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Abstract This study proposes an improved predictive

direct torque control (PDTC) of a five-phase permanent

magnet synchronous motor fed by a five-leg inverter

operating at a constant switching frequency. This approach

is an effective solution to reduce the torque and stator flux

high ripple, which is one the main drawbacks of conven-

tional direct torque control. The core idea of this version of

predictive torque control relies on calculating optimal

vector application times to generate inverter switching

states by selecting three voltage vectors; one of them is a

zero voltage. In order to show the effectiveness and per-

formance of the proposed control, a comparison with

classical predictive direct torque control (PDTC) as well as

with predictive direct torque control associated with space

vector modulation (PDTC-SVM) is included. The simula-

tion results clearly exhibit good performance and efficiency

of the proposed approach compared to the aforementioned

ones in term of ripples reduction.

Keywords Five-phase PMSM � Direct torque control �
Predictive direct torque control � Space vector modulation �
Constant switching frequency

1 Introduction

In high power applications like ship propulsion, electric

aircraft, and electric traction, the multiphase machines,

greater than three-phase, are used for reasons of reliability,

power segmentation, and fault tolerance capability (Mo-

rawiec et al. 2020; Kamel and Sumner 2019; Levi et al.

2016; Mohammadpour and Parsa 2015). Among the

existing multiphase machines, five-phase and six-phase

induction or synchronous machines are the most considered

in the literature. In synchronous multiphase machines using

permanent magnets, known as permanent magnet syn-

chronous machine, both mechanical friction and copper

losses are reduced due to the absence of brushes and

commutator, and the elimination of the rotor coils. In

addition, the machine cooling is more efficient because

most of the energy losses are concentrated in the stator; this

leads to an improved efficiency. For these reasons, the

focus of the present study will be on the control of a five-

phase permanent magnet synchronous motor drive

(PMSM).

In order to improve the control performance of the five-

phase PMSM based multilevel drives, diverse control

strategies have been proposed in the literature (Bounasla

and Barkat 2020; Zhou et al. 2019; Mehedi et al. 2019).

Although they adopt different methods, they reach the

same goal by achieving the decoupled control between flux

and torque, just like to a DC machine with separate exci-

tation. Direct control torque is one of these strategies, in

which the machine stator flux and torque are controlled

directly without the need of inner current control loops,

modulator block, and with less parameters dependency;

this makes its structure quite simple and has a fast dynamic

response. However, the variation of switching frequency is
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the major disadvantage of this control strategy that leads to

produce an unwanted high ripple exists in the torque and

stator (Hamdi et al. 2018; Payami et al. 2017; Parsa and

Toliyat 2007).

This problem can be solved by mixing the space vector

modulation (SVM) with DTC to form the so-called DTC-

SVM (Mesloub et al. 2020; Reghioui et al. 2019; Ouledali

et al. 2015). Indeed, instead of a hysteresis controllers and

switching table, two PI controllers and space vector mod-

ulation (SVM) block are used. However, despite the pre-

viously mentioned merit, the quality of the DTC-SVM

control strategy is related to the nature of the controller

applied. Commonly, it is based on classical PI controllers

that can achieve good performance, but in presence of

external disturbances or parameters variations they may

lose it.

Another quite interesting DTC structure based on pre-

dictive approach known as Model Predictive Control

(MPC) has been lately published in the domain of electrical

drives (Cho et al. 2018; Siami et al. 2017). It has many

advantages including simple principle, fast dynamic

response, and multivariable control flexibility. Presently,

MPC is extended to multi-phase drives (Bounasla and

Barkat 2020; Xiong et al. 2020; Huang et al. 2020; Li et al.

2019; Wu et al. 2018). According to switching frequency,

the predictive DTC (PDTC) strategies can be categorized

into two groups: variable switching frequency and constant

switching frequency. In the first group, the stator voltage

vector that can achieve the lowest value of a given cost

function is selected and applied to the machine terminals

for a whole sampling interval. Although this control

approach leads to minimize torque and stator flux ripples,

the switching frequency is still variable. In the second

group, there are two different proposed strategies that

combine predictive control with modulation techniques

capable to operate the inverter with constant switching

frequency. The first one is known as PDTC-SVM in which

the principle is based on the calculation of the average

voltage vector using a predictive torque control algorithm.

Then, the computed average voltage vector is used to

generate the inverter switching states by employing an

SVM block (Reguig Berra et al. 2020; Bouafia et al. 2010).

The second approach depends on selecting two active and

one zero voltage vectors to calculate optimal vector

application times, in order to reduce the value of a prede-

fined cost function (Song et al. 2014, 2013; Antoniewicz

and Kazmierkowski 2008). This approach can be consid-

ered as an effective solution to achieve lower torque and

stator flux ripples, and operate the inverter with fixed

switching frequency at the same time.

The main purpose of this paper is the extension and

application of a constant switching frequency predictive

direct power control strategy proposed in (Antoniewicz and

Kazmierkowski 2008) on multiphase drive based five-

phase PMSM. This extension aims to reduce the torque and

stator flux ripples while operating the inverter under a fixed

switching frequency. The performance of the proposed

constant switching frequency predictive direct torque

control (CSF-PDTC) approach will be compared with

classical PDTC and PDTC-SVM.

The organization of the rest of the paper is as follows:

Sect. 2 presents the mathematical model of the five-phase

PMSM. Analysis and design of the predictive DTC with

SVPWM are detailed in Sect. 3. In Sect. 4, the proposed

constant switching frequency PDTC is presented. Simula-

tion results are shown and discussed in Sect. 5. Finally, the

conclusion of the research paper is given in Sect. 6.

2 Five-phase PMSM modeling

The model of the five-phase PMSM is totally defined in a

rotating (d-q) through its electrical, magnetic, and

mechanical equations (Parsa and Toliyat 2007), (Mukhtar

2010):

• The stator voltages are as follows:

Vd ¼ Rsid þ
d/d

dt
� xr/q

Vq ¼ Rsiq þ
d/q

dt
þ xr/d

8
>><

>>:

ð1Þ

where Vd;Vq are the d-q axes stator voltages; id; iq are the

d-q axes stator currents; /d; /q are the d-q axes stator

fluxes; Rs is the stator resistance; xr is the rotor speed.

• The stator flux components in the (d-q) frame are given

by:

/d ¼ Ldid þ /f

/q ¼ Lqiq

(

ð2Þ

Table 1 Vector sequence to be

applied to the inverter
Sector(i) Vector sequence VLi

1 0 2 1 0 0 1 2 0

2 0 2 3 0 03 2 0

3 0 4 3 0 0 3 4 0

4 0 4 5 0 0 5 4 0

5 0 6 5 0 0 5 6 0

6 0 6 7 0 0 7 6 0

7 0 8 7 0 0 7 8 0

8 0 8 9 0 0 9 8 0

9 0 10 9 0 0 9 10 0

10 0 10 1 0 0 1 10 0
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where Ld; Lq are the d-q axes stator inductances; /f is the

permanent magnet flux linkage.

• The mechanical dynamic and electromagnetic torque

equations are expressed by:

dxr

dt
¼ 1

J
Tem � TL � fxrð Þ

Tem ¼ 5

2
pð/diq � /qidÞ

8
><

>:
ð3Þ

where Tem; TL are the electromagnetic and load torque; p

is the pole pair number, J is the moment inertia; f is the

friction coefficient.

3 Predictive DTC with SVM principle

The idea behind designing this strategy is to calculate the

average voltage vector using a predictive torque control

algorithm, during each switching period, in order to cancel

the reference tracking errors of the electromagnetic torque

and stator flux. Then, the computed average voltage vector

is used to generate the inverter switching states by

employing an SVM technique that ensures the inverter

operation at a constant switching frequency (Bouafia et al.

2010). This idea is illustrated in Fig. 1.

In this figure, the PI controller is used to regulate the

error between the speed and its reference. The output of PI

speed controller presents the reference of electromagnetic

torque.

PDTC requires a predictive model of the torque and

stator flux behavior, which is described in the following

steps.

The estimated torque and stator flux can be expressed by

the following formulas:

Tem ¼ 5

2
pð/diq � /qidÞ

/s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d þ /2

q

q

8
><

>:
ð4Þ

The torque and stator flux derivatives are given as

follows:

dTem
dt
d/s

dt

2

6
4

3

7
5 ¼

5

2
p

� �

caþ dbð Þ
Ld/daþ Lq/qb

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d þ /2

q

q

2

6
6
6
4

3

7
7
7
5

þ

5

2
p

� �
c

Ld

� �
5

2
p

� �
d

Lq

� �

/d

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d þ /2

q

q
/q

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d þ /2

q

q

2

6
6
6
4

3

7
7
7
5

Vdref

Vqref

� �

ð5Þ

With

a ¼ � Rs

Ld
id þ

Lq
Ld

pxriq

b ¼ �Rs

Lq
iq �

Ld
Lq

pxrid �
/f

Lq
pxr

c ¼ Ldiq � /q

d ¼ /d � Lqid

8
>>>>>>>><

>>>>>>>>:

If the sampling period Te is infinitely small compared

with the fundamental period, the discretization of the Eq. 5

yields:

Fig. 1 Predictive DTC with

SVM of five-phase PMSM drive
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Tem k þ 1ð Þ � Tem kð Þ
Te

/s k þ 1ð Þ � /s kð Þ
Te

2

6
6
4

3

7
7
5 ¼

5

2
p

� �

ckak þ dkbkð Þ

Ld/d kð Þak þ Lq/q kð Þbk
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

þ

5

2
p

� �
ck
Ld

� �
5

2
p

� �
dk
Lq

� �

/d kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

/q kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

Vdref kð Þ
Vqref kð Þ

� �

ð6Þ

With

ak ¼ � Rs

Ld
id kð Þ þ Lq

Ld
pxr kð Þiq kð Þ

bk ¼ �Rs

Lq
iq kð Þ � Ld

Lq
pxr kð Þid kð Þ �

/f

Lq
pxr kð Þ

ck ¼ Ldiq kð Þ � /q kð Þ
dk ¼ /d kð Þ � Lqid kð Þ

8
>>>>>>>><

>>>>>>>>:

The control objective is to force the torque and stator

flux to track their reference values at the next sampling

period; the Eq. (6) can be rewritten using references as

follows:

Temref k þ 1ð Þ � Tem kð Þ
Te

/sref k þ 1ð Þ � /s kð Þ
Te

2

6
6
4

3

7
7
5 ¼

5

2
p

� �

ckak þ dkbkð Þ

Ld/d kð Þak þ Lq/q kð Þbk
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

þ

5

2
p

� �
ck
Ld

� �
5

2
p

� �
dk
Lq

� �

/d kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

/q kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

Vdref kð Þ
Vqref kð Þ

� �

ð7Þ

Using the Eq. (7), the required average voltage vector is

expressed as follows:

Vdref kð Þ
Vqref kð Þ

� �

¼

5

2
p

� �
ck
Ld

� �
5

2
p

� �
dk
Lq

� �

/d kð Þ
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

/q kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

�1

Temref k þ 1ð Þ � Tem kð Þ
Te

/sref k þ 1ð Þ � /s kð Þ
Te

2

6
6
4

3

7
7
5

0

B
B
@

�

5

2
p

� �

ckak þ dkbkð Þ

Ld/d kð Þak þ Lq/q kð Þbk
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

1

C
C
C
C
A
;

ð8Þ

The torque and stator flux references at the next sam-

pling period (k ? 1) can be estimated using a linear

extrapolation as shown in Fig. 2.

The estimated torque and stator flux references are given

by:

Temref k þ 1ð Þ ¼ 2Temref kð Þ � Temref k � 1ð Þ
/sref k þ 1ð Þ ¼ 2/sref kð Þ � /sref k � 1ð Þ

(

ð9Þ

Consequently, the final PDPC control law, which pro-

vides the required average voltage vector that is applied

during each sampling period, is given by the following

equation:

Vdref kð Þ
Vqref kð Þ

� �

¼

5

2
p

� �
ck
Ld

� �
5

2
p

� �
dk
Lq

� �

/d kð Þ
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

/q kð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

�1

DTemref kð Þ � eTem kð Þ
Te

D/sref kð Þ � e/s
kð Þ

Te

2

6
6
4

3

7
7
5�

5

2
p

� �

ckak þ dkbkð Þ

Ld/d kð Þak þ Lq/q kð Þbk
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/2
d kð Þ þ /2

q kð Þ
q

2

6
6
6
6
4

3

7
7
7
7
5

0

B
B
B
B
@

1

C
C
C
C
A

ð10Þ

where eTem kð Þ and e/s
kð Þ are the actual torque and stator

flux tracking errors defined as:

eTem kð Þ ¼ Temref kð Þ � Tem kð Þ
e/s

kð Þ ¼ /sref kð Þ � /s kð Þ

(

ð11Þ

DTemref kð Þ and D/sref kð Þ are the actual changes in tor-

que and stator flux references given by:

DTemref kð Þ ¼ Temref kð Þ � Temref k � 1ð Þ
D/sref kð Þ ¼ /sref kð Þ � /sref k � 1ð Þ

(

ð12Þ
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The reference voltage vector components in stationary

frame can be calculated using the following

transformation:

Varef

Vbref

� �

¼ cosðhrÞ � sinðhrÞ
sinðhrÞ cosðhrÞ

� �
Vdref

Vqref

� �

ð13Þ

At this stage, the SVPWM modulator is used to produce

the five-phase inverter control signals.

4 Constant switching frequency PDTC approach

Figure 3 represents a constant switching frequency pre-

dictive DTC of five-phase PMSM drive. The proposed

control strategy relies on calculating optimal vector

application times to generate inverter switching states by

selecting three voltage vectors; one of them is zero voltage.

This leads to improve the performance and efficiency of

predictive torque control in terms of torque and stator flux

ripples reduction as well as operating the inverter with a

constant switching frequency (Song et al. 2014, 2013;

Antoniewicz and Kazmierkowski 2008).

Fig. 2 Predictive value

estimation of torque and stator

flux references

Fig. 3 Control scheme of

constant switching frequency

predictive DTC of a five-phase

PMSM drive
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The CSF-PDTC approach uses the same speed PI con-

troller as that used in the previous control strategy to

produce the reference of electromagnetic torque.

This strategy is based on Eq. (5) giving the time

derivatives of the torque and stator flux. An increase or

decrease in torque and stator flux is the result of applying a

voltage vector, which can be defined as follows:

fTemi ¼
dTem
dt

�
�
�
�
Vc¼VLi

f/si
¼ d/s

dt

�
�
�
�
Vc¼VLi

8
>>><

>>>:

ð14Þ

where i is number of applied voltage vector

VLi=i ¼ 1; . . .; 10:
From (14), the relation between torque, stator flux, and

application times can be expressed as:

Temi ¼ Tem þ fTemi ti

/si ¼ /s þ f/si
ti

(

ð15Þ

When three voltage vectors are selected within switch-

ing period, then the Eq. (15) can be rewritten as follows:

Tem1 ¼ Tem þ fTem1 t1

Tem2 ¼ Tem1 þ fTem2 t2

Tem3 ¼ Tem2 þ fTem3 t3

8
><

>:
ð16Þ

/s1 ¼ /s þ f/s1
t1

/s2 ¼ /s1 þ f/s2
t2

/s3 ¼ /s2 þ f/s3
t3

8
><

>:
ð17Þ

where t1; t2; t3 are voltage vectors application times.

Figure 4 shows graphical representation of Eqs. (16)

and (17).

Equations (16) and (17) can be simplified to:

Tem3 ¼ Tem þ fTem1 t1 þ fTem2 t2 þ fTem3 t3

/s3 ¼ /s þ /s1t1 þ /s2t2 þ /s3t3

(

ð18Þ

The application times fulfill the following constraint:

Ts ¼ t1 þ t2 þ t3 ð19Þ

To achieve symmetrical vectors application within one

switching time, the Eqs. (16) and (17) can be extended to:

Tem1 ¼ Tem þ fTem1 t1 Tem4 ¼ Tem3 þ fTem3 t3

Tem2 ¼ Tem1 þ fTem2 t2 Tem5 ¼ Tem4 þ fTem2 t2

Tem3 ¼ Tem2 þ fTem3 t3 Tem6 ¼ Tem5 þ fTem1 t1

8
><

>:
ð20Þ

/s1 ¼ /s þ f/s1
t1 /s4 ¼ /s3 þ f/s3

t3

/s2 ¼ /s1 þ f/s2
t2 /s5 ¼ /s4 þ f/s2

t2

/s3 ¼ /s2 þ f/s3
t3 /s6 ¼ /s5 þ f/s1

t1

8
><

>:
ð21Þ

Figure 5 shows graphical representation of Eqs. (20)

and (22).

Equation (20) and (21) can be simplified to:

Tem6 ¼ Tem þ 2fTem1 t1 þ 2fTem2 t2 þ 2fTem3 t3

/s6 ¼ /s þ 2f/s1
t1 þ 2f/s2

t2 þ 2f/s3
t3

(

ð22Þ

In this case, t1; t2; t3 should verify the following

condition:

Ts ¼ 2 t1 þ t2 þ t3ð Þ ð23Þ

In this strategy, the vector sequence applied to the

converter is selected in order to minimize the switching

losses. To do this, the a; b plane is divided into ten sectors

as depicted in Fig. 6.

The predictive torque and stator flux values at the end of

the switching period Tem6; /s6 are considered as reference

Temref ;/sref .

Temref ¼ Tem6

/sref ¼ /s6

(

ð23Þ

The torque and stator flux errors ðeTem ; e/s
Þ are expressed

as follows:

eTem ¼ Temref � Tem

� 2 fTem1 t1 þ fTem2 t2 þ fTem3
1

2
Ts � t1 � t2

� �� �

e/s
¼ /sref � /s

� 2 f/s1
t1 þ f/s2

t2 þ f/s3

1

2
Ts � t1 � t2

� �� �

8
>>>>>>>><

>>>>>>>>:

ð24Þ

The goal of control algorithm is to determine the voltage

vector application times t1; t2; t3 in order to minimize the

following cost function defined as sum of squared torque

and stator flux errors.Fig. 4 Torque a and stator flux b changes under three Vi voltage

vectors application during one switching time Ts
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F ¼ e2Tem þ e2/s
ð25Þ

After replacing (24) into (25), it results:

F ¼ Temref � Tem � 2 fTem1 t1 þ fTem2 t2ð
�

þfTem3
1

2
Ts � t1 � t2

� ���2

þ /sref � /s � 2 f/s1
t1 þ f/s2

t2
	�

þf/s3

1

2
Ts � t1 � t2

� ���2

ð26Þ

The optimal application times t1; t2, which minimize the

cost function F, during a switching time Ts, satisfy the

following minimum condition in which each partial

derivative is zero:

oF

ot1
¼ 0

oF

ot2
¼ 0

8
>><

>>:

ð27Þ

First partial derivatives of the cost function F are

expressed as:

oF

ot1
¼ 4

Temref � Tem � fTem3Ts
	 


fTem3 � fTem1ð Þ

þ /sref � /s � f/s3
Ts

	 

f/s3

� f/s1

	 


" #

þ8 fTem3 � fTem1ð Þ2þ f/s3
� f/s1

	 
2
h i

t1

þ8
fTem3 � fTem2ð Þ fTem3 � fTem1ð Þ

þ f/s3
� f/s2

	 

f/s3

� f/s1

	 


" #

t2

ð28Þ

oF

ot2
¼ 4

Temref � Tem � fTem3Ts
	 


fTem3 � fTem2ð Þ

þ /sref � /s � f/s3
Ts

	 

f/s3

� f/s2

	 


" #

þ8
fTem3 � fTem1ð Þ fTem3 � fTem2ð Þþ

f/s3
� f/s1

	 

f/s3

� f/s2

	 


" #

t1

þ8 fTem3 � fTem2ð Þ2þ f/s3
� f/s2

	 
2
h i

t2

ð29Þ

To find the critical points of F, the first partial deriva-

tives given by Eqs. (28) and (29) should be set equal to

zero. The solution of the resulting linear system of equa-

tions is given by:

t1 ¼
Temref � Tem
	 


f/s2
� f/s3

	 

þ /sref � /s

	 

fTem3 � fTem3ð Þ

þ fTem2 f/s3
� fTem3 f/s2

	 

Ts

" #

2 f/s2
� f/s3

	 

fTem1 þ f/s3

� f/s1

	 

fTem2 þ f/s1

� f/s2

	 

fTem3

	 
� �

ð30Þ

Fig. 5 Torque a and stator flux

b changes under symmetrical

application of three voltage

vectors VLi during one switching

time Ts

Fig. 6 Converter voltage vectors VLi
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t2 ¼
Temref � Tem
	 


f/s3
� f/s1

	 

þ /sref � /s

	 

fTem1 � fTem3ð Þ

þ f/s1
fTem3 � f/s3

fTem1
	 


Ts

" #

2 f/s2
� f/s3

	 

fTem1 þ f/s3

� f/s1

	 

fTem2 þ f/s1

� f/s2

	 

fTem3

	 
� �

ð31Þ

Using (23), the time t3 can be calculated by:

t3 ¼
1

2
Ts � t1 � t2 ð32Þ

To check the nature of the critical point ðt1; t2Þ of F,

which can be a local minimum, local maximum, saddle

point, or none of these, second partial derivative test is

used; this is done by calculating the Hessian matrix

determinant given by (Bittinger et al. 2012):

D ¼¼ o2F

ot21

o2F

ot22
� o2F

ot2ot1

� �2

ð33Þ

According to the D value, four conditions can be

distinguished:

1. If D[ 0 and o2F
ot2

1

[ 0; then F has a local minimum,

2. If D[ 0 and o2F
ot2

1

\0; then F has a local maximum,

3. If D\0; then F has a saddle point,

4. If D ¼ 0; then the test is inconclusive.

Fig. 7 Flowchart of the proposed CSF-PDTC strategy

Table 2 Five-phase PMSM parameters

P Ld Lq /f J Rs F

2 8 mH 8.5 mH 0.175 Wb 0.004 kgm2 1 X 0

Fig. 8 Dynamic responses of five-phase PMSM controlled by CSF-

PDTC: a Motor speed, b Electromagnetic torque, c Stator flux,

d Stator flux circle trajectory

123

Int J Syst Assur Eng Manag (April 2022) 13(2):772–782 779



The second partial derivatives are given by:

o2F

ot21
¼ 8 fTem3 � fTem1ð Þ2þ f/s3

� f/s1

	 
2
h i

o2F

ot22
¼ 8 fTem3 � fTem2ð Þ2þ f/s3

� f/s2

	 
2
h i

o2F

ot1ot2
¼ 8

fTem3 � fTem2ð Þ fTem3 � fTem1ð Þ

þ f/s3
� f/s2

	 

f/s3

� f/s1

	 


" #

ð34Þ

In order to calculate D, it is sufficient to replace (34) into

Eq. (33). The resulting expression is simplified to the

following:

D ¼ 64
f/s1

fTem2 � f/s2
fTem1 � f/s1

fTem3

þf/s3
fTem1 þ f/s2

fTem3 � f/s3
fTem2

 !2

ð35Þ

Note that both Eqs. (35) and the first one of (34) are

always positive. This implies that, the critical point ðt1; t2Þ
represents effectively the local minimum of F.

The flowchart of the proposed CSF-PDTC strategy is

shown in Fig. 7.

Fig. 9 Dynamic responses of five-phase PMSM controlled by PDTC-

SVM: aMotor speed, b Electromagnetic torque, c Stator flux, d Stator

flux circle trajectory

Fig. 10 Stator flux circle trajectory in 3D presentation for different

control strategies of predictive DTC for a five-phase PMSM drive
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5 Simulation results

In this section, a set of numerical simulations are carried

out to illustrate the effectiveness of the proposed control in

the steady-state and dynamic, and is compared to PDTC-

SVM, and classical PDTC. Parameters of the five-phase

PMSM are given in Table 2.

The control system is carried out under deferent oper-

ating conditions such as sudden change of load torque, and

step change in reference speed. The five-phase PMSM is

accelerated from standstill to speed reference (100 rad/s).

The full load torque TL ¼ 5Nmð Þ is applied from

(t = 0.3 s to t = 0.7 s). After that a sudden reversion in the

speed command from (100 rad/s) to-(- 100 rad/s is per-

formed at 1 s.

The five-phase PMSM dynamic responses: motor speed,

electromagnetic torque, and stator flux are presented in

Figs. 8 and 9 for CSF-PDTC and PDTC-SVM control

strategies, respectively.

From Figs. 8a and 9a, the speed follows its reference

value. Elimination of the load torque causes a slight vari-

ation in speed response. The speed controller intervenes to

face this variation and ensures that the system follows its

suitable reference speed. When comparing between CSF-

PDTC and PDTC-SVM methods, there is no significant

difference in term of tracking performance.

Figures 8b and 9b illustrate the electromagnetic torque

curves produced by the five-phase PMSM controlled by

CSF-PDTC and PDTC-SVM using the same PI controller.

The proposed control shows a significant improvement in

reducing torque ripples.

From Figs. 8c and 9c, it can be observed that the stator

flux has a fast and good reference tracking, without any

influence by the load variation. This indicates that a good

decoupled control between flux and electromagnetic torque

is achieved. Furthermore, the stator flux ripple in the pro-

posed control is less than that obtained by PDTC-SVM.

From Figs. 8d and 9d, it can note that the stator flux

vector forms a circular trajectory for both control methods

respectively.

The circular stator flux trajectory in 3D is presented in

Fig. 10a, b, it can clearly notice that the proposed control

has a faster dynamic response in transient state compared

to PDTC, and PDTC-SVM.

From Fig. 11, it can be seen that CSF-PDTC structure,

under the same operating conditions, can achieve smaller

ripples compared to classical PDTC, and PDTC-SVM. This

result confirms the superiority of the proposed control in

terms of ripples reduction.

6 Conclusion

This paper proposes an improved version of predictive

DTC scheme of a five-phase PMSM fed by a five-leg

inverter operating under a constant switching frequency.

The obtained simulation results confirm that the proposed

CSF-PDTC exhibits good response without overshoot

while ensuring the decoupling between the stator flux and

the electromagnetic torque. Comparative study confirms

that the proposed predictive DTC can decrease consider-

ably the torque and stator flux ripples compared to PDTC-

SVM and classical PDTC.
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Fig. 11 Comparison between

different control strategies of

predictive DTC for a five-phase

PMSM driver:

a Electromagnetic torque ripple,

b Stator flux ripple
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