8)

vm
_

im=iph1–iph2

Low-pass filter

s

Notch filter
im

S&H (8)
Rs
^

_

vm=vph1–vph2

±

vm
±

_

im
±_

Fig. 2. Rs estimation from phase-to-phase signals vm and im based on [13].
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Fig. 3. Maximum phase-to-phase dc current depending on the x-y injection
angle φ, for OPF in phase a.

TABLE I
x-y INJECTION ANGLES φ FOR PHASE a OPEN

Selected Based on [13] Proposed

φ1+ φ2+ φ1− φ2− φ′+ φ′−

13.9◦ 166.1◦ 193.9◦ 346.1◦ 90◦ 270◦

As depicted in Fig. 2, a phase-to-phase voltage and current
(subtraction between voltages/currents in two phases, ph1 and
ph2) were adopted as vm and im in [13]. Accordingly, to
provide a high accuracy, it was proposed to select φ so that
the phase-to-phase dc current (and hence voltage) is maximum
for given Idc [13].

Computing the largest phase-to-phase dc current for each φ
under OPF in phase a [based on (7) and Fig. 1(b)] yields the
curves shown in Fig. 3. From this figure, if the criterion from
[13] is employed in this case, the φ values selected would be
those marked as φ1± and φ2±, whose values are displayed in
Table I. The points labeled as φ′± are discussed later.

V. ANALYSIS OF THE EFFECTS OF THE x-y INJECTION
ANGLE ON THE DRIVE PERFORMANCE UNDER OPF

Unlike dc-signal injection in a healthy machine [13], the 0−

current ī0−s is not necessarily zero when imposing (3) under
OPF. Instead, ī0−s varies from −Idc to Idc depending on φ, as
visible in Fig. 1(a). The dc components in the phase currents
also vary to a great extent accordingly, as in Fig. 1(b). These
facts can give rise to issues such as increased SCL and peak
phase current, as well as braking torque.

A. Effect on SCL

The additional SCL due to dc injection can be computed as

J =
1

3RsI2dc

f∑
k=a

Rsī
2
ks =

1

3I2dc

f∑
k=a

ī2ks. (9)
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Fig. 4. Normalized SCL J due to dc currents depending on the x-y injection
angle φ, for OPF in phase a.

The SCL is normalized by I2dcRs, so that J is independent
from their values. The factor of 3 in (9) is due to the fact that
Idc is injected in the VSD frame while using the magnitude-
invariant VSD transform (2). The resulting normalized SCL J
as a function of φ is shown in Fig. 4 for OPF in phase a. It
can be seen that minimum J can be attained at φ′+ = 90◦ or
at φ′− = φ′+ + 180◦ = 270◦. From Fig. 1(a), this corresponds
to ī0−s = 0. Conversely, the φ values selected based on [13]
would result in nearly three times as much SCL.

B. Effect on Peak Phase Current

While the maximum allowable SCL is given in steady state
by the machine characteristics and is related to current rms, the
maximum instantaneous current is imposed by the converter
switches [2], [30]–[32]. If the stator is supplied by a balanced
fundamental current, complying with the machine SCL rating
also means that the peak-current limit of the inverter devices is
respected, provided the drive is properly designed. However,
if the phase currents are unbalanced or with more frequency
components (e.g., dc), the relation between SCL and peak
current becomes more complicated and special care should
be paid in this regard [2], [5], [30]. This is aggravated in the
presence of OPFs, because of the associated current imbalance.

The effect of dc injection on the phase-current peaks can be
indirectly evaluated by assessing the maximum absolute value
among the dc components introduced in the phase currents for
each φ, based on (7). The resulting plot is shown in Fig. 5.
From Fig. 5, the minimum of this variable, and hence the
lowest increase in the peak phase current, is achieved also for
φ′±, i.e., for the same angles that minimize the SCL. On the
contrary, φ1± and φ2± yield much higher peak current.

C. Effect on Machine Torque

In [33], a full dynamic model for asymmetrical six-phase
machines was presented, considering the dominant space har-
monics. Extending the concept to symmetrical layout and dc
current, the effect of dc injection on the torque can be studied.

When the stator is fed with a 0− zero-sequence excitation,
the dominant airgap-flux harmonic is the third. Although this
space harmonic is only coupled with one stator axis, its
effect on the rotor can be modeled by two orthogonal axes,
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Fig. 5. Maximum dc phase current depending on the x-y injection angle φ,
for OPF in phase a.

similarly to single-phase induction machines. A virtual axis
0−⊥, orthogonal to 0−, is considered in addition to 0−, for this
purpose. Then, assuming constant i0−s = ī0−s, the steady-state
rotor model may be expressed in the 0− and 0−⊥ axes asï

0
0

ò
=Rr3

ï
i0−r
i0−⊥r

ò
+ 3ωr

ï
λ0−⊥r
−λ0−r

ò
(10)ï

λ0−r
λ0−⊥r

ò
=Lr3

ï
i0−r
i0−⊥r

ò
+ Lm3

ï̄
i0−s
0

ò
(11)

where ωr is rotor speed, the subscripts r and 3 refer to the
rotor and to the third space harmonic, respectively, Lm is
magnetizing inductance, Ls = Lls + Lm and Lr = Llr + Lm

are self-inductances, and Lls and Llr are leakage inductances.
Equation (10) can be rearranged asï

λ0−r
λ0−⊥r

ò
=
−Rr3

9ω2
r

ï
0 −3ωr

3ωr 0

ò ï
i0−r
i0−⊥r

ò
. (12)

Substitution of (12) in (11) givesï
i0−r
i0−⊥r

ò
= −Lm3

ñ
Lr3 −Rr3

3ωr
Rr3

3ωr
Lr3

ô−1 ï̄
i0−s
0

ò
=

Lm3ī0−s

L2
r3 +

R2
r3

9ω2
r

ï−Lr3
Rr3

3ωr

ò
.

(13)

The zero-sequence torque is then

T0− = −9PLm3ī0−si0−⊥r = − 9P
Rr3

3ωr
L2
m3

L2
r3 +

R2
r3

9ω2
r︸ ︷︷ ︸

KT

ī20−s. (14)

where P is the number of fundamental pole pairs. Thus, a
ripple-free braking torque is delivered, depending on ī0−s and
ωr. The zero-sequence torque T0− , normalized by KTI

2
dc, is

represented as a function of φ in Fig. 6 for phase a open. As
with SCL and peak phase current, the angles φ′± are optimum
for T0− (it is canceled), whereas φ1± and φ2± are not.

VI. MODIFIED Rs ESTIMATION AND CONTROLLER FOR
DC-SIGNAL INJECTION UNDER OPF

The generation of dc current references under OPF was
addressed in Section III. Based on Section V, the x-y injection
angle for these references can be set to φ′+ or φ′− for optimum
OPF performance. Alternation between them makes it possible
to obtain v̄±m and ī±m from the inputs v̄m and īm for calculating
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Fig. 6. Zero-sequence braking torque, normalized by KTI
2
dc, depending on

the x-y injection angle φ, for OPF in phase a.
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Fig. 7. Rs estimation from v̄xys and īxys using (15) in the proposed method.

R̂s according to (8). The selection of the v̄m and īm signals is
addressed next in Section VI-A, while the control for tracking
the dc current references is described in Section VI-B.

A. Selection of v̄m and īm for Calculating R̂s

The proposed φ′± are optimum in terms of OPF drive
performance. In contrast, they yield minimum phase-to-phase
dc current in Fig. 3. This means that, if a phase-to-phase
voltage and current are used as v̄m and īm in (8) as in Fig. 2
[13], less accuracy is obtained in R̂s by using these angles
than with φ1± and φ2±. Instead of phase-to-phase values, it
is here proposed to adopt (see Fig. 7)

v̄m = v̄ys; īm = īys. (15)

Then, in absence of uncertainty, īm = Idc holds, because for
φ′± the dc space vector is completely aligned with the y axis.

Using (15) instead of phase-to-phase signals requires the
availability of several phase voltages and currents. Neverthe-
less, the current measurements are normally provided by sen-
sors installed for closed-loop control, and the output inverter
voltages vph

s can be obtained from their references vph∗
s by

non-linearity compensation (NLC) [20], as illustrated in Fig. 7.
The NLC block, implemented as in [20], compensates the
dc voltage deviation introduced by the voltage drop across
converter switches, the dead time and the turn-on/off delays,
using the information provided in the datasheet of the devices.

Since the fundamental voltage is usually much smaller in
the x-y plane than in the α-β plane or in the phase voltages,
the notch filter for v̄m may not be needed in Fig. 7, unlike in
Fig. 2. Moreover, in case of setting the ac references according
to the minimum-loss (ML) strategy [8], the y-axis fundamental

current is zero; thus, when using the proposal with the ML
strategy, the need for the notch filter is also reduced for īm.

B. Current Control for DC-Signal Injection

The control scheme for the proposed dc injection is depicted
in Fig. 8, where an asterisk denotes references, e is error, and
PWM means pulsewidth modulation. In the following, first an
option suitable for any φ [Fig. 8(a)] is explained, and then a
possible simplification for φ = φ′± [Fig. 8(b)] is presented.

The dc current references to be tracked īvsd∗s are obtained
from (4). The first four rows of (4), which are also valid for
healthy drives [10], are conditions imposed on the references
that the actual currents ivsds only satisfy if the controller
enforces it. Conversely, the actual currents obey the last two
rows of (4) at all times under OPF regardless of the control,
because they are system restrictions [constraints (iii) and (iv)].
In particular, from the last two rows of (4), an OPF in phase a
causes a coupling between the currents in three axes:

iαs + ixs + i0−s = 0. (16)

In healthy operation, if the dc voltage disturbances due
to converter non-linearities and asymmetries are neglected,
stationary-frame proportional-integral (PI) controllers in the
x-y plane are sufficient for imposing the first four rows of (4)
[10]. Under OPF, even if īxs and īys are properly controlled,
if īxs 6= 0 then īαs and ī0−s may not equal their references,
due to the coupling in (16). To solve this problem, if a PI
controller is implemented in the 0− axis, its tracking of the ī0−s
reference also ensures zero steady-state error for īαs indirectly
through (16). Thus, PI blocks can be included in the x, y and
0− axes, as illustrated in Fig. 8(a). Note that an integrator (I)
block is shown in the x-y plane instead of a PI one because
the proportional gain is already provided by a proportional-
resonant (PR) block, which is discussed shortly. The impact
of the I parts on the stability is not expected to be troublesome
as long as their gains are not set to excessively large values.

Nevertheless, since the dc current-reference space vector is
aligned with the y axis for the proposed φ = φ′±, it may be
assumed that īxs ≈ 0 and hence īαs ≈ ī0−s ≈ 0 even if an
I block is just included in the y axis. This simplification is
reflected in Fig. 8(b). The dc voltage deviations caused by
converter asymmetries and non-linearities [20] may introduce
certain dc currents in these axes, as disturbances that the
simplified controller is not able to reject completely. In any
case, these disturbances are expected to be relatively small
[20], and rejected to a good extent by the proportional parts of
the control. Furthermore, even if they were large, they would
not affect the Rs estimation based on (8) and (15), which only
depend on the y-axis components.

The ac current references ĩvsd∗s may be set based on the α-
β ones ĩ∗αβs according to the ML, maximum-torque (MT) or
full-range-minimum-loss (FRML) strategies [5], [10]. These
references can be tracked by using PR (or equivalent dual
synchronous PI) controllers in the α-β and x-y planes [see
Fig. 8(a) and (b)], while zero steady-state error for the i0−s ac
part is then obtained through (16) [28].
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Fig. 8. Control scheme for the proposed method. (a) Suitable for any φ. (b)
Possible simplification of current control for φ = φ′±.

VII. EXPERIMENTAL RESULTS

The tests are performed with a 4-pole 24-slot double-
layer symmetrical six-phase induction machine. Fully pitched
coils are used with the winding layout given in [29]. The
machine ratings are 1.1 kW, 110 V, 2.8 A, 50 Hz, 1400 r/min
and 7.5 Nm. Its main parameters (obtained as in [29]) are
Rs = 4.8 Ω, Lls1 = 10 mH, Rr1 = 2.9 Ω, Llr1 = 21 mH
and Lm1 = 284 mH, where the subscript 1 refers to the
fundamental. The machine is mechanically loaded using a
separately excited dc generator feeding a variable resistive
load. The six-phase machine is driven by two three-phase
converters based on insulated-gate bipolar transistors and with
ratings of 600 V and 20 A for the dc-link voltage and line
current, respectively. The switching frequency is 10 kHz. The
dc link is fed by a 300-V 11-A programmable dc supply. The
proposed technique is implemented in a Texas Instruments
F28379D LaunchPad. The ac current references are computed
based on the popular ML strategy [1], [5], [8], [28], with the α-
β references set by conventional indirect field-oriented control.
In a synchronous d-q frame within the α-β plane, the d- and
q-axis currents ids and iqs are set for rated rotor flux and the
required torque, respectively, with the latter being adjusted by
a PI speed controller. The measurements are provided by six
current transducers (8 A peak), a Hall-effect speed sensor, and
a Forsentek FYTD-50-5000-A torque meter. Unless otherwise
noted, the speed reference is set to 500 r/min and Idc = 1 A.
The OPF is applied in phase a.

A. Evaluation of SCL

Because of the symmetry of ī0−s and associated effects with
respect to φ [see Figs. 1(a) and 4-6], φ values between 0◦ and
90◦ are tested. The normalized SCL J due to dc current [see
(9)] is shown in Table II for several values of φ in this range.
From this table, under OPF the SCL varies to a great extent

TABLE II
EXPERIMENTAL ASSESSMENT OF THE EFFECTS OF φ

φ 0◦ 30◦ 60◦ φ′+ = 90◦

ī0−s (p.u.)∗ -1.10 -1.04 -0.63 -0.04
SCL J of dc (p.u.)† 3.58 3.02 1.84 1.08

Max. dc current (p.u.)∗ 2.21 1.94 1.70 0.96
Total peak current (p.u.)‡ 1.85 1.83 1.69 1.60
∗ Normalized by Idc (1 A).
† Normalized by 3RsI2dc [see (9)].
‡ Normalized by the machine rated peak current (4 A).

V
S

D
 c

ur
re

nt
 (

A
)

i0  s-

ixs

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

-5

-4

-3

-2

-1

0

1

2

3

4

5

i0  s+

iys

is is

_
ixs=Idc

*

(a)

P
ha

se
 c

ur
re

nt
 (

A
)

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

-8

-6

-4

-2

0

2

4

6

8

ibs ics

ias

ifs

ids

ies

(b)

Fig. 9. Experimental steady-state currents for φ = 0◦. (a) VSD currents. (b)
Phase currents.

depending on φ, in agreement with the theory. In particular, the
maximum SCL is obtained for φ = 0◦, which is close to the
angle φ1+ = 13.9◦ selected based on [13]. On the other hand,
for the proposed φ′+ the SCL is roughly three times lower
(as in Fig. 4). It can also be seen in Table II that this SCL
behavior is consistent with ī0−s, which is practically canceled
for φ′+. The fact that ī0−s is significant for φ = 0◦ (̄i∗xs = Idc)
and null for φ′+ (̄i∗ys = Idc) may also be checked visually
in Fig. 9(a) and 10(a), respectively. These figures also show
the effectiveness of the control scheme in tracking these dc
references.

B. Evaluation of Peak Phase Current

The effect of φ on the maximum instantaneous current
is assessed by two figures of merit, included in Table II:
the maximum absolute value of the dc phase currents, and
the maximum peak phase current without ignoring the ac
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Fig. 10. Experimental steady-state currents for φ = φ′+ = 90◦. (a) VSD
currents. (b) Phase currents.
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Fig. 11. Experimental setup for testing the zero-sequence braking torque
without ac stator currents.

components. The values shown in the table confirm that both
parameters are the largest for φ = 0◦, whereas they are
minimum for φ′+. This fact can also be observed in Fig. 9(b)
and 10(b). Thus, it is verified that the proposed injection angle
is also optimum in this regard, as expected from Fig. 5.

C. Evaluation of Zero-Sequence Braking Torque

Since it is hard to separate different torque components from
the total measured torque, the following experiment is done
to test the effect of ī0−s on the torque without the influence
of ac stator currents. The three terminals of each three-phase
winding set are connected in a single point. A dc supply is
placed between the two resulting points (see Fig. 11). Thus,
a zero-sequence dc current ī0−s is injected in the stator, equal
to one third of the supply current. The dc machine is used to
rotate the six-phase one with different speeds.

Based on the torque readings (see Fig. 12), curve fitting is
applied to find the 0− rotor parameters (Rr3, Llr3 and Lm3)
that minimize the error with respect to theoretical values [using
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Fig. 13. Experimental currents and speed in absence of dc injection (t <
3.22 s), dc injection with proposed φ′+ = 90◦ (t = 3.22 s to t = 10.39 s),
and with φ1+ = 13.9◦ (based on [13]) (t > 10.39 s).

(14)]. This is done for two ī0−s values. The resulting param-
eters for ī0−s = 2 A are Rr3 = 3.48 Ω, Llr3 = 20.4 mH and
Lm3 = 50.2 mH. In addition, Rr3 = 3.35 Ω, Llr3 = 14.3 mH
and Lm3 = 45.4 mH are obtained for ī0−s = 4 A.

Most importantly, it can be seen in Fig. 12 that, as predicted
from theory, a zero-sequence dc current ī0−s can produce a
very large braking torque, especially at low speed. Thus, in
order to avoid the braking torque, ī0−s should be canceled by
using the proposed φ = φ′+ [see Table II and Fig. 10(a)].

This conclusion is further confirmed by a different test,
shown in Fig. 13. The induction machine is driven again as
a motor at 500 r/min with phase a open, loaded by the dc
machine. Initially, there is no dc injection. At the time instant
t = 3.22 s, a 2-A dc current with φ′+ = 90◦ is added to the
ac ones, without causing any noticeable disturbance in the q-
axis current iqs or in the mechanical speed ωm. Conversely,
when φ is changed to φ1+ = 13.9◦ (large ī0−s) at t = 10.39 s,
the speed drops due to the braking torque and iqs is raised
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TABLE III
Rs ESTIMATION

Theoretical Rs (Ω) 4.8 6.6 8.8 10.1

Conventional “Rs mean (Ω) 4.84 6.65 8.99 10.13

method (adapted) “Rs SD (Ω) 0.308 0.044 0.084 0.074

Proposed “Rs mean (Ω) 4.79 6.72 8.93 10.05

method “Rs SD (Ω) 0.043 0.029 0.091 0.286

by the speed controller to restore the ωm value. Thus, φ′+ is
preferred.

D. Evaluation of Rs Estimation

First, the Rs estimation is tested (see Fig. 14) by applying
the proposed method before and after adding six extra 4-Ω
resistors in series with the stator phases. In each case, the dc
is injected during 10 s with φ = φ′− and then with φ = φ′+,
as explained in the theory. At the end of these two intervals,
when the filtered y-axis current and voltage settle, they are
acquired giving ī±m and v̄±m. Then, R̂s is obtained according to
Fig. 7 (without notch filters) and (8). The resulting R̂s is very
close to the actual Rs before inserting the additional resistors
[see Fig. 14(a)], and it roughly increases by the theoretical
extra resistance when it is included [see Fig. 14(b)].

The resistance is also estimated when other external resis-
tors are employed. In each case, after repeating the test 10
times, the mean and standard deviation (SD) are computed, as
summarized in Table III. The values obtained by the conven-
tional approach from Fig. 2 (based on [13]) using phase-to-
phase signals are also included in the table. Strictly speaking,
the conventional technique from [13] was not suitable for
OPFs and it relied on voltage measurements, but for the sake of
comparison it has been here adapted to this context. Namely,
φ equal to φ1+ and φ1− (see Table I and Fig. 1) is used
for phase-to-phase signal maximization, and an NLC block
[20] identical to the one used with the proposal (see Fig. 7)
is added to the scheme from Fig. 2 in order to correct the
voltage references.

Based on Table III, it can be stated that both methods are
accurate. In all scenarios, the mean values are close to the
theoretical Rs and the SDs are small. Most importantly, it
is worth remarking that, although the proposal results in less
SCL, peak current, braking torque and complexity (simpler
control, no notch filter, etc.) than the conventional approach,
the achievement of these benefits is not to the detriment of the
accuracy.

The relatively small R̂s deviations shown in Fig. 14 and
Table III can be attributed to uncertainties such as resistance
variation with temperature [12], [13], [15], cable and con-
tact resistances [20], voltage offsets due to converter non-
linearities [20] not entirely compensated by the NLC, current-
measurement errors related to the resolution of analog-to-
digital converters and gain inaccuracy, etc. In any case, as
aforesaid, the R̂s accuracy provided by the proposal is suffi-
cient.
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Fig. 14. Experimental transient response of Rs estimation. (a) Without extra
resistors (Rs = 4.8). (b) With extra 4-Ω resistors (Rs = 8.8).

VIII. CONCLUSIONS

This paper addresses the dc-signal injection for stator-
resistance estimation in symmetrical six-phase induction mo-
tors with a single neutral point under an OPF.

It is shown that, although the injection angle of the dc
space vector in the x-y plane is of little importance in healthy
operation, in a faulty drive special care should be devoted to
select it appropriately. Namely, it is concluded that setting
this angle to 90◦ or 270◦ is optimum in terms of SCL,
peak phase current and braking torque due to zero-sequence
current. Consequently, better behavior is achieved concerning
efficiency, achievable fundamental current (without damaging
inverter devices) and maximum torque. On the contrary, the
previous criterion for the choice of this angle, based on
maximization of the phase-to-phase dc signals, leads to much
worse behavior in this regard.

Thanks to the fact that the resulting dc space vector is
aligned with the y axis, the proposed injection angles also
allow to simplify the control scheme, since only one integral
controller (in a single axis) is needed. Another consequence of
these modifications is that the notch filters at the fundamental
frequency for the resistance estimation may be removed.
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All these benefits are obtained while preserving the estima-
tion accuracy of the conventional dc-injection approach for
healthy drives, based on phase-to-phase (instead of y-axis)
signals.

Enhancing the method to estimate the stator resistances of
each phase under resistance assymmetry and OPF by optimum
dc-signal injection may be addressed as future work.
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