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Abstract. This article proposes sensorless multiscalar control for a multiphase interior permanent magnet synchronous machine. The chosen 
parameters are estimated using an adaptive observer structure. In the proposed solution, the machine model vector form is in the stationary
reference frame (𝛼𝛽), and transformation to (𝑑𝑞) – the coordinate system is unnecessary to implement the proposed control structure. In the 
control structure, the nonlinear model linearization is based on demonstrated nonlinear variables transformation for (𝛼𝛽) (𝑖) orthogonal planes.
Using the proposed control technique, mechanical and electromagnetic subsystems are decoupled, which is the main advantage of this control 
structure. To provide a comparative analysis, the proposed multiscalar control structure is also compared with the existing multiscalar control 
scheme. Finally, the simulation and experimental results are demonstrated to validate the performance of the proposed control solution for a
sensorless five-phase interior permanent magnet synchronous motor test setup.
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NOMENCLATURE

𝜓 𝑓 Permanent magnet flux
𝑇𝑒 Electro-magnetic torque
𝑇𝐿 Load torque
𝐽 Moment of inertia
𝜔𝑟 Rotor speed
𝜃𝑟 Rotor angle
𝑥11, 𝑥12, 𝑥21, 𝑥22 Multiscalar variables
(𝑖) Index of control system (1st or 2nd plane)
𝑥 Estimated variable
𝑥 Estimation error
𝑥∗ Reference value
𝑢𝑠𝛼, 𝑢𝑠𝛽 Components of stator voltage in stationary coordi-

nates system
𝑖𝑠𝛼, 𝑖𝑠𝛽 Components of stator current in stationary coordi-

nates system
𝜓𝑠𝛼, 𝜓𝑠𝛽 Components of stator flux in stationary coordinates

system
𝜓 𝑓 𝛼, 𝜓 𝑓 𝛽 Components of permanent magnet flux in station-

ary coordinates system
𝜓𝛼
𝑓

Active flux linkage
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1. INTRODUCTION
Multiphase machines are widely acknowledged due to their spe-
cial advantages: increment in torque density, enhancement in
reliability and power density, higher fault tolerance capability,
reduction in DC link stress, and lower torque ripple. Multiphase
machines can be used in various applications such as electro-
mobility (electric vehicle), electric aircraft, ship propulsion, and
electric traction drives. A five-phase permanent magnet syn-
chronous motor is one the most suitable representative of a
multiphase motor because of its higher torque density, fast dy-
namic response, higher reliability, and good power factor [1–4].
In a multiphase machine, it is possible to enhance the torque
component by injecting harmonic current into the phase cur-
rents [5]. Moreover, components of each current harmonics can
be represented separately in the space vector plane. Generally,
less than the total number of phases are selected for injection
harmonic order.

In order to remove the demerits of position sensors [6],
sensorless control techniques are preferred. Sensorless con-
trol techniques are categorized in two ways. In the first ap-
proach, saliency-based methods are preferred specifically for
zero and low-speed operation ranges, while in the second ap-
proach, model-based methods are popular for medium-speed
and high-speed operation ranges [6–9].

Research on the multiphase machine is majorly focused on the
improvement of fault-tolerant capability [10–13]. Various con-
trol strategies for three-phase machine applications have been
extended to control multiphase machines. The field-oriented
control (FOC) in which state variables are oriented in a rotat-
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ing reference frame (𝑑𝑞) and direct torque control (DTC) are
the most commonly used control strategies for multiphase ma-
chines. These approaches are well explained in the literature by
researchers across the world [14–17].

The main drawback of the vector control scheme is that while
changing the flux linkage, the decoupling between the electro-
magnetic and electro-mechanical parts is not achieved in the
presence of nonlinearities defined in [3]. It fails to decouple
the system completely in the presence of nonlinearity due to
the machine state variable transformation to the rotating refer-
ence frame (𝑑𝑞), and plausible intervention between the two
controlled subsystems of the multiphase machine. Hence, three-
phase machine transformation into the linear form was general-
ized for multi-input, multi-output systems [18].

To obtain the enhanced transient response and minimize the
tracking error, a generalized deadbeat solution for model predic-
tive control of five-phase IPMSM was proposed [19]. To control
the six-phase PMSM, a Luenberger observer with MPC was em-
ployed [20]. Luenberger observer with MPC focused on com-
pensating localization error of the reference vector due to ma-
chine parameter mismatch. This control approach enhanced the
steady state performance of drive and robustness. Disturbance
observer-based predictive control of six-phase IPMSM was re-
ported in [21] to reduce the harmonic components. This control
system provided reliable and adequate performance for differ-
ent values of dead time in the power converter. In [22], a novel
fractional integral terminal sliding mode controller (FITSMC)
is proposed for five-phase IPMSM. This control system facili-
tates additional convergence which minimizes the tracking er-
rors and also minimizes oscillations in the case of open-phase
faults. FITSMC provided enhanced performance than the clas-
sical sliding mode control and proportional-integral (PI) con-
trollers. High frequency (HF) square wave injection into the
second plane-based sensorless control of a five-phase IPMSM
drive is presented [23]. The control strategy allowed us to reduce
the torque ripple and improved the overall control structure of
the five-phase drive system.

There is no discussion on control using nonlinear feedback
for five-phase IPMSM in the existing literature. This article pro-
poses a control system that applies 𝑥-nonlinear variables-based
sensorless control for a five-phase interior permanent magnet
synchronous machine (IPMSM). In the proposed control tech-
nique, nonlinear feedback is utilized to linearize the selected
𝑥-nonlinear variables and then obtain final control signals to
generate the gate pulse for the five-phase inverter to operate the
five-phase IPMSM drives. Compared with FOC, the proposed
control technique reduces mathematical computation by elim-
inating the need for the reference frame transformation to the
(𝑑𝑞) coordinate system. The proposed control scheme estab-
lishes accurate decoupling of electromagnetic and mechanical
sub-systems, while FOC-based control structures have limita-
tions in decoupling the nonlinear machine model.

In the case of five-phase IPMSM, the third current harmonic
will be injected to improve the utilization of electromagnetic
torque. An adaptive speed observer is used to reconstruct the
state variables: stator currents components, angular speed, and
angular position. Analytical, simulation and experimental tests

examine and validate this proposed control structure. The ex-
perimental tests were conducted on 5.5 kW five-phase IPMSM
in sensorless operation with the third harmonic injection.

The main contributions of the article are:
1. Proposition of multiscalar control scheme of five-phase

IPMSM.
2. Comparative analysis with classical multiscalar control

structure.
3. Elimination of a PI controller in each plane for electromag-

netic subsystems.
4. Simulation and experimental confirmation of the developed

control solution under selected working points of the five-
phase IPMSM

The paper is structured in the following manner. Section 2
and Section 3 cover the mathematical model and observer struc-
ture of the five-phase IPMSM drive, respectively. Section 4 and
Section 5 explain the classical multiscalar control system and
proposed multiscalar control system, respectively. In Section 6,
simulation and experimental results are discussed in detail, fol-
lowed by a conclusion in Section 7.

2. MATHEMATICAL MODEL OF FIVE-PHASE IPMSM

The mathematical model of a five-phase machine can be devel-
oped similarly to three-phase machines [24–27]. In this article,
the mathematical model of the five-phase IPMSM is expressed
in the per-unit system except for time. However, certain adaption
is required. For example, for the five-phase IPMSM, phase dis-
placement is 72◦ between each phase. Due to the injection of the
current harmonic, the machine model can be transformed from
a natural reference frame (a-b-c-d-e) to two stationary orthogo-
nal planes for fundamental components and the third harmonic
components, respectively. Machine analysis is done sincerely in
a stationary reference frame in this article. The mathematical
model of IPMSM is well-known in the literature. The mathe-
matical form of the five-phase IPMSM in the vector form using
differential equations can be prepared as

d𝑖𝑠𝛼(𝑖)
d𝑡

= − 1
𝐿𝑞 (𝑖)

𝑅𝑠𝑖𝑠𝛼(𝑖) +
1

𝐿𝑞 (𝑖)
𝜔𝑟 (𝑖)𝜓 𝑓 𝛽 (𝑖) +

1
𝐿𝑞 (𝑖)

𝑢𝑠𝛼(𝑖) , (1)

d𝑖𝑠𝛽 (𝑖)
d𝑡

= − 1
𝐿𝑞 (𝑖)

𝑅𝑠𝑖𝑠𝛽 (𝑖) −
1

𝐿𝑞 (𝑖)
𝜔𝑟 (𝑖)𝜓 𝑓 𝛼(𝑖) +

1
𝐿𝑞 (𝑖)

𝑢𝑠𝛽 (𝑖) , (2)

d𝜔𝑟 (𝑖)
d𝑡

=
1
𝐽

(
𝑁∑︁
𝑖=1

(
𝜓 𝑓 𝛼(𝑖) 𝑖𝑠𝛽 (𝑖) −𝜓 𝑓 𝛽 (𝑖) 𝑖𝑠𝛼(𝑖)

)
−𝑇𝐿

)
, (3)

d𝜃𝑟 (𝑖)
d𝑡

= 𝜔𝑟 (𝑖) . (4)

It is important to note that index 𝑖 defines the reference plane
for multiphase IPMSM. Where 𝑖 = 1 for fundamental plane and
𝑖 = 2 for the second plane, 𝑅𝑠 is stator resistance, 𝐿𝑞 (𝑖) is 𝑞-
axis inductance, 𝜔𝑟 (𝑖) is rotor speed, 𝑇𝐿 is load torque, 𝐽 is
the rotor moment of inertia, 𝑢𝑠𝛼(𝑖) and 𝑢𝑠𝛽 (𝑖) are stator voltage
components, 𝑖𝑠𝛼(𝑖) and 𝑖𝑠𝛽 (𝑖) are the stator current components,
𝜓 𝑓 𝛼(𝑖) and 𝜓 𝑓 𝛽 (𝑖) are the permanent magnet flux components
for the first plane and second plane, respectively. It is assumed
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that machine parameters for five-phase IPMSM are known and
constant. A brief description of observer structure is given in
the next section.

3. OBSERVER STRUCTURE OF FIVE-PHASE IPMSM

From the mathematical model of the five-phase IPMSM de-
fined in (1) to (4), speed and position observer structure can
be prepared for the first and second planes in stationary refer-
ence frames. “ �̂� ” denotes the estimated state variable, and “ �̃� ”
denotes the error between the estimated and measured quantity.

d𝑖𝑠𝛼(𝑖)
d𝑡

= − 1
𝐿𝑞 (𝑖)

𝑅𝑠𝑖𝑠𝛼(𝑖) +
1

𝐿𝑞 (𝑖)
�̂� (𝑖) �̂� 𝑓 𝛽 (𝑖)

+ 1
𝐿𝑞 (𝑖)

𝑢𝑠𝛼(𝑖) + 𝑣𝛼(𝑖) , (5)

d𝑖𝑠𝛽 (𝑖)
d𝑡

= − 1
𝐿𝑞 (𝑖)

𝑅𝑠𝑖𝑠𝛽 (𝑖) −
1

𝐿𝑞 (𝑖)
�̂� (𝑖) �̂� 𝑓 𝛼(𝑖)

+ 1
𝐿𝑞 (𝑖)

𝑢𝑠𝛽 (𝑖) + 𝑣𝛽 (𝑖) , (6)

d𝜃 (𝑖)
d𝑡

= �̂� (𝑖) , (7)

�̂� 𝑓 𝛼(𝑖) = 𝜓 𝑓 cos𝜃𝑟 (𝑖) ,
�̂�𝑠𝛼(𝑖) = 𝐿𝑞𝑖𝑠𝛼(𝑖) + �̂� 𝑓 𝛼(𝑖) ,

(8)

�̂� 𝑓 𝛽 (𝑖) = 𝜓 𝑓 (𝑖) sin𝜃𝑟 (𝑖) ,
�̂�𝑠𝛽 (𝑖) = 𝐿𝑞𝑖𝑠𝛽 (𝑖) + �̂� 𝑓 𝛽 (𝑖) ,

(9)

𝑖𝑠𝛼, 𝛽 (𝑖) = 𝑖𝑠𝛼, 𝛽 (𝑖) − 𝑖𝑠𝛼, 𝛽 (𝑖) ,

�̃�𝑟 (𝑖) = �̂�𝑟 (𝑖) −𝜔𝑟 (𝑖) ,

𝜃𝑟 (𝑖) = 𝜃𝑟 (𝑖) − 𝜃𝑟 (𝑖) ,

(10)

where current components are (𝑖𝑠𝛼(𝑖) ) and (𝑖𝑠𝛽 (𝑖) ), and stator
flux components are (�̂�𝑠𝛼(𝑖) ) and (�̂�𝑠𝛽 (𝑖) ), calculated using the
estimated angular position in each plane. To achieve asymptotic
stability, stabilizing functions (𝑣𝛼(𝑖) ) and (𝑣𝛽 (𝑖) ) are added in
(5) and (6).

The Lyapunov stability criteria are employed to design the
final form of the stabilizing functions [28]. The error between
the estimated and measured state variables can be calculated
using (10). To estimate the angular speed, classical adaptive
control law was applied [28–30]. Rotor speed can be estimated
using (11)

¤̂𝜔𝑟 (𝑖) = −𝛾(𝑖)
(
�̂� 𝑓 𝛽 (𝑖) 𝑖𝑠𝛼(𝑖) − �̂� 𝑓 𝛼(𝑖) 𝑖𝑠𝛽 (𝑖)

)
for 𝛾 > 0. (11)

4. CLASSICAL MULTISCALAR CONTROL
OF THE FIVE-PHASE IPMSM

It is important to mention that discussion on multiscalar control
is only available for three-phase PMSM in the literature [3,31].
To conduct a comparative analysis with the proposed control

scheme, the classical control structure is extended for the five-
phase IPMSM in this article. In the control scheme, a new model
of the machine is prepared with state variables (𝑥). The stator
current vector (i𝑠 (𝑖) ) and stator flux vector (𝝍𝑠 (𝑖) ) can be trans-
formed into the scalar variables by the inner and external product
operation. The new state variables considering (i𝑠 (𝑖) , 𝝍𝑠 (𝑖) ) for
the five-phase IPMSM are angular rotor speed (𝑥11(𝑖) ), vector
product of stator current vector, and stator flux vector (𝑥12(𝑖) ),
which is proportional to the motor torque component, the square
of the stator flux (𝑥21(𝑖) ) and scalar product of stator current and
stator flux vector (𝑥22(𝑖) ) which is flux controlling variable, re-
spectively. The chosen state variables are represented as

𝑥11(𝑖) = 𝜔𝑟 (𝑖) , (12)
𝑥12(𝑖) = 𝜓𝑠𝛼(𝑖) 𝑖𝑠𝛽 (𝑖) −𝜓𝑠𝛽 (𝑖) 𝑖𝑠𝛼(𝑖) , (13)

𝑥21(𝑖) = 𝜓2
𝑠𝛼(𝑖) +𝜓

2
𝑠𝛽 (𝑖) , (14)

𝑥22(𝑖) = 𝜓𝑠𝛼(𝑖) 𝑖𝑠𝛼(𝑖) +𝜓𝑠𝛽 (𝑖) 𝑖𝑠𝛽 (𝑖) . (15)

The new nonlinear mathematical model for the five-phase
IPMSM drive is presented here by taking the time derivative of
nonlinear variables from (12) to (15) variables and substituting
the derivative of currents and stator fluxes; the final form is
given as

d𝑥11(𝑖)
d𝑡

=
1
𝐽
𝑥12(𝑖) −

1
𝐽
𝑇𝐿 , (16)

d𝑥12(𝑖)
d𝑡

= − 1
𝑇𝑣 (𝑖)

𝑥12(𝑖) −
1

𝐿𝑞 (𝑖)
𝑥11(𝑖)

(
𝜓𝑠 (𝑖) ⊙𝜓 𝑓 (𝑖)

)
+ 𝑞𝑠 (𝑖) +𝑢1(𝑖) , (17)

d𝑥21(𝑖)
d𝑡

= 2
(
−𝑅𝑠𝑥22(𝑖) +𝑢𝑠𝛼(𝑖)𝜓𝑠𝛼(𝑖) +𝑢𝑠𝛽 (𝑖)𝜓𝑠𝛽 (𝑖)

)
, (18)

d𝑥22(𝑖)
d𝑡

= − 1
𝑇𝑣 (𝑖)

𝑥22(𝑖) −𝑅𝑠𝑖
2
𝑠 (𝑖) +

1
𝐿𝑞 (𝑖)

𝑥11(𝑖) (𝜓𝑠 (𝑖) ⊗𝜓 𝑓 (𝑖) )

+ 𝑝𝑠 (𝑖) +𝑢2(𝑖) , (19)

where (𝑇𝑣( 𝑖) ) is the motor electromagnetic time constant and
other various terms that appear in differential equations from
(16) to (19) are given as

𝑇𝑣 (𝑖) =
𝐿𝑞 (𝑖)
𝑅𝑠

, (20)

(𝜓𝑠 (𝑖) ⊙𝜓 𝑓 (𝑖) ) = (𝜓𝑠𝛼(𝑖)𝜓 𝑓 𝛼(𝑖) +𝜓𝑠𝛽 (𝑖)𝜓 𝑓 𝛽 (𝑖) ), (21)
(𝜓𝑠 (𝑖) ⊗𝜓 𝑓 (𝑖) ) = (𝜓𝑠𝛼(𝑖)𝜓 𝑓 𝛽 (𝑖) −𝜓𝑠𝛽 (𝑖)𝜓 𝑓 𝛼(𝑖) ), (22)

𝑝𝑠 (𝑖) = 𝑢𝑠𝛼(𝑖) 𝑖𝑠𝛼(𝑖) +𝑢𝑠𝛽 (𝑖) 𝑖𝑠𝛽 (𝑖) , (23)
𝑞𝑠 (𝑖) = 𝑢𝑠𝛼(𝑖) 𝑖𝑠𝛽 (𝑖) − 𝑖𝑠𝛼(𝑖)𝑢𝑠𝛽 (𝑖) , (24)

𝑖2
𝑠 (𝑖) = (𝑖2

𝑠𝛼(𝑖) + 𝑖
2
𝑠𝛽 (𝑖) ), (25)

𝑢1(𝑖) =
1

𝐿𝑞 (𝑖)
(𝜓𝑠𝛼(𝑖)𝑢𝑠𝛽 (𝑖) −𝜓𝑠𝛽 (𝑖)𝑢𝑠𝛼(𝑖) ), (26)

𝑢2(𝑖) =
1

𝐿𝑞 (𝑖)
(𝜓𝑠𝛼(𝑖)𝑢𝑠𝛼(𝑖) +𝜓𝑠𝛽 (𝑖)𝑢𝑠𝛽 (𝑖) ). (27)

In the next step, the feedback linearization process must
be completed. To linearize the nonlinear system, new signals
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(𝑚1(𝑖) ) and (𝑚2(𝑖) ) are computed using PI controllers of (𝑥12(𝑖) )
and (𝑥22(𝑖) ) as shown in Fig. 1.

𝑚1(𝑖) = − 1
𝐿𝑞 (𝑖)

𝑥11(𝑖) (𝜓𝑠 (𝑖) ⊙𝜓 𝑓 (𝑖) ) + 𝑞𝑠 (𝑖) +𝑢1(𝑖) , (28)

𝑚2(𝑖) = −𝑅𝑠𝑖
2
𝑠 (𝑖) +

1
𝐿𝑞 (𝑖)

𝑥11(𝑖) (𝜓𝑠 (𝑖) ⊗𝜓 𝑓 (𝑖) )

+ 𝑝𝑠 (𝑖) +𝑢2(𝑖) , (29)

where (𝑢1(𝑖) ) and (𝑢2(𝑖) ) are the control signals appearing in
the nonlinear model of IPMSM. The pulse width modulation
(PWM) algorithm needs voltage components that can be calcu-
lated from the defined control signals.

𝑢𝑠𝛼(𝑖) = 𝐿𝑞 (𝑖)

(
𝑢2(𝑖)𝜓𝑠𝑎 (𝑖) −𝑢1(𝑖)𝜓𝑠𝛽 (𝑖)

𝑥21(𝑖)

)
, (30)

𝑢𝑠𝛽 (𝑖) = 𝐿𝑞 (𝑖)

(
𝑢2(𝑖)𝜓𝑠𝛽 (𝑖) +𝑢1(𝑖)𝜓𝑠𝛼(𝑖)

𝑥21(𝑖)

)
. (31)

A control system structure based on stator current and flux
is depicted in Fig. 1. Two linear subsystems are controlled by
cascaded controllers. An electromechanical subsystem is pre-
sented in (32) and (33) whereas an electromagnetic subsystem
is shown in (34) and (35).

d𝑥11(𝑖)
d𝑡

=
1
𝐽
𝑥12(𝑖) −

1
𝐽
𝑇𝐿 , (32)

d𝑥12(𝑖)
d𝑡

= − 1
𝑇𝑣 (𝑖)

𝑥12(𝑖) +𝑚1(𝑖) , (33)

d𝑥21(𝑖)
d𝑡

= 2(−𝑅𝑠𝑥22(𝑖) +𝑢𝑠𝛼(𝑖)𝜓𝑠𝛼(𝑖) +𝑢𝑠𝛽 (𝑖)𝜓𝑠𝛽 (𝑖) ), (34)

d𝑥22(𝑖)
d𝑡

= − 1
𝑇𝑣 (𝑖)

𝑥22(𝑖) +𝑚2(𝑖) . (35)

Controllers marked in red line are for the first plane and in green
line are for the second plane of the five-phase IPMSM. From
Fig. 1, it can be observed that seven controllers are required to
implement the classical control scheme.

Fig. 1. Classical multiscalar control for five-phase IPMSM

5. PROPOSED MULTISCALAR CONTROL
FOR FIVE-PHASE IPMSM

The presented control structure in Section 4 is depicted in Fig. 1,
where four PI controllers in the first plane and three controllers
in the second plane are mandatory for control of five-phase
IPMSM. Based on the dependences for the multiscalar model
(16)–(19), control variables occur in (17) and (19). From con-
trol variables (𝑢1(𝑖) ) and (𝑢2(𝑖) ), voltage components (𝑢𝑠𝛼(𝑖) )
and (𝑢𝑠𝛽 (𝑖) ) are calculated in stationary reference frame as was
discussed in Section 4. In comparison with the classical control
structure, stationary voltage components can be obtained from
control signals appearing in (17) and (18) in the proposed con-
trol structure. In the proposed solution, without referring (19),
both control signals can be obtained which eliminates one PI
controller in each plane in the electromagnetic subsystem. The
new control signal 𝑚1(𝑖) can be computed from the (𝑥12(𝑖) )
controller as discussed earlier. Using the proposed approach,
𝑚2(𝑖) can be calculated from the (𝑥21(𝑖) ) controller only in each
plane. It is important to mention that the form of the control
signal (𝑢1(𝑖) ) remains the same as (26), while the control signal
(𝑢2(𝑖) ) is shown in (36). Using the proposed control structure of
the five-phase IPMSM, it is possible to control flux controlling
variable (𝑥22(𝑖) ) internally from the (𝑥21(𝑖) ) controller only

𝑢2(𝑖) = 2(𝜓𝑠𝛼(𝑖)𝑢𝑠𝛼(𝑖) +𝜓𝑠𝛽 (𝑖)𝑢𝑠𝛽 (𝑖) ). (36)

The block diagram of the proposed control system is shown
in Fig. 2. To implement the proposed control structure a total of
five controllers are required.

Fig. 2. Proposed multiscalar control for five-phase IPMSM

From the PI controllers of (𝑥12(𝑖) ) and (𝑥21(𝑖) ), feedback sig-
nals (𝑚1(𝑖) ) and (𝑚2(𝑖) ) are calculated for linearization process
as shown in Fig. 2. (𝑢1(𝑖) ) and (𝑢2(𝑖) ) are the control variables
appearing in the nonlinear model of IPMSM (17), (19) and after
transforming to voltage components as (37), (38).

𝑢𝑠𝛼(𝑖) = − 1
2𝑥21(𝑖)

(2𝐿𝑞 (𝑖)𝑢1(𝑖)𝜓𝑠𝛽 (𝑖) −𝑢2(𝑖)𝜓𝑠𝛼(𝑖) ), (37)
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𝑢𝑠𝛽 (𝑖) =
1

2𝑥21(𝑖)
(2𝐿𝑞 (𝑖)𝑢1(𝑖)𝜓𝑠𝛼(𝑖) +𝑢2(𝑖)𝜓𝑠𝛽 (𝑖) ). (38)

After completing the process of linearization and decoupling,
two linear and fully decoupled subsystems are obtained: the
electromechanical subsystem remains the same as (32) and (33)
while the electromagnetic subsystem changes to (39)

d𝑥21(𝑖)
d𝑡

= −2𝑅𝑠𝑥22(𝑖) +𝑢2(𝑖) . (39)

6. RESULTS AND DISCUSSION

6.1. Simulation results

In Fig. 3 and Fig. 4 chosen simulation results using measured pa-
rameters are shown. The five-phase IPMSM drive starting up to
1.0 p.u. is shown using a multiscalar control scheme in Fig. 3a,
and using the proposed control scheme in Fig. 3b. Nonlinear
variables such as the speed of the first plane (𝑥11(1) ), the torque
produced in the first plane (𝑥12(1) ) and the second plane (𝑥12(2) )
during the transient state, the square of stator flux (𝑥21(1) ), and
flux controlling variable (𝑥22(1) ) are depicted. It can be observed
that mechanical subsystems and electromagnetic subsystems are
decupled and controlled separately. To maintain the flux level
constant flux controlling variable (𝑥22(1) ) is controlled inter-
nally by the square of the flux controller in the proposed con-
trol scheme, while in the classical control scheme, additional
controllers are required to control the flux controlling variable
(𝑥22(1) ) and (𝑥22(2) ) to achieve decoupling between mechanical
and electromagnetic subsystems.

(a) (b)

Fig. 3. Simulation result of the five-phase IPMSM starting up to 1.0 p.u.
(a) classical multiscalar control structure, (b) proposed multiscalar con-

trol structure

In Fig. 4, the drive reversing from 1.0 p.u. to −1.0 p.u. with
applied load around 0.5 p.u. The performance of the classical
multiscalar control system and the proposed control system for
the multiphase IPMSM are shown in Fig. 4a and Fig. 4b, re-
spectively. The angular speed of the first plane (𝑥11(1) ) and the
second plane (𝑥11(2) ), the torque generated in the first plane
(𝑥12(1) ) and the second plane (𝑥12(2) ) in the dynamic state and
square of stator flux in the first plane (𝑥21(1) ) are shown. The an-
gular speed of the second plane (𝑥11(2) ) reverses from −3.0 p.u.
to 3.0 p.u., the torque is limited to 1.0 p.u. for the first plane

(a) (b)

Fig. 4. Simulation result of the five-phase IPMSM reversing from
1.0 p.u. to −1.0 p.u. (a) classical multiscalar control structure, (b) pro-

posed multiscalar control structure

(𝑥12(1) ) and 0.1 p.u. for the second plane (𝑥12(2) ) during the
dynamic state. The flux level is kept constant at 1.1 p.u. in the
first plane (𝑥21(1) ), as shown in Fig. 4b. During the drive re-
versal, stator flux is maintained at 1.1 p.u. using the proposed
control solution but classical control structure fails to remain at
1.1 p.u. during the dynamic state. The proposed multiscalar con-
trol ensures proper decoupling between the electromechanical
and electromagnetic subsystems. From the simulation results,
it can be observed that the proposed control structure for the
five-phase IPMSM provides similar results to the classical con-
trol system with a smaller number of controllers. To confirm
the theoretical hypothesis, the chosen experimental results are
discussed.

6.2. Experimental results

The performance of the proposed control system in real-time
operating conditions was evaluated precisely using the set of
laboratory equipment. In the experimental set, a 5.5 kW five-
phase IPMSM drive system fed by a voltage source converter
(VSC) was used. The parameters of the five-phase IPMSM used
for experimental tests are defined in Table 1. For control sys-
tem implementation, DSP SHARC ADSP21363 floating-point
signal processor and Altera Cyclone 2 FPGA were used in the
interface with a sampling time of 150 µs. The transistor switch-
ing frequency of the inverter was 3.3 kHz. Control system im-
plementation in the DSP board is shown in Fig. 1 and Fig. 2.
LA 25-NP transducer was used to measure the currents in the
natural reference frame and then transformed to the stationary
reference frame (𝛼𝛽) using the Clarke transformation for ob-
server structure execution. The incremental encoder (11 bits)
was employed to measure the speed of the five-phase IPMSM.
It is important to mention that the encoder was only used to
substantiate the estimation accuracy of the observer structure.
Tuning gains of the PI controllers for the classical control struc-
ture are given in Table 2, and for proposed control structure are
given in Table 3.

The tracking responses of the “𝑥” nonlinear variables in
(𝛼𝛽) (𝑖) coordinates for a drive starting up to nominal speed
using the classical control and the proposed control schemes are
shown in Fig. 5. Estimated parameters are used for the control of
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Table 1
IPMSM parameters and reference unit

Symbol Quantity Values

𝑅𝑠𝑛 Stator resistance 0.0680 p.u.

𝐿𝑑𝑛(1) 𝑑 (1) -axis inductance 0.4263 p.u.

𝐿𝑑𝑛(2) 𝑑 (2) -axis inductance 0.1421 p.u.

𝐿𝑞𝑛(1) 𝑞 (1) -axis inductance 0.6484 p.u.

𝐿𝑞𝑛(2) 𝑞 (2) -axis inductance 0.2161 p.u.

𝑃 Pole pairs 3

𝑃𝑛 Nominal power 5.5 kW

𝑇𝑒𝑛 Nominal value of torque 0.8817 p.u.

𝜓 𝑓 (1) Permanent magnets flux linkage (1) 0.89 p.u.

𝜓 𝑓 (2) Permanent magnets flux linkage (2) 0.07 p.u.

𝑈𝑛 Nominal stator voltage (Y) 275 V

𝐼𝑛 Nominal stator current (Y) 10.2 A

𝑛 Nominal rotor speed 1500 rpm

𝑓 Nominal frequency 75 Hz

𝑈𝑏 =𝑈n Reference voltage 275 V

𝐼𝑏 = 𝐼𝑛
√

5 Reference current 22.80 A

Table 2
Tuning gains of the multiscalar control structure

Symbol Quantity Values

𝑘 𝑝𝑥11(1) Proportional gain for 𝑥11(1) controller 7.5

𝑘𝑖𝑥11(1) Integral gain for 𝑥11(1) controller 0.001

𝑘 𝑝𝑥12(1) Proportional gain for 𝑥12(1) controller 7.5

𝑘𝑖𝑥12(1) Integral gain for 𝑥12(1) controller 0.1

𝑘 𝑝𝑥21(1) Proportional gain for 𝑥21(1) controller 5

𝑘𝑖𝑥21(1) Integral gain for 𝑥21(1) controller 0.1

𝑘 𝑝𝑥22(1) Proportional gain for 𝑥22(1) controller 1.8

𝑘𝑖𝑥22(1) Integral gain for 𝑥22(1) controller 0.1

𝑘 𝑝𝑥12(2) Proportional gain for 𝑥12(2) controller 5

𝑘𝑖𝑥12(2) Integral gain for 𝑥12(2) controller 0.1

𝑘 𝑝𝑥21(2) Proportional gain for 𝑥21(2) controller 5

𝑘𝑖𝑥21(2) Integral gain for 𝑥21(2) controller 0.1

𝑘 𝑝𝑥22(2) Proportional gain for 𝑥22(2) controller 2

𝑘𝑖𝑥22(2) Integral gain for 𝑥22(2) controller 0.1

the multiphase IPMSM. The reference command of stator flux
was 1.1 p.u. for the first plane and 0.1 p.u. for the second plane
(𝑥∗21(1) ) and (𝑥∗21(2) ), respectively.

In Fig. 5a and 5b, variables such as measured machine
speed (𝑥11(1) ), estimated speed (𝑥11(1) ), speed estimation error
(𝑥11(1) ), measured current component (𝑖𝑠𝛼(1) ), and estimated
current component (𝑖𝑠𝛼(1) ) are shown.

Table 3
Tuning gains of the proposed multiscalar control structure

Symbol Quantity Values

𝑘 𝑝𝑥11(1) Proportional gain for 𝑥11(1) controller 7.5

𝑘𝑖𝑥11(1) Integral gain for 𝑥11(1) controller 0.001

𝑘 𝑝𝑥12(1) Proportional gain for 𝑥12(1) controller 7.5

𝑘𝑖𝑥12(1) Integral gain for 𝑥12(1) controller 0.1

𝑘 𝑝𝑥21(1) Proportional gain for 𝑥21(1) controller 7.5

𝑘𝑖𝑥21(1) Integral gain for 𝑥21(1) controller 0.1

𝑘 𝑝𝑥12(2) Proportional gain for 𝑥12(2) controller 5

𝑘𝑖𝑥12(2) Integral gain for 𝑥12(2) controller 0.1

𝑘 𝑝𝑥21(2) Proportional gain for 𝑥21(2) controller 5

𝑘𝑖𝑥21(2) Integral gain for 𝑥21(2) controller 0.1

(a) (b)

Fig. 5. Experimental result of the five-phase IPMSM starting
up to 1.0 p.u. (a) multiscalar structure, (b) proposed multiscalar

structure

In Fig. 6, the five-phase IPMSM drive was reversed from
1.0 p.u. to −1.0 p.u. The measured speed (𝑥11(1) ), estimated
speed (𝑥11(1) ), the error between the estimated speed and the
measured speed for the first plane (𝑥11(1) ), the generation of
electromagnetic torque in the first plane and the second plane
(𝑥12(1) ), are shown in Fig. 6a and 6b.

(a) (b)

Fig. 6. Experimental result of the five-phase IPMSM reversing from
1.0 p.u. to −1.0 p.u. (a) multiscalar control structure, (b) proposed

control structure
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In Figs. 5 and 6, the performance of the proposed control
structure is compared with the classical control structure. It can
be observed that behaviour of the proposed control system is
almost the same as the classical control system. Moreover, the
proposed control system is simple and also reduces the overall
control efforts as a flux controlling controller is not required
while in the classical control structure flux controlling controller
is needed.

In Figs. 7 and 8, drive performance was examined for the case
of load injection and removal at a low speed around 0.15 p.u.,
and at a medium speed around 0.5 p.u., respectively. In Figs. 7
and 8, important variables are shown such as the measured
speed (𝑥11(1) ), the estimated speed (𝑥11(1) ), the speed estima-
tion error (𝑥11(1) ), and the torque production in each plane
(𝑥12(1) , 𝑥12(2) ). In Fig. 7a, the drive was running at a steady
state around 0.15 p.u., without load. After 0.12 s, the load torque
was changed to 0.45 p.u., with the torque production in the first
plane (𝑥12(1) ) and the second plane (𝑥12(1) ) increasing up to
0.45 p.u. and 0.045 p.u., respectively. Similarly, in Fig. 7b the
applied load was cut off as the load was removed, and the torque
generation in each plane was reduced to 0.0 p.u. In Fig. 8a, the
speed of the five-phase IPMSM was set at 0.5 p.u. and after
0.24 s the load torque was changed from 0.2 p.u. to 0.74 p.u. as
shown. In Fig. 8b, the applied load was pulled out from 0.74 p.u.

(a) (b)

Fig. 7. Experimental result of the loaded five-phase IPMSM at low
speed around 0.15 p.u. (a) after 0.12 s load torque changed from 0.0 p.u.
to 0.45 p.u., (b) after 0.2 s load torque fell from 0.45 p.u. to 0.0 p.u.

(a) (b)

Fig. 8. Experimental result of the loaded five-phase IPMSM (a) after
0.24 s the load torque changed from 0.2 p.u. to 0.74 p.u., (b) after 0.19 s

the load torque fell 0.74 p.u. to 0.0 p.u.

to 0.0 p.u. after 0.19 s. During both tests, the calculated speed
estimation error was almost close to zero.

The speed reversal of the five-phase IPMSM from 0.1 p.u. to
−0.1 p.u is presented in Fig. 9a. Simultaneously, the speed of
the second plane changed from −0.3 p.u. to 0.3 p.u., the flux
level was kept at the desired level during low-speed reversal.
The standstill test of the five-phase IPMSM is visible in Fig. 9b.
The machine speed changed from 0.15 p.u. to 0.0 p.u after 0.4 s
and again to 0.15 p.u. after 4.35 s. During this test, IPMSM did
not remain at zero speed and returned to 0.15 p.u. without losing
the synchronism.

(a) (b)

Fig. 9. Experimental result of the unloaded five-phase IPMSM (a) ma-
chine reversed from 0.1 p.u. to −0.1 p.u., (b) standstill test, speed

changed from 0.15 to 0.0 p.u.

In Fig. 10, the proposed control system was tested against
the uncertainty of the machine parameters to check robustness.
For this test, the angular speed of the first plane was set around
0.7 p.u., the speed of the second plane was 2.1 p.u., and the
applied load torque was around 0.57 p.u. In Fig. 10a and 10b,
the inductance of the 𝐿𝑞 (1) first plane and the 𝐿𝑞 (2) second plane
varied for three different cases. 𝐿𝑞 (1) was equal to 0.5𝐿𝑞𝑛(1) ,
and after 3.2 s 𝐿𝑞 (1) = 𝐿𝑞𝑛(1) , and again after 6.9 s 𝐿𝑞 (1) was
equal to 1.5𝐿𝑞𝑛(1) . Similarly, 𝐿𝑞 (2) was equal to 0.7𝐿𝑞𝑛(2) ,
and after 2.1 s 𝐿𝑞 (2) = 𝐿𝑞𝑛(2) , and again after 6.2 s 𝐿𝑞 (2) was
1.7𝐿𝑞𝑛(2) . From Fig. 10a, it can be observed that the system lost
its stability when inductances of the first plane value changed

(a) (b)

Fig. 10. Experimental result of the five-phase IPMSM for different
values of inductance, load torque = 0.57 p.u., machine speed was set at

0.7 p.u. (a) L𝑞 (1) , (b) L𝑞 (2)
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𝐿𝑞 (1) = 1.5𝐿𝑞𝑛(1) . In Fig. 10b, the system remained stable for
all the cases of inductance 𝐿𝑞 (2) variation in the second plane.
In Table 4, similarities and differences between the classical
multiscalar control scheme and the proposed multiscalar control
scheme are given.

Fig. 11. Photograph of the experimental stand with the IPMSM
clutched to IM

Table 4
Comparison of the control schemes for selected properties

Property
Classical

multiscalar
control

Proposed
multiscalar

control

Computation time (µs) 120 112

Decoupled control law Yes Yes

Number of controllers required 7 5

Complexity of gain tuning High Medium

Overshoot < 5% < 3%

Speed estimation error during
the dynamic state < 0.05 p.u. < 0.04 p.u.

7. CONCLUSIONS

This article presented sensorless multiscalar control of the five-
phase IPMSM. Based on the chosen multiscalar variables de-
fined in Section 4, a multiscalar model is prepared. To linearize
the multiscalar model, a new signal with nonlinear terms is pro-
vided as feedback. After the decoupling process, reference volt-
age signals are prepared for the PWM algorithm based on control
signals. The proposed multiscalar control system of the five-
phase IPMSM is compared with the classical multiscalar con-
trol scheme. The proposed control technique requires a smaller
number of controllers to separately control the electromechani-
cal subsystem and electromagnetic subsystem than the classical
control scheme. The five-phase 5.5 kW IPMSM was used for
experimental tests. All experimental results confirmed that the
proposed control scheme provides excellent performance dur-
ing different tests like drive start-up to nominal speed, speed
reversal, load torque injection at low speed and medium speed,
low-speed reversal and standstill test, and parameter uncertainty
test. The speed and torque oscillations increased when 𝐿𝑞 (1)

was 1.5 times the nominal value of inductance, which shows
that overall stability was reduced, while the system remained
stable for inductance 𝐿𝑞 (2) variation for all three cases.
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