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Abstract—Six-phase induction motor (6PIM) drives offer
enhanced fault tolerance and reduced per-phase ratings.
Hysteresis current control (HCC) is attractive for 6PIMs
because it is simple, robust and fast. HCC is convention-
ally implemented so that each leg voltage is directly set
based on the respective phase-current error. However, this
approach does not consider that, in multiphase drives,
phase voltages and currents are related through a com-
bination of equivalent impedances corresponding to vari-
ous subspaces. In general, there is a notable dissimilarity
between these impedances, being typically small for sec-
ondary (xy) subspaces. This can cause large current dis-
tortion and poor reference tracking. This article proposes
an improved HCC for 6PIM drives. Instead of directly in-
putting the per-phase current error to the hysteresis com-
parator and directly applying the switching states chosen
by it, the input and output components associated with
different subspaces are segregated. The input and output
xy components are nullified in open loop so that the xy
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impedance no longer affects the HCC behavior, even if low.
This prevents the disrupting xy currents, ensures effective
tracking of the torque/flux-producing αβ reference current,
and enables reconfiguration-less fault tolerance. Experi-
ments using 6PIMs with different winding configurations
corroborate the significant advantages of the proposal.

Index Terms—Current control, hysteresis control, multi-
phase motor drives, six-phase machines, winding configu-
rations.

I. INTRODUCTION

THE interest in control techniques of multiphase drives can
be traced back to several decades ago [1], [2]. Thanks to the

rapid development of electric drives, multiphase machines have
acquired a remarkable potential in many applications, such as
electric vehicles, aircraft, and wind/marine turbines [3]. Multi-
phase drives offer important benefits, such as reduced rating for
the switching devices and enhanced fault-tolerant capability [3].
To attain these features with high current quality and efficiency,
a proper current control should be adopted. The existing control
methods can be classified into two main groups: controllers
based on pulsewidth modulation and direct controllers [4], [5],
[6]. A typical example of the former is the field-oriented con-
trol (FOC) strategy using linear proportional-integral (PI) or
proportional-resonant current control [7], [8], [9]. This option
can provide a good current tracking with low total harmonic
distortion (THD) [8], [9]. On the other hand, direct controllers
exhibit advantages such as better dynamic response [4], [8], [10],
[11] and the ability to easily handle nonlinear system constraints
without windup problems [10], [11]. Hysteresis current control
(HCC) [9], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], model predictive current control (PCC) [5], [6],
[8], [24], [25], [26], [27], [28], and direct torque control [4]
are some of the commonly used direct controllers [11]. HCC is
arguably the simplest type of direct controller due to its easier
implementation and the fact that it does not require any observer,
parameter identification, prediction stage, or tuning of weighing
factors [29], [30], [31]. Moreover, the independence from system
parameters also allows high robustness [30], [31].
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HCC was originally applied to three-phase drives based on
FOC, and it was later extended to multiphase ones [12], where it
soon became popular due to the aforesaid advantages [9], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23]. The
conventional HCC for multiphase drives uses the phase-current
error as input, not the error expressed in the so-called vector-
space-decomposition (VSD) subspaces, the latter of which is
often adopted for other kinds of controllers [11]. This is true
for HCC even in some cases where the current references are
generated in the VSD subspaces, which can be convenient, e.g.,
if the torque is regulated through the synchronous dq currents
within the VSD fundamental (αβ) plane [9], [12], [14], [22] or
if the current constraints due to open-phase faults are expressed
in these coordinates [9]. With this approach, after the current
references are generated, they are transformed into their phase
quantities using the inverse VSD transform. Subsequently, they
are compared with the measured currents, and then the resulting
per-phase errors are fed to the HCC to generate the switch
firing signals [9], [23], similarly to the conventional three-phase
HCC. There are also other publications in which the current
references are obtained from the torque reference and position
directly in phase coordinates, so that no VSD transformation is
required before the per-phase HCC [15], [17], [19], [20], [21].
The existing literature has shown that the HCC may be used
in many different conditions, including open-phase faults [9],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], ei-
ther induction [9], [12], [23] or permanent-magnet synchronous
machines (PMSMs) [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], different types of stator winding distribution [18]
or stator phase connections [19], [20], nonsinusoidal current
references [13], [14], [15], [17], [19], [20], [21], or various phase
numbers such as five [9], [12], [13], [14], [15], [17], [18], [19],
[20], [21], six [22], nine [23], or 15 [16].

However, HCC is known to cause substantial current ripple
in multiphase drives [9]. To the authors’ knowledge, barely
any solutions have been proposed to mitigate this disadvantage
of the HCC in multiphase machines. In fact, in most of the
publications using HCC for multiphase drives, no improvements
or modifications are applied to the HCC, and it is just used as
a tool to validate contributions on other aspects (e.g., current
references). In [22], a technique that overcomes the problem
of variable switching frequency of the conventional HCC is
presented for a PMSM with an asymmetrical six-phase (A6)
winding. With this method [22], fixed switching frequency is
obtained and the current distortion is attenuated, but dependence
on several parameters is introduced.

Customarily, HCC is conceived under the implicit assumption
that the voltage of each phase is just related to the current
of the corresponding phase, through a simple first-order linear
equation [22], without considering the impedance mismatch that
may exist between different VSD subspaces. This simplification
is related to the aforementioned facts that the phase-current
error is directly used as input of the HCC and that the HCC
directly sets the corresponding leg voltage. However, in prac-
tice, the impedance of each subspace depends on the winding
design, which can yield a notable discrepancy between the
machine equivalent parameters of the various subspaces [25].

In particular, the impedance in the secondary (xy) subspaces
is normally very small [1]. Increasing it by special winding
distributions (e.g., chording) could mean making the leakage
inductances greater (reducing the achievable torque) [25] or
introducing undesired flux harmonics (e.g., even-order ones for
chorded symmetrical winding) [32]. It is known that the low xy
impedance tends to give rise to large xy currents, e.g., when us-
ing PCC [6], [25]. This could also help explain the large current
distortion reported for HCC in multiphase drives in previous
publications [9]. Nonetheless, since the subspace impedance
dissimilarity violates the aforesaid underlying assumption of
HCC, it may not only affect the current ripple magnitude but also
disturb the proper simultaneous tracking of the fundamental- and
secondary-subspace current components, even if the references
for the latter are set to zero. In the literature, there is no practical
solution to control each VSD subspace separately using HCC,
which can be especially important when there is a significant
mismatch between the subspace impedances. Very recently, a
hybrid HCC-PCC method using VSD has been presented [33],
but it relies on the knowledge of the machine parameters, con-
versely to pure HCC.

In this context, this article proposes a novel technique
to enhance the performance of HCC for six-phase induc-
tion motors (6PIMs). The subspace components of the HCC
inputs and outputs are decomposed and they are suitably
handled so that the xy equivalent circuit is removed from
the plant model seen by the HCC, to avoid its trou-
blesome effects. In particular, the inverter voltage vec-
tor (VV) is selected so that it is close to the hystere-
sis original output but without exciting the xy plane.
The xy components of the input current error are also discarded,
preventing their disruptive impact. Consequently, the current
distortion and reference tracking are greatly improved. More-
over, in the case of an open-phase fault, the fact that the HCC
does not act on the xy plane permits the xy currents to naturally
adapt to the postfault constraints, providing reconfiguration-
less tolerance. The proposed method does not require the
knowledge of any system parameters. 6PIMs with different
winding layouts are employed to experimentally validate the
proposed HCC under healthy conditions and single open-
phase faults. Extensive comparison with other controllers is
included.

The rest of this article is organized as follows. The machine
modeling and the mapping of the inverter VVs are described
in Section II. The proposed HCC is presented in Section III.
The experimental results are discussed in Section IV. Finally,
Section V concludes this article.

II. VSD MODEL OF A 6PIM DRIVE

A model is given next for 6PIMs with two three-phase
winding sets. As shown in Fig. 1, these two sets have an
angle δ between them, which is π/3 and π/6 for symmet-
rical six-phase (S6) and A6, respectively [34]. Furthermore,
the VSD mapping of the inverter VVs is discussed for S6
and A6. The 6PIM is assumed to have two isolated neutral
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Fig. 1. Layout of six-phase winding configurations with arbitrary angle
δ.

points, which is convenient to avoid zero-sequence circulating
currents.

A. 6PIM Modeling

The VSD transform for each winding type (δ value) is as
follows [34]:

T =

1

3

⎡
⎢⎢⎢⎢⎢⎢⎣

1 c (γ) c (2γ) c (δ) c (δ + γ) c (δ + 2γ)
0 s (γ) s (2γ) s (δ) s (δ + γ) s (δ + 2γ)
1 c (2γ) c (γ) −c (δ) −c (δ + γ) −c (δ + 2γ)
0 s (2γ) s (γ) s (δ) s (δ + γ) s (δ + 2γ)
1 1 1 0 0 0
0 0 0 1 1 1

⎤
⎥⎥⎥⎥⎥⎥⎦

(1)

where c and s are cosine and sine, respectively, and γ = 2π/3.
Then, an array Ua1-c2

formed by the phase components a1-c2
of any variable u may be transformed to VSD coordinates as

Uαβxyz1z2
= TUa1-c2

(2)

where

Ua1-c2
=

[
ua1

ub1 uc1 ua2
ub2 uc2

]T
(3)

Uαβxyz1z2
=

[
uα uβ ux uy uz1 uz2

]T
. (4)

Using VSD, the stator 6PIM model can be expressed in the
αβ plane as for a three-phase motor [1], [24]; e.g., as [35]

Vαβ = RsIαβ + σLs
αβ

d

dt
Iαβ +

Lm
αβ

Lr
αβ

d

dt
Λr

αβ (5)

whereRs is the stator resistance,Ls
αβ = Lls

αβ + Lm
αβ andLr

αβ =

Llr
αβ + Lm

αβ are the stator and rotor self-inductances, respec-
tively, Lls

αβ and Llr
αβ are the αβ stator and rotor leakage

inductances, respectively, Lm
αβ is the magnetizing inductance,

σLs
αβ = (1− (Lm

αβ)
2/(Ls

αβL
r
αβ))L

s
αβ is the stator transient

inductance and

Vαβ =
[
vα vβ

]T
; Iαβ =

[
iα iβ

]T
;Λr

αβ =
[
λr
α λr

β

]T
(6)

where v and i represent stator voltage and current, respectively,
and λr is the rotor flux linkage.

Since the coupling with the rotor through the xy space har-
monics is usually negligible [36], the stator model in the xy

Fig. 2. Inverter VV mapping in the αβ (left) and xy (right) planes for
S6.

plane is as follows [1], [24]:

V xy = RsIxy + Lls
xy

d

dt
Ixy (7)

where Lls
xy is the xy stator leakage inductance, and

V xy =
[
vx vy

]T
; Ixy =

[
ix iy

]T
. (8)

It can be observed in (5) and (7) that the xy impedance is just
given by the stator resistance and leakage inductance, whereas
the αβ one is increased to a considerable extent by the coupling
with the rotor circuit [1], i.e., normally σLs

αβ ≈ Lls
αβ + Llr

αβ is
substantially larger than Lls

xy .

B. Two-Level Six-Phase Inverter Modeling

For a two-level voltage-source inverter, the phase voltages can
be found from the leg switching states as follows [24], [28]:

Va1-c2
=

⎡
⎢⎢⎢⎢⎢⎢⎣

va1

vb1
vc1
va2

vb2
vc2

⎤
⎥⎥⎥⎥⎥⎥⎦
=

vdc

3

⎡
⎢⎢⎢⎢⎢⎢⎣

2 −1 −1 0 0 0
−1 2 −1 0 0 0
−1 −1 2 0 0 0
0 0 0 2 −1 −1
0 0 0 −1 2 −1
0 0 0 −1 −1 2

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

Sa1

Sb1

Sc1

Sa2

Sb2

Sc2

⎤
⎥⎥⎥⎥⎥⎥⎦
(9)

where vdc is the dc-link voltage and Sk ∈ {0, 1} is the switching
state of leg k. There are 64 switching states for the inverter.
These states map as 64 VVs in each VSD subspace, which may
be found by means of (2).

Figs. 2 and 3 show for S6 and A6, respectively, the projections
of the switching states as VVs in the αβ and xy planes [6], [24],
[25]. The VVs are classified into four subsets for S6 depending
on their αβ magnitude: large (L), medium (M), small (S), and
zero (Z) VVs. On the other hand, the A6 has an additional subset
known as medium-large (ML). The VVs of each subset differ
for S6 and A6. The VV magnitudes from largest to smallest in
both planes for S6 are 0.67, 0.57, 0.33, and 0 p.u.; for A6, they
are 0.64, 0.47, 0.33, 0.17, and 0 p.u.. The naming of the VVs
is defined using the binary representation Sa1-c2 of the corre-
sponding switching states, with the binary digits being sorted
from most to least significant, following the same phase order
as in the right-hand side of (9) from top to bottom. For instance,
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Fig. 3. Inverter VV mapping in the αβ (left) and xy (right) planes for
A6.

the state 14 corresponds to the switching pattern 001110 in all
subspaces. The particular VVs highlighted in Figs. 2 and 3 will
be used later to illustrate some examples.

III. PROPOSED HCC

As mentioned earlier, HCC is a direct controller often used
for three-phase and multiphase drives, due to its simplicity,
robustness, and fast response [9], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [29], [30]. Compared with
three-phase drives, the effectiveness of the conventional HCC
may be more compromised in multiphase ones. This is because
the conventional HCC relies on the assumption that voltages
and currents are related by a single pure inductance [22], [30],
[31], but in a multiphase machine, the αβ and xy impedances
[see (5) and (7)] can be very different [6], [25]. Thus, the
assumption of a pure inductance is far from true. For example, if
the output VV for S6 at a certain instant is 11 (see Fig. 2), which
corresponds to Sa1-c2 = 001011 and has zero xy contribution, a
small change in ia2

, ib2 and ic2 may cause the VV to switch to
12 (Sa1-c2 = 001100), producing a very large xy current. This
disruptive current is also reflected in the phase currents used as
inputs of the HCC, disturbing the αβ reference tracking in the
following sampling periods as well. As will be shown in the
results, the HCC behavior is actually quite poor when there is
a significant dissimilarity between the αβ and xy inductances,
such as what happens for unchorded S6 and chorded A6 6PIMs,
where the reduced flux harmonics and total (stator plus rotor)
leakage inductances (allowing higher torque), respectively, are
accompanied by very small xy inductance [25], [32].

The enhanced HCC proposed here to overcome this problem
is illustrated by the red-shaded area in Fig. 4, in the context
of a 6PIM drive using FOC. References are denoted by an
asterisk. The novel HCC is based on decomposing the input
error as well as the hysteresis output VV by using the VSD.
In this manner, the components of these signals can be treated
differently in each VSD subspace, which corresponds to specific
machine parameters [see (5) and (7)]. In particular, the xy terms,
usually associated with much lower impedance, are removed to
avoid their disruptive effect. This differs from the conventional
multiphase HCC [9], [12], [13], [14], [15], [16], [17], [18], [19],

Fig. 4. Overall block diagram of a 6PIM drive based on FOC and the
proposed HCC (red-shaded area).

[20], [21], [22], [23], where neither the input nor the output de-
composition is applied. Although the VSD is frequently used for
other direct current controllers such as those based on PCC [6],
[25], the proposed HCC is advantageous in simplicity, thanks
to the lack of observer and prediction stages, weighting factors,
and of course, of evaluating all the existing VVs.

In Fig. 4, the proposed HCC consists of several main stages:
input error decomposition, hysteresis comparison, and output
VV decomposition, with the last one comprising the hysteresis
VV localization and the optimum VV selection. The αβ current
reference I∗

αβ is obtained beforehand (bottom left corner of
Fig. 4) by applying the inverse rotational Park transform to the
d- and q-axes references i∗d and i∗q , set to yield certain flux and
torque, respectively; the latter may be adjusted by a speed PI
controller, as in standard indirect rotor FOC [7]. Similarly to
conventional HCC [23], I∗

αβ is then transformed into phase
components I∗

a1-c2
by using the inverse VSD transform T−1

according to (2), as depicted in the left-hand side of Fig. 4. Next,
the array of six phase-current errors is obtained by subtracting
the measured phase currents from the respective references as

Ea1-c2
= I∗

a1-c2
− Ia1-c2

(10)

and then, unlike in the conventional HCC, its αβ components
are extracted by using the first two rows of T , i.e., Tαβ, while
avoiding the other VSD components (rows):

Eαβ =
[
eα eβ

]T
= TαβEa1-c2

. (11)

Afterward, theαβ errorEαβ is used alone to reconstruct a set of
six phase-current errors E′

a1-c2
with only αβ content, by using

the inverse of T :

E′
a1-c2

= T−1

[
Eαβ︷ ︸︸ ︷

eα eβ 0 0 0 0

]T
. (12)

If the product between T−1 and Tαβ (filling with zeros the
third-sixth Tαβ rows) is computed offline, then E′

a1-c2
can be

obtained online fromEa1-c2
with at most 36 multiplications and

30 additions. Most importantly, it should be remarked that the
rows of T related to VSD subspaces other than αβ [see (1)–(3)]
have been dropped inTαβ to remove those disruptive VSD com-
ponents from the current error through (11), in order to prevent
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Fig. 5. Representation of the algorithm for the optimum VV selection
of the proposed HCC (last block of the red-shaded area in Fig. 4), which
may be implemented by a lookup table. (a) S6. (b) A6.

them from affecting the HCC behavior. Indeed, the modified
phase-current current error E′

a1-c2
in (12) only contains terms

associated with the αβ plane.
Subsequently, the reconstructed error E′

a1-c2
is fed to the

hysteresis comparator to obtain its output switching state vector
in phase coordinates Shyst, which is one of the possible 64
switching states of the inverter. The corresponding VV Vhyst is
identified (among those from Figs. 2 and 3) in the localization
stage by simply computing the decimal number associated with
the Shyst binary code:

Vhyst = 25Sa1
+ 24Sb1 + 23Sc1 + 22Sa2

+ 2Sb2 + Sa2
. (13)

This only involves five multiplications and five additions. Fi-
nally, in the VV selection stage, which is represented in Fig. 5,
the proposed algorithm limits the choice of the optimum output
VV Vopt to a certain VV set. This process can be simply applied
by a lookup table, with the Vhyst VV number as input and the
optimum Vopt as output. If Vhyst is one of the VVs that is Z
in the αβ plane [i.e., Vhyst ∈ Z(αβ)], then Vopt is set to one
of the zero-sequence VVs (now denoted as Zs), which are the
four VVs that have zero magnitude in both αβ and xy planes.
Otherwise, Vopt is selected so as to contribute actively to the αβ
plane while keeping a null impact on the xy plane, which is
achieved differently depending on whether the machine is of S6
or A6 type, as discussed next.

For S6 [see Fig. 5(a)], only the L subset is considered in the VV
selection, to maximize the dc-link utilization and reduce the xy
content. Indeed, in Fig. 2, the L subset (green) has maximum and
zero magnitudes in the αβ and xy planes, respectively. Namely,
the L VV that is closest toVhyst in theαβ plane (similar direction)
is selected as Vopt, to achieve a good αβ current tracking. For
instance, referring to Fig. 2, if Shyst results in the VVs with
numbers 2 or 14, the algorithm finds that the nearest L VV in
the αβ plane is 26, which has zero magnitude in the xy plane,
and sets Vopt to it.

For the A6 case [see Fig. 5(b)], the method limits the selection
of the output VV to the synthesized virtual VV set shown in
Fig. 6. The virtual VVs are synthesized from the L and ML
subsets as done in [27], [28] for PCC. These virtual VVs have
zero magnitude in the xy plane, and hence they produce zero
xy current [5], [27], similarly to the L subset for S6. Their αβ
magnitude is 0.59 p.u.. For instance, if the Vhyst number is 21
(see Fig. 3), the closest L and ML VVs (similar αβ direction)

Fig. 6. Mapping of the virtual VVs in the αβ (left) and xy (right) planes
for A6.

TABLE I
COMMON PARAMETERS OF THE PROTOTYPE MACHINES

are 38 and 52, which have opposite directions in the xy plane;
accordingly, the algorithm selects for Vopt the virtual VV from
Fig. 6 that combines these two VVs (i.e., V2) so that the xy
magnitude is canceled.

It is worth highlighting that, since the xy components of the
HCC input and output are canceled in this manner for both S6
and A6, the fact that the xy impedance is normally much lower
than the αβ one does not affect the behavior of the proposed
controller. The HCC has been effectively modified so that only
the αβ equivalent circuit is seen by it, removing the xy plane
from its plant model, and hence making it more similar to that of
a three-phase machine. Thus, the performance can be expected to
be much closer to the ideal one than when using the conventional
HCC. Additionally, the absence ofxy closed-loop control makes
it possible to obtain reconfiguration-less tolerance to open-phase
faults, since the postfault coupling between theαβ andxy planes
no longer means a conflict for the controller, similarly to what
happens with PCC [28].

IV. EXPERIMENTAL RESULTS

Two prototype (chorded and unchorded) 12-phase machines,
designed to be connected externally as 6PIMs with different
winding layouts [25], [36], are used. The parameters are shown
in Tables I and II, based on [25], [36]. Fig. 7 shows the system
setup. Two three-phase inverter power modules IGCM20F60GA
are used to construct the six-leg inverter, controlled by a
dSPACE-DS1202-MicroLabBox digital platform. The inverter
dc link is fed by a 300-V 11-A programmable dc source. A
dc generator with a bank of variable resistors is coupled to
the 6PIM, acting as a mechanical load. The phase-current and
the rotor-speed measurements are obtained by means of six
LA-55P-LEM Hall-effect current sensors and an incremental
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TABLE II
RESISTANCE AND INDUCTANCE VALUES OF THE PROTOTYPE MACHINES

Fig. 7. Experimental setup with 1) chorded and 2) unchorded 6PIMs,
3) dc generator with 4) its dc excitation and 5) loading resistor,
6) six-phase inverter, 7) dc-link supply, 8) real-time system (dSPACE
1202 MicroLabBox) and its 9) interface board, 10) host PC (ControlD-
esk), and 11) encoder.

E6B2-CWZ1X encoder, respectively. The dc-link voltage vdc

is 300 V. The reference d-axis current i∗d is 1.41 A. Unless
otherwise stated, the tests are performed using the unchorded S6
and chorded A6 configurations, which have low xy inductances
(see Table II) [25].

The overall control scheme is in accordance with Fig. 4 for
testing the proposed HCC. The input and output decomposi-
tion stages are removed for the conventional HCC. Note that
the reference currents for the secondary subspaces are zero,
although for the proposed HCC they are ignored through (11).
The dSPACE sampling period is 25 μs in all cases of HCC
except when using virtual VVs for A6 with the proposed HCC,
where two VVs per sampling period are applied, and hence it is
increased to 50 μs.

First, the steady-state waveforms of the measured and ref-
erence currents are presented during eight cycles for S6 and
A6 in Figs. 8 and 9, respectively, using the conventional and
proposed HCC. The reference values of speed and dq current
|i∗dq| (load) are set to rated. Current signals are shown rather than
voltage ones because the former are more closely related to the
machine performance in terms of torque, flux, and losses. The
reference and estimated torque are also included. The first two
cycles are obtained using the conventional HCC in a healthy
scenario. Then, the HCC is replaced by the proposed one to
evaluate its performance in both healthy (initially) and faulty
(following two cycles) conditions. Finally, the conventional
HCC is enabled under the open-phase fault. It should be noted
that these four situations are tested separately and presented con-
secutively in these figures for compactness and for facilitating
the comparison.

From the first two cycles of Figs. 8 and 9, it is obvious
that the conventional HCC fails to track the αβ-current and

torque references and, especially, to provide zero xy current.
This results in a significant distortion in the phase currents.
As aforesaid, this behavior may be explained by the fact that
the αβ and xy impedances are unequal, with the latter being
very small. Concerning, the second pair of two cycles from
Figs. 8 and 9, where the proposal is activated, it can be seen
that the improvement is considerable, both in terms of reference
tracking and a small current ripple. The proper tracking of the
αβ current/torque and the xy current cancellation can be mainly
attributed to the input and output decomposition stages from
Fig. 4, respectively. Then, the following two cycles of Figs. 8
and 9 confirm that the proposed HCC is able to work properly
under a single open-phase fault without control reconfiguration.
Indeed, a good tracking of the αβ current/torque is kept, while
the x current (not controlled in a closed loop) naturally adapts to
the postfault current constraint (ix = −iα [28], [37]), as happens
for fault-tolerant reconfiguration-less PCC [28]. The magnitude
of the αβ current reference is deliberately reduced under the
fault to ensure that none of the phase currents exceeds 1 p.u.
[34]. Finally, it can be observed in the last two cycles of Figs. 8
and 9 that in a faulty case, the conventional HCC performs even
worse than in a healthy scenario, with extremely large error and
distortion, unlike the proposal.

Some figures of merit are provided in Table III for healthy
rated conditions: THD of the phase currents, mean squared error
(MSE) of the αβ and xy currents, average switching frequency
f̄sw, maximum and minimum per-leg instantaneous switching
frequency, maximum instantaneous (per-sample) phase-voltage
change Δv [using (9)], settling time for i∗q step [10],1 and
current-control execution time. Besides the conventional and
proposed HCC, other kinds of current control are also included
for comparison: dq-frame PI [38] and finite-control-set model
PCC [6], [28]. The PI control is designed according to [38],
using conventional carrier-based pulsewidth modulation (PWM)
with double zero-sequence injection [39] and PWM frequency of
5 kHz. For PCC, the VVs under consideration [6], [28] and the
sampling period are as for HCC. Chiefly, Table III confirms
the most important outcome from Figs. 8 and 9, i.e., that the
proposed HCC reduces to a great extent the current distortion
(i.e., THD) and tracking error (i.e., MSE) with respect to the
conventional HCC. These parameters are also better with the
proposed HCC than for PI PWM control, because of the large
xy switching ripple of the latter, which does apply VVs with
nonzero xy projection. Regarding f̄sw, for the S6 it is similar for
both kinds of HCC, whereas it rises when the proposal is tested
with A6. The latter occurs because, although the output VV
when using the proposed HCC is repeated for many consecutive
sampling periods (73.2% of the time for S6 and 65.7% for A6),
for A6 the use of virtual VVs in these cases implies switching
between two VVs. It may also be pointed out that f̄sw (and
hence, switching loss) with the proposed HCC is kept reasonably
low because the VVs are adjacent during 12.8% and 11.6% of
the samples for S6 and A6, respectively, which is very close to
the percentage of samples in which the VVs are not repeated:

1A tolerance band of 12% is used for the settling time, taking into account
the switching ripple.
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Fig. 8. Steady-state reference (dark dashed) and measured/estimated (bright solid) currents/torque for S6 at 1400 r/min. From left to right:
conventional HCC with healthy drive, proposed HCC with healthy drive, proposed HCC with phase a1 open, and conventional HCC with phase a1
open.

TABLE III
COMPARISON OF FIGURES OF MERIT OF THE CURRENT CONTROLLERS AT RATED CONDITIONS

26.8% and 34.3%, respectively. As for Δv, it is 4vdc/3 for all
methods except for PI, for which it is halved. Concerning the
transient behavior, it can be seen in Table III and Fig. 10 that
the proposed HCC attains a much shorter settling time than PI
PWM, as expected.2 The performance of the new HCC is very
similar to that of PCC in most aspects, but the proposal does not

2As a side note, the greater low-frequency ripple in Fig. 10(a) for PI control is
due to drive nonlinearities, whose effect is better rejected by the other methods.
The fifth and seventh harmonics are mapped into the αβ (dq) plane for S6 and
not for A6 [40, eq. (3)]. This ripple barely affects the settling time.

rely on the machine parameters and it consumes less execution
time, despite being slightly longer than for the conventional
HCC (see Table III). The considerable computational burden
of PI control is mainly due to the rotational transforms, which
include trigonometric functions. In summary, the proposed HCC
ensures principally small current error and distortion (unlike
conventional HCC), as well as moderate switching frequency,
fast response (unlike PI), and relatively short execution time
without knowledge of machine (or other) parameters (unlike
PCC).
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Fig. 9. Steady-state reference (dark dashed) and measured/estimated (bright solid) currents/torque for A6 at 1400 r/min. From left to right:
conventional HCC with healthy drive, proposed HCC with healthy drive, proposed HCC with phase a1 open, and conventional HCC with phase a1
open.

For the sake of completeness, the plots of current THD at
|i∗dq| load values of 0.4 p.u. and 1.0 p.u. and at other speeds
when using the conventional and proposed HCC are provided
in Fig. 11(a) and (b), respectively. The THD of the conventional
HCC at |i∗dq| = 0.4 p.u. is not included because the machine
does not run in that case, due to its large dq error. In addition,
f̄sw for the proposed HCC is also shown in the full speed range
in Fig. 12. Most importantly, these figures corroborate that the
main aforesaid conclusions about the THD and f̄sw also hold in
other conditions. Namely, although the THD increases to some
extent at low speed, it is always much lower for the proposed
HCC than for the conventional HCC. The f̄sw value is acceptable
(low) for the proposal, even though it is higher for A6 because
of the use of virtual VVs.

The proposed HCC, combined with outer speed PI control (see
Fig. 4), is tested under a load or speed-reference step, as shown
in Figs. 13 and 14, respectively, for both S6 and A6.3 Effective
current and speed tracking is achieved. Note that, although there

3The limit of the i∗q value at the output of the speed control is set slightly
lower for A6 because of the greater current distortion for A6 (see Table III).

TABLE IV
COMPARISON OF FIGURES OF MERIT OF THE CURRENT CONTROLLERS FOR

MACHINES WITH HIGH LLS
xy AT RATED CONDITIONS

was a certain (small) steady-state torque tracking error in Figs. 8
and 9, this deviation is compensated in practice by the outer loop
so that the speed target is met.

Additional tests have also been carried out to evaluate the
performance of the conventional and proposed HCC using un-
chorded A6 and chorded S6 configurations, which offer larger
xy inductances (see Table II) [25]. The current THD and MSE
values are reflected in Table IV. The greater distortion for this
S6 machine is not due to the current control, but to a rotor slot
harmonic, since the number of rotor bars had been chosen for the
original three-phase machine before being rewound [25]. Con-
cerning the HCC performance, it can be concluded that, thanks
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Fig. 10. dq currents when a step is applied in the q-axis current refer-
ence at 1400 r/min, in absence of outer speed control. (a) S6. (b) A6.

Fig. 11. Current THD versus speed for |i∗dq | = 0.4 p.u. (blue) and
|i∗dq | = 1.0 p.u. (red) load and for S6 (dashed) and A6 (solid) when using
(a) the conventional HCC or (b) the proposed HCC.

Fig. 12. Average switching frequency versus speed for |i∗dq | = 0.4 p.u.

(blue) and |i∗dq | = 1.0 p.u. (red) load and for S6 (dashed) and A6 (solid)
when using the proposed HCC.

Fig. 13. Response to a load step from light load to full load at
1400 r/min when using the proposed HCC and outer speed PI control.
(a) S6. (b) A6.

to the higher xy impedances, in these cases, the conventional
HCC is able to provide acceptable performance but the proposed
HCC is still preferred in terms of reference tracking and current
distortion.
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Fig. 14. Response to a speed-reference step when using the pro-
posed HCC and outer speed PI control. (a) S6. (b) A6.

V. CONCLUSION

This article has proposed a new HCC technique, based on
VSD and restrained VVs, that enhances the performance of
the HCC applied to 6PIMs with S6 or A6 winding configu-
rations. On the one hand, the conventional HCC exhibits a poor
performance for 6PIMs with a substantial mismatch between
the subspace impedances. This poor performance is due to
the fact that the conventional HCC relies on the assumption
that the relation between each phase voltage and current is a
pure inductance, which is particularly far from true in 6PIMs,
where the xy impedance is much smaller than the αβ one. On
the other hand, the proposed HCC, which decomposes the
input and output signals per VSD subspaces and adequately
selects the output VVs, enhances the performance of the HCC
in terms of the current tracking and waveform quality, even if
the xy impedance is very low. This improvement, which is the
principal contribution of this article, is mainly allowed by the
fact that the proposal effectively removes the xy plane from
the plant model seen by the HCC by suitably handling the
VSD components. In this manner, the αβ current is effectively
controlled in closed loop so that it follows its reference, whereas
the xy voltage is nullified in open loop. Furthermore, since
the xy current is not actively controlled, it naturally adapts to
open-phase faults, providing reconfiguration-less tolerance. It
is also worth emphasizing that the proposed HCC is parameter
independent.

The experimental results have confirmed the effectiveness of
the proposed technique using 6PIMs with unchorded S6 and
chorded A6 windings, which have especially low xy induc-
tances. The current THD was reduced by more than 20 times and
ten times for S6 and A6, respectively, compared with the conven-
tional HCC. In terms of the MSEs, the proposed HCC reduced
them greatly for both 6PIMs, as well. On the other hand, the
well-known advantages of the conventional HCC compared with
PI and PCC were preserved. In transient conditions, the results
also showed a good dynamic behavior. Reconfiguration-less tol-
erance to open-phase faults was achieved, retaining satisfactory
αβ current tracking and low distortion. For chorded S6 and
unchorded A6 6PIMs, which offered higher xy inductances, the
improvement over the conventional HCC was less remarkable,
but still noticeable.

For future work, further investigation may be carried out
to attain HCC with fixed switching frequency, even smaller
steady-state error, lower dv/dt, or with a greater degree of
control of the secondary subspaces. The last feature could be
employed to provide, e.g., better disturbance compensation,
increased torque density by exploiting the space harmonics or
the overload capability [41], or maximum postfault load range
with minimum losses [11], which may require different xy
currents. The possibility of achieving further mitigation of the
current distortion at low speed could be studied. Other kinds of
machines, such as PMSMs with significant back-EMF harmon-
ics, may also be addressed.
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