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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.
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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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Table 1 Vector sequence to be

applied to the inverter Sector(i)

Vector sequence V;

02100120
02300320
04300340
04500540
06500560
06700760
08700780
08900980
0109009100
0101001100

O 0 N A N A WD =

—
(=)

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-g) through its electrical, magnetic, and
mechanical equations (Parsa and Toliyat 2007), (Mukhtar
2010):

e The stator voltages are as follows:

d
Vg = Ryig + % — 0.,

" (1)
V, = Rii, + d—tq + w, ¢,

where Vy, V, are the d-g axes stator voltages; iq4, i, are the
d-q axes stator currents; ¢, (,{)q are the d-q axes stator
fluxes; R, is the stator resistance; ®, is the rotor speed.

e The stator flux components in the (d-g) frame are given
by:

¢q = Lf/ iq
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where Ly, L, are the d-q axes stator inductances; ¢, is the
permanent magnet flux linkage.

e The mechanical dynamic and electromagnetic torque
equations are expressed by:

do, 1
- (Tem - TL _fwr)
5 . .
Tem = EP(¢dlq - ¢qld)
where T,,, T 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:

5 . .
Tom = Ep(qbdlq - ¢qld)

b, =1/ b5+ b;

The torque and stator flux derivatives are given as
follows:

(4)

5
dT,,, <§ p) (ca + db)
dcgs = | Ladpga + Ly b
dt 2\/d5+ ¢,
6@ ()
2")\ta) \2")\L) | 1v,,
Pa d)q [Vqre:f]
2\/¢2+¢2 2\/¢2+¢2
d q d q
(5)
With
ks, n L, .
a= L, ig Ldp(u,lq
Ry, Ly . r
b=——i,——=pwi; ——po,
L, i Lqpa) iy L, pw
c = Ldiq — ¢q
d == (l’)d - Lqid

If the sampling period 7, is infinitely small compared
with the fundamental period, the discretization of the Eq. 5
yields:

Fig. 1 Predictive DTC with DC
SVM of five-phase PMSM drive lv—{(mﬁ]
a)rm : - . V >
of P] emref a qrgL dq arei S'Phase
ii i) , [ = » SVPWM
+ ' Predictive torque
-4 by control algorithm Vinr % Inverter
> g I aﬂ -
. A A >
¢S em H, ?
l’d iabcde
Torque and flux ! dg |
estimator Ry
abcde
o Y

1& 5— Phase
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Tl )~ Tl (37 ) e+ it
bkt 1) — () | = | Laba®)ar+ Loy (k)b

T, 2\/¢3(k) + & (k)
@) G)E)

Vdref(k)
+ $alk) 94(k) [wmm}
20/ 8300+ 2K) 24/ 93(0) + @2 (k)
(6)
With

= = 110+ o, ()1, (1)
by = —%lq(k) i pwr(k)ld(k) - %pwr(k)
Cr = Ldlq( ) ( )

= ¢a(k) — Lyia(k)

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:

Tomrer (k + 1) = Tem(K) (gp) (crax + diby)
T,
Dok 1) — 9 0) |~ | LadalR)a+ Ly, (k)b

T, 2\/030) + #2(K)
G G)E)

V re (k)

Tl 4 %q(k) [é&m}
2\/630) + 920) 2\/93(K) + @2(k)

(7)

Using the Eq. (7), the required average voltage vector is
expressed as follows:

B)E G |

[artl] _
e el 8,(0)
2%&kwwmz¢ﬁ®+ﬁ®
emref(k + ) em (k)
T,
qssref(k + 1) - d)s(k)
T,
(gp) (ckax + diby)

Lidg(k)ag + Ly, (K)by | |

2,/ (k) + ¢g k)
(8)

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:

Tomres (k + 1) = 2Temrey (k) = Temrey (k — 1)

¢sref (k + 1) = 2¢sref(k) - ¢sref (k - 1)

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:
5N\ (d 17
ot [ ()(z)
Varer (k) ¢, (k)
2\/<f>d +¢ 2\/% )+ ¢2(K) |
Alenres k; (gp) (cear + dibe) |
sref(k)e_ ep (k) | Laga(k)ar + Ly, (k)bx
" 2\/50) + 93(4)

(10)

where er,, (k) and ey (k) are the actual torque and stator
flux tracking errors defined as:

{ €T (k) = Temref(k) - Tem(k)
€, (k) = d)xref(k) - d)f(k)

ATepref (k) and Agy,(k) are the actual changes in tor-
que and stator flux references given by:

{ ATemref(k) = Temref (k) - Temref(k - 1)
A(psref(k) = qbsref (k) - (psref(k - 1)

(11)

(12)
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Fig. 2 Predictive value AT
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estimation of torque and stator
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The reference voltage vector components in stationary

frame can be calculated wusing the following
transformation:

Vareg \ [ cos(0,) —sin(0,) Vrer (13)
Vgrer ) \ sin(0,)  cos(0,) Vref

At this stage, the SVPWM modulator is used to produce
the five-phase inverter control signals.

@ Springer

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).



Int J Syst Assur Eng Manag (April 2022) 13(2):772-782 777
The CSF-PDTC approach uses. the same speed PI con- Toms = Tom -+ fro 11 + froots +fro s

troller as that used in the previous control strategy to b= bt bty + dots + bt (18)

produce the reference of electromagnetic torque. $3 7 T s1Ht 5272 5373

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:

dTom
Jrow ==, -
do, (14)
Jou =4 Vv,
where i 1is number of applied voltage vector

Vi/i=1,...,10.
From (14), the relation between torque, stator flux, and
application times can be expressed as:

Temi = Lem +me,,-ti
¢.vi = ¢x +f¢x,-ti

When three voltage vectors are selected within switch-
ing period, then the Eq. (15) can be rewritten as follows:

Teml = Tem +fTem1t1

(15)

Top2 = Te +fTem2t2 (16)
Tem3 = TemZ +fT,,,,,3 13

b1 = ds + 1,1

qssZ = d)sl +f¢x2t2 (17)

b= Qo +1p.13

where ¢, 1, t3 are voltage vectors application times.
Figure 4 shows graphical representation of Egs. (16)
and (17).
Equations (16) and (17) can be simplified to:

!
|
|
|
|
|

N

>

< > > <

< S

v

Fig. 4 Torque a and stator flux b changes under three V; voltage
vectors application during one switching time 7

The application times fulfill the following constraint:
Ti=ti+h+n (19)
To achieve symmetrical vectors application within one
switching time, the Eqgs. (16) and (17) can be extended to:
Teml - Tem +me1t1 Tem4 = Tem3 +fTem3 13
Tem2 = Teml +fTP,,,2t2 TemS == Tem4 +pr,,,2 15) (20)
Tom3 = Temn +f T3 13 Teme = Tems +f Tomi 11

¢s1 = ¢s +f¢.,.1t1 ¢s4 = d)sS +f<f).\3t3

¢52 = ¢sl +f¢v2t2 ¢55 = ¢s4 +f¢vzt2 (21)

¢x3 = ¢s2 +f¢>v3t3 ¢s6 = ¢A‘5 +f¢>ylt1

Figure 5 shows graphical representation of Egs. (20)
and (22).

Equation (20) and (21) can be simplified to:
{ Tons = Tom + 2fonts + 21,0t + 21t

(22)
by = b+ 2y, 11 + 2y, 1 + 2fp 13

In this case, ti,t,#3 should verify the following
condition:
TS = 2(t1 + 1t + I3) (23)

In this strategy, the vector sequence applied to the
converter is selected in order to minimize the switching
losses. To do this, the «, f 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 T,,6, ¢4 are considered as reference

Temref ) d)sref .

Temref = Toms
¢sref = d)sﬁ

The torque and stator flux errors (e, , ey, ) are expressed
as follows:

(23)

et,, = Temref — Tem

- 2<fn,,,111 F ST t2 ST (% Ty —t) — t2)>
ep, = Pyrer — Py

—2 <f¢>51 ntfpot2 + 1o, G Ty—t — tz) >

(24)

The goal of control algorithm is to determine the voltage
vector application times f,f,,#; in order to minimize the
following cost function defined as sum of squared torque
and stator flux errors.
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Fig. 5 Torque a and stator flux
b changes under symmetrical
application of three voltage
vectors V;; during one switching
time T

¥, (01100) V5 (11100)

¥, (1000)

¥

¥, (11000)

oy

V16 (00110 ¥, (11001)

/ 00000 )

¥, (00111) V10 (10001)

V5 (00011) ¥ (10011)

Fig. 6 Converter voltage vectors V;

F=e2 + eéx (25)

After replacing (24) into (25), it results:
F = [Temref —Tom — z(meltl +fTemZ 5}

1 2
HfTos (5 Ty—1n — fz))}
(26)

+ [¢sref - d)s - 2<f¢xltl +f¢x2t2

1 2
)

The optimal application times #;, #,, which minimize the
cost function F, during a switching time T, satisfy the
following minimum condition in which each partial
derivative is zero:

@ Springer

F

1
o (27)
6[2_

First partial derivatives of the cost function F are
expressed as:

oF (Temrer — Tem = S Ts) s = Srom)
ML A (B — b S0 T) (i — ) ]
8| (s = )+ (i —F,) 1 (28)
Frons = F1on) Frns = From) ] ,
(o —fo) (o =S,
oF (Temrer — Tem = S Ts) s — S
| (e — b~ o) (s —S) ]

1

] l (fTemS - f Tem ) (fTenz3 - f Tem2 ) +
<f</’x3 - f(f)xl ) (f<f’x3 - fd);z)
+8 |:(fTem3 - fTem2 )2+ (f(bﬁ - f¢:2 ) 2} &)

To find the critical points of F, the first partial deriva-
tives given by Egs. (28) and (29) should be set equal to
zero. The solution of the resulting linear system of equa-
tions is given by:

H =
[ (Temrf‘f - Tem) (fd’;z _f¢J3) + ((l)sref - d)s) (fTam3 _fTem3)

ot b = Fronfoo) Ts

[2((f¢u _f¢;3)fTeml + (f(/)ﬂ _fd);l)fTemZ + (fd’u _fﬁblz)meﬁ)}
(30)
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h =

(Temref - Tem) (fd)ﬂ _fqﬁ.\.l) =+ (¢sref - ¢s) (fTemI _fTem})‘|
)

+ (f(bslfTEmB _f‘ﬁ;}fTﬂml ) T

[2 ( (fd)ﬁ - f¢;3 )mel + (f¢ﬂ - f(/%l )mez + (fff%l - f%z )fT('m3 }
(31)

Using (23), the time #3 can be calculated by:

1 = lTS -t — b (32)
2

To check the nature of the critical point (#1,#,) 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):

_erer (oY’
o8 o 0o

(33)

According to the D value, four conditions can be
distinguished:

1. If D> 0 and aa%v > 0, then F has a local minimum,
1

2. If D>0and a;Tf <0, then F has a local maximum,
1

3. If D<O0, then F has a saddle point,

4. If D =0, then the test is inconclusive.

Torque and stator flux estimation

!

Sector number and adjacent vectors determination

Torque and stator flux derivatives calculation using Eq. 14

!

Optimal vector application times calculation using Eqs. 30-32.

!

Pulses generation

Fig. 7 Flowchart of the proposed CSF-PDTC strategy

Table 2 Five-phase PMSM parameters

P L L, oy J R, F

2 8 mH 8.5 mH 0.175 Wb

0.004kgm®> 1Q 0

(a)
Speed (rad’s)
T T
. ey ——

A / Iimw 1
- 02 03 04 06 07 08Tne© 1 12 14 16 18 2
(b)

Hectronmgnetic torque (Nm)
) 02 03 04 06 07 08Tine( 1 12 14 16 18 2
(©
Stator flux (Wh)

0 02 03 04 06 07 08 Tine@) 1 12 14 16 18 2
(d
b /’d‘:\\
N ) / \\
Sl /. \
il A
1]
Ful\ )
£ AN /
| j
\_//
4 03 02 0.1 0 01 02 03 04
Fluxais alpha (W)

Fig. 8 Dynamic responses of five-phase PMSM controlled by CSF-
PDTC: a Motor speed, b Electromagnetic torque, ¢ Stator flux,
d Stator flux circle trajectory
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(a)
Speed (rads)
T T
1 [ |7mh‘ B
) \
) 02 03 04 06 07 08Tine() 1 12 14 16 18 2
(b)
Hectromagnetic torque (Nm)
~o 02 04 06 08 Tine(s) 1 12 14 16 18 2
(©)
Stator flux (Wh)

0 02 03 04 06 07 08 Tine() 1 12 14 16 18 2

(d)

3

o

<
N
».

o
=4

Flux axis beta (Wh)
N

N prd

\-h--._._——-—'/

4 03 02 -0

&

1 0 01 02 03 04
Flux anis alpha (Wh)

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

SVM: a Motor speed, b Electromagnetic torque, ¢ Stator flux, d Stator
flux circle trajectory
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Flux axis beta (Wb)

Time (s)

(b)

0.2

0.1

Fig. 10 Stator flux circle trajectory in 3D presentation for different
control strategies of predictive DTC for a five-phase PMSM drive
The second partial derivatives are given by:
azF r 2 2
o7 = 8| Frn = fru) (o — o) ]
1 L

azF B 2 2

57 = 8] =)+ s = fi)’] (34)
5 L

62F [ (fTem3 - f Temn ) (fTems - f Tem )

=8
011012 L + (f(/’ss _f(/’.vz) (fd’.ﬂ —f¢xl )

In order to calculate D, it is sufficient to replace (34) into
Eq. (33). The resulting expression is simplified to the
following:

f¢x1fTEm2 - f¢52fTeml - f(ﬁ.,-]ngm
oS 1o TS0 aS 10z = Jb ST

Note that both Egs. (35) and the first one of (34) are
always positive. This implies that, the critical point (11, 7,)
represents effectively the local minimum of F.

The flowchart of the proposed CSF-PDTC strategy is
shown in Fig. 7.

D =64 (35)
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Fig. 11 Comparison between

Hectronmagnetic torque and Stator flux ripples (%0)

-Eecnmragﬂjcuxqw

different control strategies of 1

predictive DTC for a five-phase 1400
PMSM driver: 14

a Electromagnetic torque ripple,

b Stator flux ripple 12

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 (7, =5Nm) is applied from
(t=0.3stor=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

091

1

CSF-P-DIC

P-DIGSVM

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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