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ABSTRACT This paper presents the modeling, control, and hardware-in-the-loop (HIL) evaluation of an
asymmetric six-phase Permanent Magnet Synchronous Motor (6ϕ-PMSM) supplied by two three-phase
Voltage Source Inverters (VSIs). The machine is modeled as two coupled three-phase subsystems using
a dual dq representation. Based on this model, a cascade control structure composed of two parallel
inner current loops and an outer speed loop is designed. A frequency-domain tuning methodology is also
proposed, requiring only the selection of the inner closed-loop time constant and the desired phase margin
of the outer loop, allowing all controller gains to be analytically obtained. To mitigate coupling effects
between coordinates and subsystems and enable a single-input single-output (SISO) design approach, a
decoupling strategy is proposed and comparatively analyzed. The proposed approach is directly derived
from the state-space model and eliminates the need for state-variable derivatives, reducing sensitivity to
switching noise and simplifying digital implementation. The control strategy is verified through HIL test
bench, in which the plant is implemented in the HIL platform while the control algorithm is executed in a
digital signal processor. Experimental results demonstrate accurate dynamic behavior, fast current response,
reduced coupling effects, and low current harmonic distortion under different operating conditions.

KEYWORDS Six-phase PMSM, Machine drives, Control applied to power electronics, Decoupling
Method.

I. INTRODUCTION
The increasing demand for electric vehicles (EVs), driven
by advances in battery technology and growing environmen-
tal concerns, has intensified the research interest in high-
efficiency electric drive systems [1]–[3]. In this context, the
Permanent Magnet Synchronous Motor (PMSM) has become
one of the most widely adopted electrical machines in EV
applications due to its high efficiency, high power density,
and absence of mechanical commutators and brushes [4].
To further improve the performance and competitiveness of
EVs, machines with more than three phases, commonly re-
ferred to as multiphase machines, have attracted considerable
attention in recent years. Compared with conventional three-
phase machines, multiphase motors offer several advantages,
including higher efficiency, reduced harmonic distortion,
lower torque ripple, enhanced reliability, and improved fault-
tolerant capability. [5]. As a result, asymmetric six-phase
PMSMs (6ϕ-PMSMs) have emerged as an attractive solution
for high-performance drive applications.

The 6ϕ-PMSM has been investigated in several applica-
tions due to its modular structure, fault-tolerant capability,
and improved power distribution. In renewable energy sys-
tems, it has been proposed for microgrid and flywheel energy

storage applications [6]. Moreover, the use of 6ϕ-PMSMs
has been widely investigated in electric vehicles [7] and
aircraft propulsion systems [8], as well as in hybrid energy
storage systems integrated with electric drives [9].

Different control and modeling approaches for 6ϕ-PMSMs
have also been reported in the literature. Current control
strategies based on Vector Space Decomposition (VSD) and
modular vector control have been investigated in [10], [11],
while improved decoupling techniques have been proposed
to mitigate steady-state imbalance and cross-coupling effects
between subspaces [12]. Furthermore, several studies have
focused on improving the dynamic performance and ro-
bustness of multiphase drives through harmonic suppression
techniques, and observer-based approaches [13]–[18].

Despite these advances, the increased system complexity
associated with multiphase machines still imposes challenges
regarding mathematical modeling, coordinate decoupling,
and practical digital implementation. Although several con-
trol strategies for multiphase PMSMs have been reported,
important challenges still remain regarding the development
of simplified and explicit mathematical models suitable
for control-oriented applications. In particular, the coupling
effects between subspaces, in dual dq approach, increase
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the complexity of the control design and require additional
compensation terms to enable independent current regula-
tion. In this context, conventional decoupling approaches
typically rely on voltage-equation formulations that contain
derivatives of the state-variables. To facilitate their practical
implementation, the coupling between subsystems is often
neglected [19]. Although this approximation ensures zero
steady-state error, it compromises the controller’s dynamic
performance, since the system remains subject to interactions
among multiple inputs. Furthermore, derivative terms are
generally undesirable in power electronics applications be-
cause they increase sensitivity to switching noise, measure-
ment ripple, and numerical inaccuracies. Consequently, the
development of computationally efficient decoupling strate-
gies that provide improved noise immunity while preserving
dynamic performance remains an important research topic in
multiphase drive systems.

Another decoupling method is presented in [20], however
this method is presented for VSD-based control. Despite the
effectiveness of VSD, the original VSD-based vector control
scheme [21] suffers from certain limitations, including the
inability to guarantee balanced current sharing among the
winding sets. In [22] is mentioned that the dual dq approach
causes complex cross coupling between the two pairs of dq
stator voltage equations that is very difficult to eliminate
in PMSM drives. As a consequence, good dynamic perfor-
mance is hard to achieve using such vector control schemes.

Existing decoupling strategies for 6ϕ-PMSMs can be clas-
sified into two categories. The first comprises methods de-
rived directly from the machine voltage-equations, in which
the compensation terms require state-variable derivatives, in-
creasing sensitivity to switching ripple, measurement noise,
and numerical inaccuracies during digital implementation.
The second category includes approaches based on VSD,
which rely on a different modeling and control framework
than the dual dq representation, adopted in this work. In
contrast, the proposed strategy is directly derived from the
state-space representation of the dual dq model, preserving
the original control architecture while eliminating the need
for current derivative calculations.

To address these challenges, this work proposes a decou-
pling strategy directly derived from the state-space repre-
sentation and eliminates the need for derivative terms for
the asymmetric 6ϕ-PMSM controlled by dual dq approach.
Besides that, the main contributions of this work are sum-
marized as follows:

1) A control-oriented state-space model of the asymmet-
ric 6ϕ-PMSM, including the relevant coupling dynam-
ics between subsystems.

2) A derivative-free decoupling strategy derived from
the state-space representation, reducing sensitivity to
switching noise and simplifying real-time digital im-
plementation.

3) A frequency-domain tuning methodology based solely
on the selection of the inner current-loop time constant

and the desired phase margin, allowing all controller
gains to be analytically determined.

4) A comparative analysis about the proposed decoupling
approach under hardware-in-the-loop operation (HIL)
with DSP-based control implementation.

This paper presents the modeling, control design, and
performance evaluation of an asymmetric 6ϕ-PMSM sup-
plied by two three-phase VSIs. A control-oriented state-
space representation of the machine is developed, allowing
the investigation of a novel decoupling strategy for current
control applications. In addition, a cascaded control archi-
tecture composed of parallel inner current loops and an
outer speed loop is designed and implemented. To evaluate
the proposed approaches, the system is implemented in a
HIL platform, while the control algorithm is executed in a
DSP-based environment. The obtained results are used to
comparatively analyze the decoupling strategy in terms of
dynamic response, coupling mitigation, disturbance rejec-
tion, and implementation suitability for digitally controlled
power electronics systems.

II. SYSTEM MODELING
The asymmetric round rotor 6ϕ-PMSM round rotor consid-
ered in this work consists of two three-phase stator windings
spatially shifted by 30◦ electrical degrees. The machine is
supplied by two independent three-phase Voltage Source
Inverters (VSIs) sharing a common DC-link, as illustrated
in Figure 1.
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FIGURE 1. Asymetric 6ϕ-PMSM driven by two three-phase VSIs.

To achieve high dynamic performance and accurate cur-
rent regulation, field-oriented control (FOC) is adopted.
The control strategy is implemented in the synchronous dq
reference frame, enabling the use of PI-based current con-
trollers. In addition, decoupling terms are incorporated into
the control loops to mitigate the coupling effects between
coordinates and between the two three-phase subsystems.

By applying the Park transform to the two three-phase
subsystems, the electrical dynamics of the 6ϕ-PMSM can
be expressed in dq reference frame. The resulting model
includes the stator resistance terms, self-inductance compo-
nents, and mutual coupling terms between the two subsys-
tems. It is worth noting that the 30◦ electrical displacement
between the two stator winding sets is incorporated into the
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dual dq transformation. The first three-phase subsystem is
transformed using the electrical angle θ, whereas the second
subsystem is transformed using θ + π/6. Consequently, the
spatial displacement is inherently included in the resulting
mathematical model.

Figure 2 depicts the equivalent circuit of the 6ϕ-PMSM
considering the dual dq reference frame. Accordingly, the
machine electrical model is described by:

⎡⎢⎢⎣
vd1
vq1
vd2
vq2

⎤⎥⎥⎦ =

⎡⎢⎢⎣
Rs −ωLq 0 −ωMq
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+
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0
ω
0
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⎤⎥⎥⎦λm,

(1)

where L represents the self-inductance, M is the mutual in-
ductance between the subsystems, Rs is the stator resistance,
ω is the electrical angular speed, i and v denote the current
and voltage variables in the dq frame, respectively, and λm

is the permanent magnet flux linkage. In this study, self and
mutual inductance in d and q coordinates are considered
equal (Ldq = Ld = Lq and Mdq = Md = Mq).

For control design purposes, the machine model is refor-
mulated in a state-space representation. The state-variables
are defined as the dq currents of both three-phase subsys-
tems, while the control inputs correspond to the voltages
generated by the VSIs. Accordingly, the state-space formu-
lation can be expressed as:
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(2)

E =

⎡⎢⎢⎣
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Mdq 0 Ldq 0
0 Mdq 0 Ldq

⎤⎥⎥⎦ . (3)

Matrix E contains the self- and mutual-inductance terms
associated with the coupling between the two three-phase
subsystems. Thus, applying the necessary manipulations, the
state-space representation can be rewritten as:
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(4)
The coefficients σ1 and σ2 define the relationship between
the self- and mutual-inductance terms and explicitly charac-
terize the coupling dynamics between the subsystems. This
representation is particularly suitable for control-oriented
analysis, since it provides a clear separation between the
system dynamics, control inputs, and coupling terms.

A. Decoupling Strategies
The electrical dynamics of the 6ϕ-PMSM present cross-
coupling terms between coordinates and subsystems. As
a consequence, each current component is influenced by
multiple state-variables and control inputs, which increases
the complexity of the controller design and degrades the
independent regulation of the dq currents.

To mitigate these coupling effects and allow the current
control loops to be designed as equivalent single-input
single-output (SISO) system, decoupling strategies are incor-
porated into the control structure. In this work, two different
decoupling approaches are investigated and comparatively
analyzed.

The first approach is directly derived from the voltage-
equations of the machine model, as shown in [19]. The
second approach, proposed in this work, is obtained from
the explicit state-space representation of the system. Due to
the different arrangement of the dynamic and input matrices
in each formulation, the resulting decoupling terms are
structurally different and lead to distinct implementation
characteristics and dynamic responses.

Unlike the conventional decoupling strategy, the proposed
state-space-based approach does not require the computa-
tion of current derivatives. This characteristic is particularly
advantageous for digitally controlled power electronics sys-
tems, since derivative operations tend to amplify switching
noise and measurement ripple. In addition, the proposed
formulation provides a more direct implementation of the
decoupling terms, improving the compatibility with real-time
DSP-based control platforms.
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FIGURE 2. Equivalent circuit of the 6ϕ PMSM in dual dq reference frame.

By directly compensating the coupling terms present in the
voltage equations of the machine model (1), the decoupling
terms are described by:

vd1,dec1 = −ωLdqiq1 − ωMdqiq2 +Mdq
did2
dt

, (5)

vq1,dec1 = ωLdqid1 + ωMdqid2 +Mdq
diq2
dt

+ ωλm, (6)

vd2,dec1 = −ωLdqiq2 − ωMdqiq1 +Mdq
did1
dt

, (7)

vq2,dec1 = ωLdqid2 + ωMdqid1 +Mdq
diq1
dt

+ ωλm. (8)

Alternatively, by using the explicit state-space representation
given in (4), the decoupling terms can be reformulated as:

vd1,dec2 = −
L2
dq −M2

dq

Ldq
ωiq1 −

Mdq

Ldq
Rsid2 +

Mdq

Ldq
vd2, (9)

vq1,dec2 =
L2
dq −M2

dq

Ldq
ωid1 −

Mdq

Ldq
Rsiq2 +

Mdq

Ldq
vq2

− Mdq − Ldq

L2
dq −M2

dq

ωλm, (10)

vd2,dec2 = −
L2
dq −M2

dq

Ldq
ωiq2 −

Mdq

Ldq
Rsid1 +

Mdq

Ldq
vd1,

(11)

vq2,dec2 =
L2
dq −M2

dq

Ldq
ωid2 −

Mdq

Ldq
Rsiq1 +

Mdq

Ldq
vq1

− Mdq − Ldq

L2
dq −M2

dq

ωλm. (12)

It can be observed that the proposed decoupling strategy
replaces the derivative-dependent compensation terms by al-
gebraic terms directly related to the system states and inputs.
This characteristic simplifies the digital implementation and
avoids the amplification of switching ripple and measure-
ment noise typically associated with derivative operations in
switched power electronic systems.

The proposed derivative-free decoupling methodology is
derived directly from the state-space representation and is
therefore not restricted to the particular case Ld = Lq = Ldq

and Md = Mq = Mdq, considered in this work. For

salient-pole machines, Ld ̸= Lq and Md ̸= Mq, the state-
space model in (4) and the resulting decoupling terms would
naturally differ according to the machine parameters. Never-
theless, the proposed state-space-based derivation procedure
remains applicable.

B. Control-Oriented SISO Representation
Assuming an effective compensation of the coupling terms
through the adopted decoupling strategy, the dq current
dynamics of the asymmetric 6ϕ-PMSM can be approximated
as independent first-order SISO systems. Under this assump-
tion, the simplified current dynamics can be obtained from
the state-space representation in (4).

By applying the Laplace transform, the equivalent transfer
functions relating the dq currents and voltages for both
subsystems are given by:

Gi(s) =
Idq,1
Vdq,1

=
Idq,2
Vdq,2

=
1

s(
L2

dq−M2
dq

Ldq
) +Rs

, (13)

Gi(s) =
1

sLf +Rs
. (14)

where Lf = (L2
dq − M2

dq)/Ldq represents the equivalent
inductance associated with the decoupled current dynamics.

III. CURRENT CONTROLLER LOOP DESIGN
The control system is organized in a cascaded architecture
composed of two parallel inner current control loops and an
outer speed control loop, as illustrated in Figure 3. Each
inner loop regulates the dq currents of one three-phase
subsystem, while the outer loop is responsible for the rotor
speed regulation.

Since both three-phase subsystems present identical elec-
trical dynamics and equally contribute to torque production,
the q-axis current reference generated by the speed controller
is equally distributed between the two subsystems, resulting
in i∗q1 = i∗q2 = 0.5 i∗q . The d-axis current references are set
to zero, resulting in i∗d1 = i∗d2 = 0, which corresponds to the
MTPA operating condition for the adopted machine, with
Ld = Lq [23].
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FIGURE 3. Block diagram of the control system.

Since both three-phase subsystems exhibit identical elec-
trical dynamics, the current controllers are designed using
the same procedure and parameters. The current regulation
is performed using PI controllers due to the constant behavior
of the reference signals. For this work, the controller param-
eters are selected using pole-zero cancellation, placing the
controller zero at the same location as the plant pole, i.e., at
Rs/Lf . Under this condition, the open-loop transfer function
becomes:

Hi,ol(s) =
skp + ki

s

1

sLf +Rs
=

kp
sLf

, (15)

with,
kp =

Lf

τi
, (16)

ki =
Rs

τi
, (17)

where τi represents the desired closed-loop current time
constant. Accordingly, the closed-loop transfer function can
be expressed as:

Hi,cl(s) =
idq,1
i∗dq,1

=
idq,2
i∗dq,2

=
kp

Lf (s+
kp

Lf
)
=

1

τis+ 1
. (18)

The resulting closed-loop current dynamics exhibit a first-
order response characterized by the time constant τi, pro-
viding a fast transient response without overshoot during
current reference variations. The value of τi is selected
considering the switching frequency and the desired current
control bandwidth, typically ranging from 0.5ms to 5ms for
VSIs operating at switching frequencies of several kilohertz.

Different approaches may be employed for the current
controller design, but in this work, pole-zero cancellation
is adopted because it yields a first-order closed-loop current
response. This characteristic is subsequently exploited in the
outer-loop design and serves as a reference for evaluating
the effectiveness of the proposed decoupling method.

The current controller design assumes that the coupling
effects between coordinates and subsystems are effectively
compensated, allowing each dq current loop to be treated as
an equivalent SISO system. Therefore, the decoupling terms
derived in Section II-A are incorporated into the control
structure to mitigate the cross-coupling dynamics.

IV. SPEED CONTROLLER LOOP DESIGN
The outer control loop is responsible for regulating the rotor
speed and generating the q-axis current reference for the
inner current controllers, as illustrated in Figure 4. Since the
influence of the viscous friction coefficient is several orders
of magnitude smaller than the electromagnetic torque, B is
assumed to be negligible in this work. Under this assumption,
the simplified mechanical dynamics can be expressed as:

Gω(s) ≈
kt
sJ

, (19)

where J is the moment of inertia; kt = 3Nλm is the torque
constant; N is the number of pair of poles and λm is the
magnetic flux.

For the outer speed loop, the closed-loop current dynamics
described by (18) are explicitly considered in the controller
design. Since the current loop bandwidth is significantly
higher than the mechanical bandwidth, the speed controller
Cω(s) can be designed based on the cascade connection
between the mechanical dynamics and the inner current
closed-loop response.

A PI controller is adopted for the speed regulation loop in
order to eliminate steady-state speed error. Thus, the speed
controller is defined as:

Cω(s) = kω

(︃
s+ λ

s

)︃
, (20)

and the forward path depicted in Figure 4 is described as,

Hω,ol(s) = Cω(s)Hi,cl(s)Gω(s). (21)
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FIGURE 4. Speed control loop.

Substituting (18), (19), and (20), into (21) yields,

Hω,ol(s) =

(︃
kω

s+ λ

s

)︃(︃
1

sτi + 1

)︃(︃
kt
sJ

)︃
. (22)

Since the open-loop transfer function contains two in-
tegrators and one additional real pole associated with the
inner current dynamics, the controller’s zero is selected
such that λ < τ−1

i . Under this condition, the maximum
phase contribution introduced by the controller occurs at the
frequency [24]:

ωPM =

√︂
λτ−1

i , (23)

PM = sin−1

(︃
1− τiλ

1 + τiλ

)︃
. (24)

By selecting the crossover frequency of Hω,ol(s) equal
to ωPM , the maximum phase contribution of the controller
directly establishes the phase margin (PM) of the speed loop.
Therefore, the proportional gain kω is selected such that,
|Hω,ol(jωPM )| = 1, which results in:

kω =
JωPM

kt
. (25)

This design methodology allows the speed loop bandwidth
and phase margin to be explicitly adjusted while preserv-
ing the bandwidth separation between the mechanical and
electrical dynamics.

V. HIL PERFORMANCE EVALUATION
For this study, the 6ϕ-PMSM parameters are based on [25]
and are listed in Table 1.

TABLE 1. 6ϕ-PMSM parameters.

Parameter Value
Rated power Pn 1 kW
Rated current In 13.5 A
Number of pole pairs N 5
Magnetic flux λm 0.0135 Vs/rad
Rated speed nn 3000 rpm
Rated voltage Vn 48 V
Winding resistance Rs 0.12 Ω

Moment of inertia 0.001 kgm2

d-axis inductance Ld 0.5 mH
d-axis mutual inductance Md 0.2 mH
q-axis inductance Lq 0.5 mH
q-axis mutual inductance Mq 0.2 mH

Furthermore, the proposed tuning procedure is based
solely on the selection of two design parameters, τi and PM ,
from which all controller gains are analytically determined.
Accordingly, by selecting τi = 0.5 ms and PM = 53◦, the
resulting controller gains are listed in Table 2, and, Figure 5
depicts Hω,ol(s) frequency response. By substituting the
parameters listed in Table 2 into (22) and deriving the
corresponding closed-loop transfer function of the speed
control loop, a closed-loop bandwidth of about 174 Hz is
obtained.

TABLE 2. Controller Gains.

Current Controllers Speed Controller
Parameter Value Parameter Value

kp 0.8 kω 3.3

ki 240 λ 223.9

Frequency  (Hz)Frequency  (Hz)

Ph
as

e 
(d

eg
)

M
ag

ni
tu

de
 (d

B)

FIGURE 5. Frequency response of Hω,ol(s), highlighting a PM of 53◦ at
108 Hz.

During the study, a load coupled to the motor shaft
is considered, modeled as a fan whose torque presents a
quadratic relationship,

TL = sign(ωm)

(︃
Tn

ωn

)︃
ω2
m, (26)

6 Eletrônica de Potência, Rio de Janeiro, v. 31, e202629, 2026.

https://creativecommons.org/licenses/by/4.0/


Eletrônica de PotênciaOriginal Paper
Open Journal of Power Electronics

and,
Tn

ωn
=

3NλmIn
ω2
n

= 27.7µ, (27)

where ωn is the nominal speed in rad/s; ωm is the instan-
taneous mechanical speed in rad/s.

A. Test Bench Description
To validate the proposed control strategies and compara-
tively evaluate the decoupling approach, the drive system
is implemented in a real-time HIL platform. In the adopted
configuration, the asymmetric 6ϕ-PMSM and the VSI are
implemented in the HIL environment, as shown in Figure 6.
The HIL plant is executed with a fixed simulation time step
of 5 × 10−6 s. The control loops and PWM generation
routines are executed in the LAUNCHXL-F28379D DSP
board provided by Texas Instruments.

The experimental setup is shown in Figure 7. The mea-
sured signals are properly scaled based on the DSP analog-
to-digital converter (ADC) input range, which is 0 V to
3 V . Accordingly, the current measurements are normalized
considering a maximum current of 20 A, while the DC-link
voltage is normalized to a base value of 200 V . The rotor
speed signal is scaled according to a maximum operating
speed of 300 rad/s, about 2865 rpm. The sampling and
switching frequencies are both 20 kHz, with a dead time
of 0.1 × 10−6 s considered in the PWM generation. The
controller is discretized using the Trapezoidal method.
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FIGURE 6. System implementation in PLECS environment.

B. Current Controller
Figure 8 presents the dual dq current responses for the
three conditions. In all cases, simultaneous step references
of 6 A are applied to (i∗q1) and (i∗q2), while the d-axis current
references remain at zero. Table 3 summarizes the settling
time and overshoot measured for the three evaluated current
control strategies, providing a quantitative comparison of
their transient performance.

FIGURE 7. Test bench: i) RT-BOX CE HIL system from PLEXIM, (ii)
LaunchXL-F28379D DSP board from Texas Instruments, (iii) computer,
and (iv) oscilloscope.

Without decoupling, shown in Figure 8 (a), the coupling
effects between coordinates and between the two three-
phase subsystems significantly affect the current regulation
dynamics. As a consequence, the current responses exhibit
slower transient behavior, increased settling time of about
12 ms, instead of 2 ms (4 × τi) chosen in the current
controller design section. Under this condition, the current
controllers are unable to reproduce the designed first-order
dynamics due to the influence of uncompensated cross-
coupling terms in the machine model. An overshoot of about
7% is observed under this condition.

TABLE 3. Transient response metrics for the evaluated decoupling meth-

ods.

Decoupling method Settling time Overshoot
Without decoupling (Figure 8 (a)) 12 ms 7%

Derivative-based (Figure 8 (b)) 2 ms 0%

Proposed Derivative-free (Figure 8 (c)) 2 ms 0%

Figure 8 (b) presents the response obtained using the
conventional derivative-based decoupling strategy. In this
case, the compensation of the coupling terms considerably
improves the transient dynamics, reducing the settling time
and increasing the bandwidth of the current loops. However,
despite the improved dynamic response, the current signals
exhibit pronounced high-frequency oscillations and increased
ripple levels. As expected, this behavior is associated with
the derivative operations required by the conventional de-
coupling formulation, since derivative terms inherently am-
plify switching ripple, quantization effects, and measurement
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(a)

(b)

(c)

FIGURE 8. Comparison of dq current responses under a 6 A q-axis
current step for different decoupling strategies: (a) without decoupling
(1.33 A/div for all channels), (b) conventional derivative-based
decoupling (6.66 A/div for all channels), and (c) proposed derivative-free
decoupling (1.33 A/div for all channels).

noise in digitally controlled power electronics systems. As a
result, although the coupling compensation becomes effec-
tive from a dynamic perspective, the implementation presents
reduced signal quality under real-time DSP execution.

The response obtained using the proposed derivative-free
decoupling strategy is shown in Figure 8 (c). In contrast
to the conventional implementation, the proposed approach
achieves fast current regulation while maintaining smooth
and low-noise current waveforms. Since the decoupling
terms do not require state-variable derivatives, the transient
response matches the designed first-order current dynamics
established during the controller tuning procedure, present-
ing an approximate settling time of 2 ms, consistent with
the selected τi = 0.5 ms.

The comparative results demonstrate that the proposed
derivative-free strategy preserves the dynamic advantages of
the decoupling action while significantly improving imple-
mentation suitability for digitally controlled systems. There-
fore, the proposed method constitutes an effective alternative

for high-performance multiphase drive applications requiring
fast current regulation and reduced sensitivity to measure-
ment noise.

C. Speed Controller
The performance of the cascaded control architecture is
evaluated through transient speed response tests under dif-
ferent operating conditions. Figure 9 presents the rotor speed
response and the corresponding dq current dynamics for a
step variation in the speed reference of 200 rpm using the
proposed derivative-free decoupling strategy. As observed,
the rotor speed accurately tracks the imposed reference while
maintaining stable current regulation during the transient
interval. An overshoot of 25 % in the mechanical speed is
achieved in accordance with the speed controller design.

FIGURE 9. Rotor speed and dq current responses to a 200 rpm speed
reference step using the proposed derivative-free decoupling method
(Channel 4: 100 rpm/div; Channels 1 and 3: 2.66 A/div; Channel 2:
50 rpm/div).

To further evaluate the controller performance under repre-
sentative drive operating conditions, a speed profile including
acceleration, soft-start, braking, and load disturbance events
is implemented, as summarized in Table 4. The correspond-
ing responses are shown in Figure 10.

TABLE 4. Events description. All rise and fall times are of 0.2 s.

Event Description
A Acceleration in ramp from 0 to 1000 rpm

B Acceleration in ramp from 1000 to 2000 rpm

C Acceleration in ramp from 2000 to 2500 rpm

D Deceleration in ramp from 2000 to 2500 rpm

E Step load of 1 N.m

During the acceleration and braking intervals, the con-
troller maintains smooth speed transitions and stable current
regulation, without presenting instability or excessive tran-
sient oscillations. Furthermore, when the load disturbance
is applied, the controller rapidly compensates the torque
variation and restores the rotor speed to its reference value
with negligible steady-state error. These results demonstrate
the effectiveness of the proposed tuning methodology and
confirm the suitability of the control structure for high-
performance multiphase drive applications.
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A

B C D E

FIGURE 10. Rotor speed and dq current responses during the driving
profile defined in Table 4 using the proposed derivative-free decoupling
strategy (Channels 2 and 4: 400 rpm/div; Channels 1 and 3: 6.66 A/div).

Figure 11 highlights the transient response during
Event A, showing that the speed loop presents adequate
damping and stable dynamic behavior, consistent with the
selected phase margin and crossover frequency adopted
during the frequency-domain controller design.

FIGURE 11. Detailed view of the rotor speed transient response during
the acceleration event (Event A) (Channels 2 and 4: 200 rpm/div).

Figure 12 presents the phase-current waveforms obtained
after Event E of the driving routine. In addition, the harmonic
spectrum of the phase currents is summarized in Table 5.
As observed, the phase currents present balanced sinusoidal
waveforms with low Total Harmonic Distortion (THD) is
2.4%. The harmonic content presented in Table 5 confirms
the low distortion characteristics of the drive system. The
dominant low-order components, particularly the 5th- and
7th-order harmonics, remain at reduced levels for all phase
currents.

TABLE 5. Harmonic content relative to fundamental (in %) of phase

currents of 11 A in steady state after Event E.

Harmonic order Ia Ib Ic Ix Iy Iz

5th 0.27 0.41 0.14 0.37 0.44 0.17

7th 0.27 0.42 0.16 0.22 0.45 0.25

11th 0.17 0.20 0.04 0.15 0.20 0.24

13th 0.11 0.15 0.12 0.08 0.17 0.10

17th 0.02 0.06 0.06 0.03 0.13 0.16

19th 0.08 0.08 0.08 0.08 0.12 0.15

The results demonstrate that the proposed control method,
incorporating derivative-free decoupling, enables the appli-

FIGURE 12. Steady-state six-phase current waveforms after the
application of the load disturbance (Event E) (6.66 A/div for all channels).

cation of a SISO design approach, as the effects of cross-
coupling are effectively mitigated. Consequently, the system
dynamics closely match the designed current and speed con-
trol loop specifications. Furthermore, the proposed strategy
does not degrade the current waveform quality.

D. DC-Link Voltage Ripple Influence
To further assess the proposed control strategy under prac-
tical operating conditions, the ideal DC voltage source is
replaced by a three-phase diode rectifier supplying the DC-
link. The average DC-link voltage level considered for this
test is approximately 100 V . Consequently, the DC-link
voltage exhibits the characteristic ripple commonly found
in industrial drive systems. A capacitor bank equal to 1 mF
is considered in the DC-side of each VSI.

Figure 13 presents the DC-link voltage together with the
corresponding motor currents. Although the DC-link voltage
contains a noticeable low-frequency ripple, the proposed
controller maintains satisfactory current regulation. More-
over, the THD remains below 2.5%, indicating that the
current quality is only slightly affected compared with the re-
sult presented in Figure 12. This result further demonstrates
the effectiveness of the proposed derivative-free decoupling
strategy under these supply conditions.

FIGURE 13. Steady-state responses during Event E with a three-phase
diode rectifier supplying the DC link. (Channel 1: 25 V/div; Channels 2, 3
and 4: 6.66 A/div.
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E. Influence of Parameter Mismatch
To verify the system behavior under parameter uncertainties,
an additional test is carried out considering simultaneous
variations in the stator resistance, stator inductance, and
permanent magnet flux linkage with respect to their nominal
values. The stator inductance and permanent magnet flux
linkage are increased by 40%, while the stator resistance
is reduced by 40% from their nominal values. This sce-
nario emulates a practical mismatch between the machine
parameters used for controller design and the actual ma-
chine. Figure 14 depicts the system behavior with parameter
mismatch under step change of the current reference. Since
the controller gains are computed from the nominal machine
parameters, these variations avoid the exact cancellation
between the controller zero and the plant slow pole. Con-
sequently, the inner closed-loop system no longer exhibits
the desired first-order behavior, resulting in the expected
second-order transient response with 17 % overshoot and
10 ms of settling time. Nevertheless, the proposed control
strategy preserves stable operation and satisfactory dynamic
performance under these parameter variations.

FIGURE 14. Current response under a 6 A q-axis current step with
parameters mismatch (1.33 A/div for all channels).

It is worth noting that the controller tuning method
adopted in this work is intentionally selected because it pro-
vides a first-order closed-loop response under nominal con-
ditions, making deviations caused by parameter uncertainties
readily observable. Other controller design approaches could
also be employed without affecting the applicability of the
proposed decoupling method.

F. Remarks on Practical Implementation
The proposed control strategy is verified using a HIL plat-
form, where the control algorithm is executed on a DSP
while the electrical machine is emulated in real time. Con-
sequently, practical implementation aspects such as digital
control delays, finite sampling frequency, PWM operation,
and signal quantization are naturally considered during the
validation process.

Among the practical nonidealities encountered in electric
drive systems, measurement noise deserves particular atten-
tion, since derivative operations are well known to amplify
high-frequency components, including switching ripple and
sensor noise. Because the proposed decoupling strategy does
not require current derivative calculations, it is inherently less

sensitive to these effects than the conventional derivative-
based implementation. This characteristic is evidenced by
the HIL results presented in Figure 8, where the proposed
method achieves a significantly smoother current response
while maintaining the desired dynamic performance. A
comprehensive robustness assessment considering parame-
ter uncertainties, manufacturing tolerances, and mechanical
asymmetries is beyond the scope of this work. Neverthe-
less, the proposed strategy is expected to provide improved
implementation by avoiding derivative-based computations.

VI. CONCLUSIONS
This paper presented the modeling, control design, and HIL
evaluation of an asymmetric 6ϕ-PMSM supplied by dual
three-phase VSIs. A state-space modeling of the machine
is developed, allowing the investigation and comparative
analysis of two different decoupling strategies for current
control applications.

Based on the developed model, a cascaded control archi-
tecture composed of parallel inner current loops and an outer
speed loop is designed. In addition, a frequency-domain
tuning methodology based solely on the selection of the
current-loop time constant and the desired phase margin is
adopted, allowing all controller gains to be analytically deter-
mined. The proposed control structure achieves fast transient
response, satisfactory disturbance rejection capability, stable
speed regulation, and low harmonic distortion under different
operating conditions. Furthermore, the current dynamics
closely matched the designed first-order response, validating
both the developed model and the adopted controller tuning
methodology. The speed response also matched the designed
control specifications.

The obtained results demonstrated that the proposed
derivative-free decoupling strategy effectively mitigates the
coupling effects between coordinates and subsystems while
avoiding the derivative operations required by conventional
approaches. Consequently, the proposed method significantly
reduced sensitivity to switching ripple, quantization effects,
and measurement noise under real-time DSP implementa-
tion.

Although the obtained results demonstrate the effective-
ness of the proposed strategy under real-time Hardware-in-
the-Loop conditions, the validation presented in this work
is limited to the HIL platform. Therefore, experimental
validation using a physical asymmetric six-phase PMSM
prototype should be addressed in future work to further
assess the proposed control strategy under practical operating
conditions.

ACKNOWLEDGMENT
This work was carried out with the support of the Graduate
Program in Electrical Engineering of the Universidade Fed-
eral de Minas Gerais (PPGEE-UFMG), the Coordination for
the Improvement of Higher Education Personnel – Brazil
(CAPES) – Financing Code 001, through the Academic
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