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ABSTRACT This article proposes multi-scalar variables based predictive control of sensorless multiphase
interior permanent magnet synchronous machine. Estimated parameters from adaptive observers are used to
implement the proposed control scheme. The control approach is divided into two parts: for the fundamental
plane, torque and its dual quantity from the multi-scalar model are directly predicted by the controller, and
torque density is improved by injecting a third harmonic current in the second plane. The multi-scalar model
of the 3rd harmonic plane is controlled by classical linear controllers. The analysis of the five-phase interior
permanent magnet synchronous machine is done deeply in the stationary reference frame. Moreover, the
proposed control scheme is compared with traditional predictive control-based field-oriented control for the
fundamental plane and the field-oriented control (linear controllers-based) for the second plane in the (d−q)
reference frame. Compared with the previous control strategy, the proposed control structure provides a fast-
dynamic response, reduces the computation resources by eliminating the reference frame transformation to
obtain control signals, and improves overall control dynamics. The performance of the proposed control
scheme is formally validated by simulation and experimental results.

INDEX TERMS Five-phase interior permanentmagnet synchronousmachine, multi-scalar, predictive torque
control, field-oriented control, third harmonic current injection, sensorless control.

I. INTRODUCTION
Multiphase machines have received remarkable appreciation
from researchers worldwide due to various benefits such as
higher torque density, high fault tolerance capability, reduc-
tion in DC link stress, less torque ripple, improved reliability,
and power density. These notable advantages of multiphase
machines can be very helpful in industrial applications, elec-
tric vehicles, marine propulsion, and aerospace [1], [2], [3].
One of the most well-known representatives in this field is
a five-phase interior permanent magnet synchronous motor
(IPMSM), which offers a high torque density, rapid dynamic
response, high reliability, and good power factor.

In a multiphase machine, space vectors can depict each
current harmonic component separately. Power density can
be improved by injecting harmonic current in a multiphase
permanent magnet synchronous motor drive (PMSM) [4].
The output torque can be increased by injection of har-
monic current. The harmonic order lower than the number
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of phases is mainly used [5]. Third, harmonic current injec-
tion with fundamental current increases output torque up to
10% to 17% compared to a three-phase machine of similar
size [6].
Model predictive control (MPC) works on the principles

of the predictive model, receding horizon, and feedback cor-
rection [7]. MPC is an online optimization control algorithm.
For IPMSM drives, MPC can be categorized into two parts:
continuous control set MPC, and finite control set MPC.
Among them, the finite control set MPC is an attractive
option as it uses the discrete model of the system to pre-
dict the trajectories of controlled variables with a finite set
of control actuation [8]. MPC is one of the popular con-
trol techniques due to its fast-dynamic response and simple
implementation.

When control objectives are selected based on torque and
flux, it is called predictive torque control (PTC) [9]. PTC
differs from direct torque control (DTC) as DTC requires
hysteresis controllers and a switching table, while in PTC,
predictive controllers and cost function online optimization
are used. Weighting factors are needed in PTC to adjust
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the torque and flux control proportion. Incorrect weight-
ing factors lead to poor control performance of the whole
system. The proposed control scheme in this article does not
require a weighting factor. Research has been carried out for
three-phase electric drives using MPC [7]. This article uses
MPC for five-phase IPMSM to predict torque and its opposite
quantity based on the multi-scalar variables.

Most of the research on the multiphase machine is focused
on improving fault-tolerant capability [10], [11], [12], [13].
The field-oriented control (FOC) strategy is a highly used
control strategy in which the state variables are oriented in
a rotating reference frame (d-q) [3]. Direct torque control
(DTC) is a popular alternative technique adapted by indus-
tries for the control of multiphase machines [14], [15], [16].
For fast dynamic response and accurate tracking of linear
nonlinear systems, a generalized deadbeat solution was pro-
posed for the MPC of five-phase PMSM drive [17]. In [18],
Luo et al. proposed the control technique for six-phase
PMSM based on MPC with a Luenberger observer to com-
pensate for the localization error of the reference vector
caused by the machine parameter mismatch. This tech-
nique improved the steady-state performance and robustness
significantly.

For six-phase PMSM, disturbance observer-based pre-
dictive current control was reported in [19] to reduce the
steady-state errors and harmonics in current. With significant
errors in system parameters and different values of dead
time in the power converter, this control scheme provided
reliable performance. Song et al. reported that the 28th order
of the flux density spatial harmonics components causes the
most vibration. In [13], the noise and vibration prediction
of six-phase IPMSM was carried out for healthy mode and
controlled faulty mod.

This article proposes sensorless predictive torque control
(PTC) using multi-scalar variables for the fundamental plane
and linear controller-basedmulti-scalar control for the second
plane of five-phase IPMSM drives. The proposed technique
predicts the multi-scalar variables such as torque and its dual
quantity. Due to similar dimensions of predicted quantities,
weighting factors are not required. In addition, classical pre-
dictive current control-based field-oriented control for the
first plane and field-oriented control using PI controllers for
the second plane is also implemented and compared with
the proposed control scheme. The adaptive virtual observer
for both planes is used to reconstruct stator currents, angular
speeds, and angular positions. Estimated parameters mini-
mize the disadvantages of measurement noise, gain drift, and
reliability issues caused by sensors. The proposed control
solution has certain limitations: 1) parameter mismatch may
lead to error in predicting the value of torque and introduce
ripple in torque. 2) implementation of the proposed control
scheme is not straightforward in engineering practice due
to the extensive sensorless control structure. The proposed
concept is verified through analytical and simulation results
and validated by experimentation on a five-phase IPMSM
5.5 kW machine.

The main contributions of the paper are:
1) Proposition of a new predictive multiscalar-based con-

trol strategy for five-phase IPMSM
2) Elimination of weighting factor in the proposed control

scheme to achieve a good dynamic response
3) The Park transformation requirement to implement the

control scheme is eliminated and reduces the mathe-
matical computation burden

4) Inclusion of estimated parameters from the observer
structure to reduce the noise and gain drift in measured
parameters due to sensors

This paper is organized as follows. Section II explains the
mathematical model of the five-phase IPMSM. In section III,
a brief description of observer structure is given. Section IV
describes the classical control structure for five-phase
IPMSM. In Section V, the proposed control structure is
explained in detail. Section VI represents simulation and
experimental results, followed by a conclusion in SectionVII.

II. MATHEMATICAL MODEL OF IPMSM
The mathematical model of a five-phase IPMSM can be pre-
pared similarly to a three-phase machine. However, due to the
higher number of phases, it requires certain adjustments. The
natural reference frame of five-phase IPMSM (a-b-c-d-e) can
be transformed into two independent stationary orthogonal
planes: the fundamental (α1-β1) and the third harmonic (α2-
β2), respectively. The mathematical structure of five-phase
IPMSM is well known in the literatures [20], [21], and [22].
In a stationary reference frame, a vector model of five-phase
IPMSM for the fundamental plane and the second plane can
be presented in the form of differential equations as follows:

disα(i)
dτ

= −
1
Lq(i)

Rsisα(i) +
1
Lq(i)

ωr(i)ψf β(i) +
1
Lq(i)

usα(i) (1)

disβ(i)
dτ

= −
1
Lq(i)

Rsisβ(i) −
1
Lq(i)

ωr(i)ψf α(i) +
1
Lq(i)

usβ(i) (2)

dωr(i)
dτ

=
1
J

(
N∑
i=1

(ψα(i)isβ(i) − ψβ(i)isα(i)) − TL

)
(3)

dθr(i)
dτ

= ωr(i) (4)

where i = 1 and 2, is(i), us(i), ψ s(i), and ψ f (i) are the vectors
representing fundamental and third harmonic stator current,
stator voltage, stator flux and permanent flux components. Rs
is stator resistance, Lq(i) is stator inductance, load torque is TL ,
and system inertia is J. It is assumed that the parameters of the
five-phase IPMSM are known and constant. The next section
discusses the adaptive observer structure in brief detail.

III. OBSERVER STRUCTURE OF FIVE-PHASE IPMSM
Based on the mathematical model of five-phase IPMSM,
observer structure in α(i)-β(i) coordinates can be prepared as:

dîsα(i)
dτ

= −
1
Lq(i)

Rs îsα(i)+
1
Lq(i)

ω̂(i)ψ̂f β(i)+
1
Lq(i)

usα(i)+vα(i)

(5)
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dîsβ(i)
dτ

= −
1
Lq(i)

Rs îsβ(i) −
1
Lq(i)

ω̂(i)ψ̂f α(i)+
1
Lq(i)

usβ(i)+vβ(i)

(6)

dθ̂(i)
dτ

= ω̂(i) (7)

ψ̂f α(i) = ψf (i) cos θ̂r(i) (8)

ψ̂f β(i) = ψf (i) sin θ̂r(i) (9)

Estimated state variables in the observer structure are rep-
resented by ‘‘^’’. Input voltage vector components are usα(i)
and usβ(i), îsα(i) and îsβ(i), are estimated current vector
components, ψ̂f α(i) and ψ̂f β(i) represents flux components
calculated using estimated angular position, vα(i) and vβ(i)
are added stabilizing functions to make the observer structure
asymptotically stable. The final form of the stabilizing func-
tions can be obtained using the Lyapunov stability theorem.
The error between the estimated value and themeasured value
can be calculated using (10)

ĩsα,β(i) = îsα, β(i) − isα,β(i), ω̃r(i) = ω̂r(i) − ωr(i),

θ̃r(i) = θ̂r(i) − θr(i), (10)

Rotor speed values for the first and second planes can be
estimated from (11).

˙̃ωr(i)

= −γ(i)(ψ̂f β(i) ĩsα(i) − ψ̂f α(i) ĩsβ(i))forγ > 0and ˙̃ωr(i) ≈ ˙̂ωr(i)

(11)

This article is focused on the proposed control scheme
for five-phase IPMSM; hence, the discussion on observer
structure is limited. The next section discusses the classical
control scheme where MPC-based FOC is used for the first
plane and PI controller-based FOC for the second plane.

IV. CLASSICAL CONTROL SCHEME OF FIVE-PHASE
IPMSM
For control of five-phase IPMSM, the traditional control
schemes: MPC for the fundamental plane, which is also
known as traditional PTC, and PI controller-based FOC for
3rd harmonic plane is shown in Fig. 1. In the fundamental
plane, the PI controller is implemented for accurate speed
control and produce reference current for i∗sq(1). For sampling
time Ts, the derivative of stator currents can be approx-
imated using Euler approximation, and the final form of
predictive currents model in the rotating reference frame
can be obtained, based on the voltage vectors generated
by the inverter in the stationary reference frame are the
rotating vectors in (d-q) reference frame and stator currents
can be predicted, which is well known in the literature [7].
The predictive current controller tracks the reference current
generated by the PI controller. The voltage vector, which
minimizes the defined cost function in (12) will be applied
for the whole sampling period [11].

g = ((i∗sd(i) − iP(k+1)
sd(i) ) + (i∗sq(i) − iP(k+1)

sq(i) ))2 (12)

FIGURE 1. The control diagram of classical predictive current control
based FOC for 1st plane and classical FOC for 2nd plane.

In the second plane, PI controllers control the flux and
torque components of the currents. In the second plane, the
reference current i∗sq(2) is calculated optimally from the fun-
damental reference current i∗sq(1) [6].

In the control scheme, measured currents and voltages in
the natural reference frame are transformed into the stationary
reference frame to implement the observer structure. The
observer structure estimates the defined state variables in the
stationary reference frame. State variables are converted into
the rotating reference frame for control system implementa-
tion using an estimated angular position. To implement the
classical control structure for the five-phase IPMSM drive,
it is necessary to transform state variables in (d-q) reference
frame as shown in Fig. 1.

V. PROPOSED CONTROL SCHEME OF FIVE-PHASE
IPMSM
A. PROPOSED PREDICTIVE CONTROL OF MULTI-SCALAR
VARIABLES FOR FUNDAMENTAL PLANE
The conceptualization behind themulti-scalar is that the inner
and external product of the stator current vector (is(i)) and
stator flux vector (ψ s(i)) can be transformed into scalars [3],
[23]. For the fundamental plane i= 1, in the nonlinear control
such as five-phase IPMSM, these four are state variables in
each plane

x11(i) = ωr(i) (13)

x12(i) = ψsα(i)isβ(i) − ψsβ(i)isα(i) (14)

x21(i) = ψ2
sα(i) + ψ2

sβ(i) (15)

x22(i) = ψsα(i)isα(i) + ψsβ(i)isβ(i) (16)

x11(i) is rotor speed, x12(i) is an external product of stator
flux and current which represents the motor torque, x21(i) is
the square of stator flux, and x22(i) is the inner product of
stator flux and stator currents. The proposed control strategy
for five-phase IPMSM is depicted in Fig. 2.
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FIGURE 2. The control diagram of the proposed predictive control using
multi-scalar variables for 1st plane and multi-scalar model-based control
for 2nd plane.

The control objective is prepared for the fundamental
plane based on multi-scalar variables. Predictive control is
employed to control the multi-scalar variables. Multi-scalar
model-based control is proposed for 2nd plane to control the
flux and torque components. It can be observed from Fig. 2.
that park transformation is not required in the second plane
to control the third harmonic components.

To discretize the (1) and (2), the forward Euler method
can be used, and the stator current at instant (k + 1) can be
predicted as:

i(k+1)
sα(i) = (1 −

Ts
Tv(i)

)i(k)sα(i) +
Ts
Lq(i)

ωr(i)ψf β(i) +
Ts
Lq(i)

u(k)sa(i)

(17)

i(k+1)
sβ(i) = (1 −

Ts
Tv(i)

)i(k)sβ(i) −
Ts
Lq(i)

ωr(i)ψf α(i) +
Ts
Lq(i)

u(k)sβ(i)

(18)

where Tv(i) =
Lq(i)
Rs

.
Based on (17) and (18) the predicted current value, stator

flux can be predicted for the same current vector

ψ
(k+1)
sα(i) = (Lq(i)i

(k)
sα(i) + ψf α(i)) (19)

ψ
(k+1)
sβ(i) = (Lq(i)i

(k)
sβ(i) + ψf β(i)) (20)

After substituting the predicted value of stator currents and
stator flux in (14) and (16), multi-scalar variables: x12(i) which
represents torque, and x22(i) which is the reactive component
of torque, can also be predicted and given as

x(k+1)
12(i) = ψ

(k+1)
sα(i) i

(k+1)
sβ(i) − ψ

(k+1)
sβ(i) i

(k+1)
sα(i) (21)

x(k+1)
22(i) = ψ

(k+1)
sα(i) i

(k+1)
sα(i) + ψ

(k+1)
sβ(i) i

(k+1)
sβ(i) (22)

The unit and dimension of (21) and (22) are the same;
hence, the weighting factor can be eliminated, and the

FIGURE 3. Flowchart of the proposed control diagram of proposed
predictive control using multi-scalar variables for 1st plane.

following cost function is proposed in this article.

g = ((x∗

12(i) − xP(k+1)
12(i) ) + (x∗

22(i) − xP(k+1)
22(i) ))2 (23)

The reference value of torque x∗

12(1) is generated using a
speed controller, and the reference value of reactive torque
x∗

22(1) is obtained from the flux controller x∗

21(1). In the pro-
posed scheme, the value of stator flux is kept constant,
hence x22(i) ̸= 0 for the proposed control scheme. Fol-
lowing the above procedure, a predictive controller can be
designed for the fundamental plane of the five-phase IPMSM,
as shown in the red dashed box in Fig. 2. At the instant
of k, estimated current signals from the adaptive observer
are used instead of measured current signals. Implementing
multi-scalar variable-based PTC does not require angle trans-
formation.

It is important to mention that in the proposed control solu-
tion, measure speed ωr(i), position θr(i), permanent magnet
flux componentsψf α,β(i), stator flux componentsψsα,β(i), and
stator current components isα,β(i) are replaced with estimated
speed ω̂r(i), position θ̂r(i), permanent magnet flux components
ψ̂f α,β(i), stator flux components ψ̂sα,β(i) and stator current
components îsα,β(i) for fundamental plane and second plane
to avoid the issue of noise and gain drift due to mechanical
sensor. It is assumed that machine parameters are known and
constant in nature. The flowchart of the proposed PTC based
on multi-scalar variables is shown in Fig. 3.

B. PROPOSED MULTI-SCALAR CONTROL FOR THE
SECOND PLANE
This article proposes a multi-scalar model-based control for
the third harmonic component in the second plane for five-
phase IPMSM. For the second plane, i = 2. By taking
the time derivative of multi-scalar variables (13)-(16), the
multi-scalar model of the nonlinear control system can be
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prepared as (24)-(27).

dx11(i)
dt

=
1
J
x12(i) −

1
J
TL (24)

dx12(i)
dt

= −
1
Tv(i)

x12(i) −
1
Lq(i)

x11(i)(ψs(i) ⊙ ψf (i)) + qs(i)

+
1
Lq(i)

(ψsα(i)usβ(i) − ψsβ(i)usα(i))︸ ︷︷ ︸
u1(i)

(25)

dx21(i)
dt

= 2(−Rsx22(i) + usα(i)ψsα(i) + usβ(i)ψsβ(i)) (26)

dx22(i)
dt

= −
1
Tv(i)

x22(i) − Rsi2s(i) +
1
Lq(i)

x11(i)(ψs(i) ⊗ ψf (i))

+ ps(i) +
1
Lq(i)

(ψsα(i)usα(i) + ψsβ(i)usβ(i))︸ ︷︷ ︸
u2(i)

(27)

where Tv(i) is the motor electromagnetic time constant and
additional terms appearing from (25) to (27) are expressed
as:

Tv(i) =
Lq(i)
Rs

(28)

(ψs(i) ⊙ ψf (i)) = (ψsα(i)ψf α(i) + ψsβ(i)ψf β(i)) (29)

(ψs(i) ⊗ ψf (i)) = (ψsα(i)ψf β(i) − ψsβ(i)ψf α(i)) (30)

ps(i) = usα(i)isα(i) + usβ(i)isβ(i) (31)

qs(i) = usα(i)isβ(i) − isα(i)usβ(i) (32)

i2s(i) = (i2sα(i) + i2sβ(i)) (33)

In the following step, feedback linearization process must
be completed. New signals m1(i) andm2(i) are computed using
PI controller to linear the nonlinear systems as shown green
dashed box in Fig. 2. To generate PWM signals, reference
voltage components are required, and it can be obtained from
multi-scalar control signal:

usα(i) = Lq(i)

(
u2(i)ψsa(i) − u1(i)ψsβ(i)

x21(i)

)
(34)

usβ(i) = Lq(i)

(
u2(i)ψsβ(i) + u1(i)ψsα(i)

x21(i)

)
(35)

It can be observed that after the completing process
of linearization and decoupling two linear subsystems are
obtained: mechanical subsystem expressed in (36) and (37)
and electromagnetic subsystem expressed in (38) and (39).

dx11(i)
dt

=
1
J
x12(i) −

1
J
TL (36)

dx12(i)
dt

= −
1
Tv(i)

x12(i) + m1(i) (37)

dx21(i)
dt

= 2(−Rsx22(i) + usα(i)ψsα(i) + usβ(i)ψsβ(i)) (38)

dx22(i)
dt

= −
1
Tv(i)

x22(i) + m2(i) (39)

Control structure based on (d − q) coordinates, requires
additional transformation of state variables from stationary

FIGURE 4. Simulation results of the machine starting up to nominal
speed a) classical control scheme b) proposed control scheme.

reference frame (α-β) to synchronous reference frame (d−q).
It can be seen from Fig. 2, the proposed control scheme
is based on stationary reference frame (α-β), and the Park
transformation (d − q) requirement to implement the con-
trol scheme is eliminated which reduces the mathematical
computation burden. Moreover, the classical control fails to
decouple the system completely in the presence of nonlin-
earity due to the machine state variable transformation to the
rotating reference frame (d-q) strongly discussed in [24] and
[25]. The proposed control scheme provides proper decou-
pling of nonlinear machine model in (α-β) reference frame
based on chosen variables: scalar and vector product of stator
current and stator flux.

VI. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
The effectiveness of the proposed control structure is verified
using simulation and experimental results. In Fig. 4. the cho-
sen simulation results are presented. The IPMSM is starting
up to nominal speed to confirm the theoretical hypothesis.

In Fig. 4 a), classical control scheme performance is shown
with estimated speed ω̂r(1), estimated flux controlling cur-
rent îsd(1), îsd(2) and torque controlling current îsq(1), îsq(2) for
fundamental plane and second plane. In Fig. 4 b), simulation
result of the proposed control scheme is shown. Multi-scalar
variables: estimated rotor speed x̂11(1), generated electromag-
netic torque x̂12(1) and reactive torque components x̂22(1),
square of stator flux torque x̂21(1) in first plane and generated
electromagnetic torque x̂12(2) in second plane are shown.

B. EXPERIMENTAL RESULTS
In order to evaluate the behaviour of the proposed control
scheme in real-time operating conditions, the presented con-
trol system was precisely verified by the use of a set of
laboratory equipment. The laboratory set employed 5.5 kW
five-phase IPMSMdrive system supplied by theVSC. Param-
eters of the electric drive system are given in Table. 1. DSP
sharc ADSP21363 floating-point signal processor and Altera
Cyclone 2 FPGA are used in the interface for control system
implementation. The switching frequency of the transistor
was 3.3kHz. 150µs were chosen as the sample time duration.
In Fig. 1 and Fig.2, control system structures in theDSP board
are shown. Current measurement was done using LA 25-NP
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TABLE 1. IPMSM parameters and reference unit.

TABLE 2. Tuning gains of the classical control structure.

TABLE 3. Tuning gains of the proposed control structure.

current transducers, and later on transformed to the stationary
reference frame (α-β) using the Clark transformation. Rota-
tional speed was measured using the incremental encoder
(11-bits). The only purpose of using the encoder was to verify
the estimation accuracy of the observer structure. Controller
tuning gains used for experimental tests for classical and
proposed control schemes are given in Table. 2 and Table. 3.

1) DRIVE STARTING AND REVERSAL
The first scenario is presented in the Fig. 5 where the machine
is starting up to 1.0 p.u. at no-load during this test. In Fig. 5 a)
measured speedωr(i), estimated speed ω̂r(1), speed estimation
error ω̃r(1), generated torque in first plane îsq(1), and second
plane îsq(2) are shown for classical control scheme and in
Fig. 5 b), measured speed x11(1), estimated rotor speed x̂11(1),

FIGURE 5. Experimental results of machine starting up to nominal speed
a) classical control scheme b) proposed control scheme.

FIGURE 6. Experimental results of machine reversing from −1.0 to
1.0 p.u. a) classical control scheme b) proposed control scheme.

speed estimation error x̃11(1), torque representing quantities
x̂12(1), x̂12(2) for fundamental and third harmonic plane are
shown for the proposed control scheme. The estimated speed
error between the measured speed and estimated speed is less
than 0.05 p.u.

In Fig. 5, during the transient state, torque reaches a max-
imum limit of 0.7 for the first plane and 0.07 for the second
plane and goes to zero when the motor reaches a steady state.
The torque provided by the first and second planes during the
dynamic state in both control structures is almost the same as
the simulation results, confirming the theoretical hypothesis.

In Fig. 6, the five-phase IPMSM reverses from −1.0 to
1.0 p.u. at no-load using the estimated rotor speed. Fig 6 a),
shows the performance of the classical control scheme and
Fig. 6 b), depicts the performance of the proposed control
scheme. In Fig. 6 a), the speed estimation error during the
dynamic state is close to 0.1 p.u. while in Fig. 6 b), it remains
under 0.05 p.u. using the proposed control structure. The
maneuver corresponds to speed reversal using the proposed
PTC, introducing less distortion in the torque than classical
PTC. During the dynamic state, the torque generated in the
second plane by the third harmonic current injection is almost
10% of the fundamental torque. Moreover, without using the
weighting factor, proposed control scheme provides a better
dynamic response than the classical control scheme.

In Fig. 7 a), five-phase IPMSM drive is starting up to
nominal speed and in Fig. 7 b) five-phase IPMSM drive is
reversing from 1.0 p.u. to −1.0 p.u. using the proposed con-
trol solution. Multiscalar variables: estimated speed x̂11(1),
square of stator flux x̂21(1), reactive torque component x̂22(1)
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FIGURE 7. Experimental results of five-phase IPMSM a) starting up to
1.0 p.u. and b) reversing from 1.0 to −1.0 p.u. using the proposed control
scheme.

FIGURE 8. Experimental results of loaded five-phase IPMSM a) after
0.13 s the load torque was changed from 0.1 to 0.6 p.u. and b) stationary
state is presented in 150 ms period.

of first plane and generated electromagnetic torque in first
plane x̂12(1) and second plane x̂12(2) are show in Fig. 7 a) and
Fig. 7 b). In this control scheme, the square of state flux x̂21(1)
defined in (15) is kept constant. To maintain a constant value
of the square of stator flux in five-phase IPMSM for the first
plane, x̂22(1) has to be positive, which can be seen for both
cases: machine starting up to nominal speed and reversing
from 1.0 to −1.0 p.u.
From Fig. 7, to keep the flux level constant, the demand

x̂22(1) is less during steady-state conditions, but during
dynamic conditions, the requirement of x̂22(1) increases.
Torque components for the first and second planes x̂12(2) are
also shown for both cases.

2) LOAD TORQUE INJECTIONS FOR MEDIUM SPEED
In the second scenario, the rotor speed was set to 0.5 p.u. and
the applied load torque was 0.1 p.u. After 0.13 s, load torque
was increased to TL = 0.6 p.u. To conduct the test, torque
variables x̂12(1) was limited to 0.7 and x̂12(2) to 0.07, respec-
tively. In Fig. 8 a) estimated rotor speed for first plane x̂11(1)
and second plane x̂11(2), torque variables of both plane, and
reactive torque component of first plane x̂22(1), are displayed.

Fig. 8 a) presents when applied load torque was changed
from 0.1 p.u. to 0.6 p.u., the demand of reactive torque
x̂22(1) also increased to maintain constant level of stator flux
x̂21(1). In Fig. 8 b), steady state performance of the five-phase
IPMSMdrive is presented for the same working points for the
period of 150ms. It can be seen that at steady state, estimated
speed of first plane x̂11(1) was maintained at 0.5 p.u. and

FIGURE 9. Experimental results of loaded five-phase IPMSM a) after 0.1 s
the load torque was changed from 0.6 to 0.1 p.u. and b) stationary state is
presented in 150 ms period.

estimated speed of second plane x̂11(2) was maintained at
−1.5 p.u. Moreover, generated electromagnetic torque in first
plane x̂12(1) and second plane x̂12(2) were around 0.6 p.u. and
0.06 p.u., respectively. Demand of reactive torque x̂22(1) also
increased from 0.25 p.u. and settled at 0.45 p.u to keep the
stator flux at desired level.

Fig. 9 shows the dynamic and steady-state performance of
the five-phase IPMSM when the load is reduced. In Fig. 9
a), the rotor was rotating at a reference speed of 0.5 p.u. for
the first plane and 0.6 p.u. load was connected. After 0.1 s,
load was reduced to 0.1 p.u. Due to the sudden reduction
in load, speed increases for a very small time and again
reaches the reference speed, and torque value settles at the
desired value. The requirement of reactive torque components
to maintain stator flux level also reduced as the applied load
is reduced. Steady-state performance for the same working
points is visible in Fig. 9 b) for the small period of 150 ms.
As shown in Fig. 9 b), estimated speed was maintained at
defined value, electromagnetic torque supplied by five-phase
IPMSM for fundamental plane x̂12(1) was around 0.1 p.u. and
for second plane x̂12(2) was around 0.01 p.u. Reactive torque
x̂22(1) demand was reduced upto 0.25 p.u. in steady state.
FromFig. 8 and Fig. 9, The proposed control solution remains
stable and provides fast dynamic response in the case of load
injection and load removal.

3) LOW SPEED OPERATION AND STANDSTILL TEST
In Fig. 10 a), IPMSM drive reverses under load torque, TL =

−0.2 p.u. Performance of observer structure and proposed
control scheme is good during low speed reversal. Fundamen-
tal speed x̂11(1) reverses from 0.1 to −0.1 p.u. and speed of
second plane x̂11(2) reverses from −0.3 to 0.3 p.u. Flux level
x̂21(1) is maintained constant at 1.15 p.u. for the first plane.
When the machine is in a transient state, the supplied elec-
tromagnetic torque changes x̂12(1), x̂12(2) from −0.2 p.u. and
0.02 p.u. to maximum allowable limit−0.7 p.u. and 0.07 p.u.,
respectively, and when the reversal is completed to −0.1,
the torque value again approaches −0.2 p.u. and 0.02 p.u.
Fig. 11 b), shows standstill test for five-phase IPMSM drive.
The rotor speed is switched from 0.3 to 0 p.u. for 1.8 s and
again to 0.3 p.u. after 2.2 s. This test shows that the IPMSM
successfully comes back to the set reference speed of 0.3 p.u.
without getting stuck at zero speed and losing synchronism.
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FIGURE 10. Experimental results of five-phase IPMSM a) rotor speed is
changed from 0.1 to −0.1 p.u. with load −0.2 p.u. and b) machine
standstill test without load.

FIGURE 11. Experimental results of five-phase IPMSM loaded at about
0.45 p.u. of load torque, rotor speed is 0.5 p.u. for different value of
inductances a) Lq(1)b) Lq(2).

FIGURE 12. Experimental results of five-phase IPMSM loaded at about
0.45 p.u. of load torque, rotor speed is 0.5 p.u. for different values of
resistance.

4) UNCERTAINTY OF MACHINE PARAMETERS
In Fig. 11, the test of the robustness of the proposed control
system on the changes of the nominal values of inductances
Lq(1) and Lq(2) of five-phase IPMSM is presented. The refer-
ence speed of the rotor was set at 0.5 p.u. and the value of
load torque, TL = 0.45 p.u. In Fig. 11 a), Lq(1) was 0.5Lqn(1)
and after 1.7 s Lq(1) = Lqn(1) and after 5.7s Lq(1) = 1.5
Lqn(1). In Fig. 11 b), the sameworking points are implemented
for various values of the second plane’s inductance Lq(2).
In Fig 11. b), The second plane control system is robust and
maintains the system’s stability on changes in the value of
inductance Lq(2); however, when the value of inductance of
the first plane changes to Lq(1) = 1.5 Lqn(1), the stability of the
system reduces.

FIGURE 13. Photograph of the experimental stand with the IPMSM
clutched to induction machine.

In Fig. 12, the value of resistance changed in three stages:
Rs = 0.5Rsn, Rs = Rsn and Rs = 1.5Rsn. The rotor speed was
set at 0.5 p.u. and the machine was loaded at about 0.45 p.u.
The control system proves to be robust and stable against the
changes of different resistance values as shown in the Fig. 12.

VII. CONCLUSION
This paper presents a new control structure for five-phase
IPMSM. Fundamental components are in the first plane and
controlled by the predictive control of multi-scalar variables.
Third harmonics components are in the second plane and
controlled by the multi-scalar control scheme. The proposed
control scheme for both planes is in the α-β reference frame,
simplifying the control structure and reducing the proces-
sor’s mathematical burden. In the classical control scheme,
the Park transformation is needed to implement the con-
trol scheme, which increases overall computation time and
increases the complexity of the system. The proposed con-
trol scheme of the first and second planes was compared
with the classical PTC for the first plane and classical FOC
for the second plane for the case of the machine starting
up to nominal speed and reversal. The performance of the
proposed control structure is more adequate and introduces
less distortion in the electromagnetic torque compared to the
classical control structure. Moreover, in this article, the use
of the weighting factor for predictive control was eliminated
without degrading the performance of the control structure.
Both the simulation and experimental results validate that the
performance of the proposed control structure is stable. The
proposed control scheme presented in this article was tested
for four different scenarios. The obtained results by the exper-
imental implementation confirmed the excellent performance
of the proposed control structure for five-phase IPMSM.
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