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This work presents a sensorless optimal control strategy (model predictive torque and speed control) applied to a five-phase 
induction machine. Model predictive control (MPC) is used for both torque and flux control, eliminating the need for traditional 
field-oriented control (FOC) and direct torque control (DTC) techniques. Additionally, model predictive speed control (MPSC) 
replaces the conventional PI regulator, ensuring fast response and improved dynamic performance. An extended Kalman filter 
(EKF) is integrated, allowing for accurate estimation of rotor flux, stator currents, and speed. The components of Clarke 
currents that contribute to harmonic generation are incorporated into the model-predictive torque control (MPTC) optimization 
criterion. The simulation results from MATLAB Simulink demonstrate the effectiveness of this strategy. 

1. INTRODUCTION 
In modern industry, asynchronous machines are widely used 

due to their simple design, low cost, and high reliability, making 
them a preferred choice for industrial and household applications 
[1]. However, in high-power three-phase systems, challenges 
arise, especially in the power converter. Higher power levels 
increase switching currents in semiconductor devices, leading to 
faster wear and shorter lifespan [2]. One solution is to increase 
the supply voltage, but this puts more stress on the insulation and 
raises the risk of premature system aging [3]. 

To address these limitations, polyphase induction machines 
(with more than three phases) offer a practical alternative. 
They distribute power more efficiently, reducing phase 
currents without increasing the supply voltage [4,5]. 
Additionally, they provide better fault tolerance, allowing 
continued operation even if part of the inverter fails [6]. 
Another key benefit is the reduction in torque ripple amplitude 
and an increase in ripple frequency, leading to smoother 
operation and lower mechanical vibrations [7]. 

In this context, optimizing control strategies is essential to 
achieving high energy efficiency and ensuring a fast and 
accurate dynamic response. Among advanced techniques, 
model predictive control (MPC) is widely used for its ability to 
predict system behavior in real-time while directly handling 
motor constraints [8,10,11]. By using a precise mathematical 
model, MPC forecasts the motor's future states and calculates 
optimal control actions. Unlike traditional methods (FOC and 
DTC), this approach adapts to changing operating conditions, 
improving control accuracy and overall performance [9,10]. 

The cascaded predictive control strategy (MPCC and MPC-
based speed control (MPSC)) is applied to a three-phase 
induction machine (IM) [12]. Another MPC is model 
predictive torque control (MPTC), which directly regulates 
electromagnetic torque and flux to ensure fast response and 
minimize torque ripples. Additionally, MPSC optimally 
adjusts reference torque based on speed errors, improving both 
transient and steady-state performance. [12–14]. 

Integrating a Kalman filter, such as the extended Kalman 
filter (EKF), further enhances control performance by 
accurately estimating motor states and filtering measurement 
noise. The combination of MPSC, MPTC, and Kalman-based 
estimation significantly improves system robustness, ensuring 
high-performance control in dynamic operating conditions. 
[12,15,16]. In this context, we have applied them in our work 
for a five-phase induction machine, considering the Clarke x-y 
current components in the performance criterion of MPTC to 

reduce the low-frequency harmonics. 
Our contributions in this work include the use of MPC for 

torque and flux control instead of conventional FOC or DTC 
strategies, as well as the application of MPC for speed control, 
replacing the traditional PI regulator. Additionally, we integrate 
the EKF to estimate rotor flux, stator currents, and speed, 
eliminating the need for sensors. Furthermore, the x-y 
components of Clarke currents, which generate harmonics, are 
considered in the MPTC optimization criterion to minimize 
them. Ultimately, this entire approach is applied to a five-phase 
induction machine rather than a traditional three-phase machine. 

2. MODELLING OF THE MACHINE AND THE 
FIVE-PHASE INVERTER 

2.1 MODELING OF A FIVE-PHASE SQUIRREL-CAGE 
INDUCTION MACHINE IN THE 𝛼𝛽𝑥𝑦 REFERENCE 

FRAME 
A five-phase squirrel-cage induction machine is analyzed 

using a transformation to the generalized Clarke reference 
frame. The stator and rotor variables are projected onto α-β-𝑥-𝑦 
axes. The α-β components represent the torque-producing 
components, while the 𝑥-𝑦 components are auxiliary 
components that should ideally not contribute to torque 
generation. 

2.1.1 VOLTAGE EQUATIONS 
Since a squirrel-cage rotor does not have externally 

accessible windings, the rotor voltages are zero (i.e., 𝑣!" =
𝑣!# = 𝑣!$ = 𝑣!% = 0). The stator voltage equations are 
given as follows: 

Stator:  

⎩
⎪⎪
⎨

⎪⎪
⎧vsα=Rsisα+

dϕsα
dt

-ωsϕsβ,

vsβ=Rsisβ+
dϕsβ

dt
+ωsϕsα,

vsx=Rsisx+
dϕsx
dt

-ωsϕsy,

vsy=Rsisy+
dϕsy

dt
+ωsϕsx.

 (1) 

Rotor (Squirrel Cage):  

⎩
⎪⎪
⎨

⎪⎪
⎧0=Rrirα+

dϕrα
dt

-(ωs-ωr)ϕrβ,

0=Rrirβ+
dϕrβ

dt
+(ωs-ωr)ϕrα,

0=Rrirx+
dϕrx
dt

-(ωs-ωr)ϕry,

0=Rriry+
dϕry

dt
+(ωs-ωr)ϕrx.

 (2) 
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2.1.2 FLUX–CURRENTS RELATIONS 
The stator and rotor flux linkages are related to the phase 

currents as follows: 
Stator:  

⎩
⎪
⎨

⎪
⎧ϕsα=Lsisα+Lmirα,

ϕsβ=Lsisβ+Lmirβ,
ϕsx=Lsisx+Lmirx,
ϕsy=Lsisy+Lmiry.

 (3) 

Rotor:  

⎩
⎪
⎨

⎪
⎧ϕrα=Lrirα+Lmisα,

ϕrβ=Lrirβ+Lmisβ,
ϕrx=Lrirx+Lmisx,
ϕry=Lriry+Lmisy.

 (4) 

2.1.3 ELECTROMAGNETIC TORQUE 
For a five-phase induction machine, the electromagnetic 

torque is given by: 

Te=
5
2

p(ϕsαisβ-ϕsβisα). (5) 

Since the𝑥-𝑦 components ideally do not contribute to 
torque generation, they are not included in this expression. 

2.1.4 MECHANICAL DYNAMICS OF THE ROTOR 
The equation describing the mechanical dynamics of the 

rotor is: 

J dωm
dt

=Te-TL-Bmωm. (6) 

where:   
    • J is the rotor inertia,  
    • Te is the developed electromagnetic torque,  
    • TL is the applied load torque,  
    • Bm is the viscous friction coefficient.  
    • ωm is rotor speed. 

2.2 FIVE-PHASE VOLTAGE SOURCE INVERTER  
The drive system is illustrated in Fig. 1, where the power 

converter is a five-phase voltage source inverter (VSI) 
capable of generating 2& = 32 distinct switching states, 
consisting of 30 active states and two zero states. Each 
switching state is defined by the binary vector: 

[Sa,Sb,Sc,Sd,Se]T,    where    Si∈{0,1} 

The logic behind these states is as follows:   
 Si=0 : The lower switch is ON, and the upper is OFF.  
 𝑆' = 1 : The upper switch is ON, and the lower is OFF.  

[𝑆(, 𝑆) , 𝑆* , 𝑆+ , 𝑆,]- , where𝑆' ∈ {0,1} 

The logic behind these states is as follows:   
𝑆' = 0 : The lower switch is ON, and the upper is OFF.  
𝑆' = 1 : The upper switch is ON, and the lower is OFF.  

 
Fig. 1 – Schematic diagram of the five-phase voltage inverter. 

  
Based on this switching configuration, the stator phase 

voltages 𝑉.' (where 𝑖 = 1,2,3,4,5) can be determined as a 
function of the switching states and the DC-link voltage 𝑉+* 
using the following relation [13]: 

 

⎣
⎢
⎢
⎢
⎡
V1
V2
V3
V4
V5⎦
⎥
⎥
⎥
⎤

= Vdc
5

⎣
⎢
⎢
⎢
⎡
4S1-S2-S3-S4-S5
4S2-S1-S3-S4-S5
4S3-S1-S2-S4-S5
4S4-S1-S2-S3-S5
4S5-S1-S2-S3-S4⎦

⎥
⎥
⎥
⎤

 (7) 

 
The Clarke transformation is used to obtain the voltages 

in the (𝛼, 𝛽, 𝑥, 𝑦) reference frame: 
 

J

vsα
vsβ
vsx
vsy

K=L2
5
[M]

⎣
⎢
⎢
⎢
⎡
V1
V2
V3
V4
V5⎦
⎥
⎥
⎥
⎤
 (8) 

where:  

[M]= J

1 cos(θ2) cos(θ3) cos(θ4) cos(θ5)
0 sin(θ2) sin(θ3) sin(θ4) sin(θ5)
1 cos(2θ2) cos(2θ3) cos(2θ4) cos(2θ5)
0 sin(2θ2) sin(2θ3) sin(2θ4) sin(2θ5)

K 

θj=-
2(j-1)π

5
,    for j=2,3,4,5 

Knowing that, the coordinate transformation is used in 
the power invariant form, and the zero-sequence component 
(associated with the z-axis) can be neglected since the 
windings are star-connected with an isolated neutral point, 
preventing any zero-sequence current flow [18]. 

From the two previous eq. (1) and (2), the stator phase 
voltage components in the α−β and x-y planes are obtained, 
as illustrated in Fig. 2. Each voltage space vector is 
represented by an integer corresponding to the digital 
switching state [Sa Sb Sc Sd Se], [13]. 
 

 
Fig. 2 – Voltage space vectors in the α−βand x−y planes for a two-level 

five phase inverter [13,17].. 

3. MODEL PREDICTIVE TORQUE AND SPEED 
CONTROL WITH EKF STATES OBSERVER    

Figure 3 shows the proposed global structure of a 
complete speed and torque model predictive sensorless 
(EKF) control with lower frequency harmonics 
minimization. 
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3.1  MODEL PREDICTIVE TORQUE CONTROL 
EQUATIONS 

The main goal of MPTC is to minimize a cost function to 
achieve precise torque control while also reducing flux and 

harmonic distortions, with the consideration of the x-y 
components of the stator currents in the performance 
criterion [18].  

Fig. 3 — Complete block diagram of 5-phase MPC drive system..

3.1.1 PREDICTION OF STATOR FLUXES 
The stator flux estimation from measured rotor flux ϕ! is 

given by: 

 

⎩
⎪
⎨

⎪
⎧ϕsα

(k)= Lm
Lr
Nϕrα

meas − iα
meas PLm- LrLs

Lm
QR ,

ϕsβ
(k)= Lm

Lr
Nϕrβ

meas-iβ
meas PLm- LrLs

Lm
QR ,

 (9) 

S
ϕsx
(k)= TL/-

Lm
2

Lr
V isx
meas+ Lm

Lr
ϕrxy
meas,

ϕsy
(k)= TLs-

Lm
2

Lr
V isy
meas+ Lm

Lr
ϕrxy
meas.

 (10) 

The prediction of stator flux at (𝑘 + 1): 

⎩
⎪
⎨

⎪
⎧ϕsα

(k+1)=ϕsα
(k)+Tsvsα-RsTsiα,

ϕsβ
(k+1)=ϕsβ

(k)+Tsvsβ-RsTsiβ,

ϕsx
(k+1)=ϕsx

(k)+Tsvsx-RsTsisx,
ϕsy
(k+1)=ϕsy

(k)+Tsvsy-RsTsisy.

  (11) 

3.1.2 STATOR CURRENTS PREDICTION 

⎩
⎪
⎨

⎪
⎧isα

(k+1)= P1+ Ts
tσ
Q isα

(k)+ Ts
tσ+Ts

N
1
rσ
Pkr
tr

ϕrα
meas-krωmϕrβ

measQ
+vsα

R ,

isβ
(k+1)= P1+ Ts

𝒕𝝈
Q isβ
(k)+ Ts

tσ+Ts
Y
1
rσ
Pkr
tr

ϕrβ
meas+krωmϕrα

measQ
+vsβ

Z ,
 (12) 

⎩
⎪
⎨

⎪
⎧isx
(k+1)=isx

(k)+Ts N
1
Lxyσ

isx
(k)+ 1

Lxyσ
Pvsx-

Lm
Lr

ϕrxyQR ,

isy
(k+1)=isy

(k)+Ts N
1
Lxyσ

isy
(k)+ 1

Lxyσ
Pvsy-

Lm
Lr

ϕrxyQR .
 (13) 

3.1.3 PREDICTION OF ELECTROMAGNETIC TORQUE 
𝑇,
(345) = &

6
𝑝 P𝜙.7

(345)𝑖.#
(345) − 𝜙.#

(345)𝑖.7
(345)Q. (14) 

3.1.4 MINIMIZED COST FUNCTION  
g=λc|Tref	-	Te

(k+1)|2+λ|ϕs
*-|ϕs

(k+1)||2+λαβ(|isxy[k+1]|>isxy_max). (15)  
3.1.5 ALGORITHM OF MODEL PREDICTIVE TORQUE 

CONTROL (MPTC) 
In this algorithm, both the 𝛼𝛽 and 𝑥𝑦 components are 

considered to effectively minimize harmonic distortion, 
leading to improved control performance. The steps of the 
MPTC algorithm are detailed below: 

Step 1: Initialization of Motor Parameters 

 Compute: tr=
Lr
Rr

,    σ=1- Lm
2

LrLs
,    kr=

Lm
Lr

, 

rσ=Rs+kr
2Rr,    tσ=

σLs
rσ

,  
  Define current limits:ixy,max. 

Step 2: Generation of 32 Switching States i=1 to 32 

Extract switching state (S1,S2,S3,S4,S5),i=1 to 32 

Step 3: Compute phase voltages. Apply Clarke 
transformation  

Step 4: Predict stator fluxes and currents 

Step 5: Predict electromagnetic torque  

Step 6: Compute cost function     

Step 7: Select optimal switching state  

                     𝑖∗ = arg	min
'
𝐽' 

 Return S1
*,S2

*,S3
*,S4

*,S5
* corresponding to 𝑖∗. 

3.2 MODEL PREDICTIVE SPEED CONTROL  
The classical PI controllers are widely used for speed 

regulation but suffer from slow response and difficulty 
handling constraints. The NMC [19], and sliding mode, 
backstepping and fuzzy logic [20,21] the MPC [12], 
overcomes these issues by predicting system behavior and 
optimizing control actions in real time. This allows for 
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faster response, better disturbance rejection, and improved 
performance compared to traditional PI control. 

3.2.1 DYNAMIC MODEL OF ROTOR SPEED 
The evolution of the rotor speed is described by eq. (6). 

By discretizing with a sampling period 𝑇., we obtain: 
ωr(k+1)=a(k)+bT(k)- TL

J
Ts (16) 

where 
a=e-

Bm
J Ts,    b= 1-A

Bm
. 

3.2.2. COST FUNCTION FOR MPC 
The goal of the MPC is to minimize the speed error and 

the torque variation over a prediction horizon 𝑁: 

gspeed=∑
N-1
k=0 Q(ωref-ωk)

2+RTk2, (17) 

where:   
    • Q is the weight of the speed error,  
    • R is the weight of the torque variation.  

In matrix form, the cost function can be expressed as: 

gspeed=
1
2

UtHU+ftU, (18) 
with: 

 H=2(QIN+RIN),    f=-2Q(ωref-X(1)) (19) 
3.2.3 ANALYTICAL SOLUTIONS FOR CONTROL 
The optimal solution is given by: 

U*=-H-1f (20) 
Since 𝐻 is diagonal, the inversion is straightforward: 

U*=- 1
2(Q+R)

f. (21) 
The first optimal torque to apply is: 

 Tref=U1*+TL, (22) 
with saturation: 

Tref=min(max(Tref,Tmin),Tmax) (23) 
3.2.4 INTEGRAL ERROR CORRECTION 

To improve accuracy, an integral term is added: 

e(k)=ωref-ω(k), (24) 

eint(k+1)=eint(k)+e(k)Ts, (25) 

gspeed=∑
N-1
k=0 Q(ωref+Kieint-ωk)

2+RTk2. (26) 

where: Ki is the integral gain. 

3.3 EXTENDED KALMAN FILTER (EKF) EQUATIONS 
FOR A FIVE-PHASE INDUCTION MACHINE 

In MPTC, the EKF-provided state estimates of currents, 
rotor fluxes, and speed are essential for accurate prediction 
and optimization. By supplying real-time state information, 
the EKF enhances control accuracy, disturbance rejection, 
and overall system performance in MPTC-based control of 
five-phase induction machines. 

3.3.1 STATE-SPACE MODEL 
The system is represented as [15]: 

hẊ=AX+BU+W,
Y=CX+V,  (27) 

where: 
x = [isα isβ ϕrα ϕrβ ωm]

t
is the state vector, 

u = [vsα vsβ]9 : the input vector (stator voltages), 
y = [isα isβ]

t  : the measured output vector, 
w∼N(0,Q) : the process noise, 
v∼N(0,R):  the measurement noise. 

3.3.2 MODEL MATRICES 
State matrix, control matrix, and observation matrix  

A=

⎣
⎢
⎢
⎢
⎢
⎡
a11 0 a13 a14ωm a15isβ
0 a11 -a14ωm a13 a25isα
a31 0 a33 -ωm -ϕrβ
0 a31 ω: a33 ϕrα
a51 0 0 0 a55 ⎦

⎥
⎥
⎥
⎥
⎤

, 

B=

⎣
⎢
⎢
⎢
⎡
b11 0
0 b11
0 0
0 0
0 0 ⎦

⎥
⎥
⎥
⎤
, 

C= l1 0 0 0 0
0 1 0 0 0m, 

where: 	Tr=
Lr
Rr

, σ=1- Lm
2

LsLr
, a11=- P Rs

σLs
+ 1-σ
σTr
Q, a13=

Lm
σLsLrTr

, 

a14=
Lm
σLsLr

, a15=
Lm
σLsLr

, a25=- Lm
σLsLr

,a31=
Lm
Tr

,a33=- 1
Taur

, b11=
1
σLs

. 

3.3.3EKF ALGORITHM 

The steps of the EKF algorithm are detailed below: 
Step 1: Model Discretization 

n
dF=I+TsA+ (TsA)

2

2
,

G=Ts(I+ Ts
2

A)B,
 (28) 

Step 2: State prediction 

xok|k-1=dFxok-1|k-1+Guk, (29) 
Step 3: Error covariance prediction 

Pk|k-1=dFPk-1|k-1dF
T+Q, (30) 

Step 4: Kalman gain calculation 

Sk=CPk|k-1C
T+R, (31) 

Kk=Pk|k-1C
TSk
-1, (32) 

Step 5: State update 

xok|k=xok|k-1+Kk(yk-Cxok|k-1), (33) 
Step6: Error covariance update 

Pk|k=(I-KkC)Pk|k-1. (34) 

4. MATLAB SIMULATION RESULTS 
Three simulation tests were performed using 

MATLAB/Simulink (Fig. 3) over a two-second period, with 
identical machine parameters, reference values, load torque, 
and constraints on both currents and torque. The operating 
scenario features a no-load start, load application at 𝑡 =
0.6 s, and a reversal of rotation at 𝑡 = 1 s. Additionally, 
low-frequency current harmonics were analyzed on current 
isa over 67 cycles at 50 Hz. The three tests are:  
– A comparison of MPTC with a conventional PI speed 

regulator versus an MPSC, as shown in Fig.4. 
– An assessment of the complete MPTC scheme with 

the integration of an EKF for estimating unmeasurable 
quantities as shown in Fig.5. 

– An evaluation of MPTC performance when the 𝑖$% 
current components are incorporated into the cost 
function, as shown in Table 2.  
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4.1 SPEED AND TORQUE MODEL PREDICTIVE 
CONTROL 

Figure 4 shows the simulation results of speed and torque 
MPC in (a), while (b) and (c) present zoomed-in views of 
speed and torque during the transient regime (startup, load 
application, and rotation reversal). 

 
(a) 

 
(b) 

 
(c) 

Fig.4 – Simulation results of torque and speed MPC without EKF. 

4.2 SPEED AND  TORQUE MODEL 
PREDICTIVE CONTROL WITH EKF  

Figure 5 shows the torque and speed results with EKF 
integration for estimating stator currents and rotor fluxes. 
The results of Fig. 4 and Fig. 5 show the improvements in 
torque control, speed tracking, and the rapid recovery of 
speed after load application. The torque ripple (with EKF 
estimation) and current low-frequency harmonic reduction. 

 
Fig. 5 – Simulation results of torque and speed MPC with EKF/ 

4.3 COMPARISON OF CONTROL METHODS ON 
HARMONICS REDUCTION 

Table 2 presents the FFT analysis of low-frequency 
harmonics (as a percentage of the fundamental) of phase 
current, for three cases: MPC alone, MPC with the 
inclusion of x-y components in the optimization criterion 
(MPCxy), and finally, MPC with EKF integration for 
estimating stator currents and rotor fluxes. The results show 
that both strategies, EKF and the consideration of x-y 
components in the minimization criterion of MPTC, help 
reduce the amplitude of low-frequency harmonics, but the 
latter (MPCxy) is the most effective. 

Table  2. 
Comparison  of low frequency harmonics (% of fundamental) 

  Method   MPC (%) MPCxy (%) MPC+EKF (%) 
Harmonic order 
Harmonic H3 45.89 10,19 27.11 
Harmonic H5 15.52 3.37 7.75 
Harmonic H7 15.16 7.67 7.59 
Harmonic H9 20.70 3.44 6.21 

5. CONCLUSION 
In this work, we use the MPC for torque and flux control 

instead of conventional FOC or DTC strategies, as well as the 
application of MPC for speed control, replacing the traditional PI 
regulator. Additionally, we integrate the EKF to estimate rotor 
flux, stator currents, and speed, eliminating the need for sensors. 
Furthermore, the x-y components of Clarke currents, which 
generate harmonics, are considered in the MPTC optimization 
criterion to minimize them. Finally, this entire approach is applied 
to a five-phase induction machine instead of a traditional three-
phase machine. The results from these tests highlight 
improvements in torque control and speed tracking. Torque ripple 
and current harmonic reduction, demonstrating the effectiveness 
of the sensorless complete MPC-based approach. 
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APPENDIX 

Table  1 
Five-Phase Induction Machine Parameters 

Number of Pole Pairs 2 
Frequency 50 Hz 

Stator Voltage 220 V 
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Stator Resistance 10 Ω 
Rotor Resistance 6.3 Ω 

Stator Leakage Inductance 0.46 H 
Rotor Leakage Inductance 0.46 H 

Magnetizing Inductance 0.42 H 
Moment of Inertia 0.0032 kg⋅m² 

Friction Coefficient 0.00114 
Nominal speed, ωm, ωmeas, Ω 150 rd/s 

Load Torque 8.33 N.m 
ixy_MAX constraint  1 A 

Torque Min, Max constraint -16.67, +16.67 N.m 
Reference flux 1 Weber 

Received on 10 April 2025 
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