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Abstract

This paper proposes an optimal vector control strategy to minimize copper losses and to improve the power factor and the
efficiency of a multiphase induction machine drive system. Indeed, the proposed approach aims to minimize the magnetizing
energy by adjusting the magnetic state of the motor regarding the drive’s operating point. As a result, the current circulating
through the motor windings can be reduced, which leads to copper losses reduction. Hence, an improvement in the machine’s
power factor and efficiency is obtained. Simulation and experimental results are carried out on a drive system based on a
dual star induction machine to validate the proposed control approach.

Keywords Dual star induction machine (DSIM) - Vector control - Optimal flux - Joule losses - Power factor

1 Introduction

Recently, lots of researches have been conducted on mul-
tiphase electrical machines for both renewable energy and
electromechanical energy conversion applications [1-4].
Indeed, increasing the number of phases offers additional
degrees of freedom which enhance the power system reli-
ability and the energy conversion quality. Such enhancement
is widely testified and established in power segmentation,
torque ripple reduction and fault-tolerant capability [1, 5-7].

Also, as most of the drive systems are devoted to vari-
able speed as well as variable load operations, the total effi-
ciency of such systems is affected by varying the operating
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point [8]. Nowadays, several optimization techniques are
introduced to enhance the variable speed drive efficiency
[4, 9-12]. Likewise, the proposed control strategy presented
in this paper tracks the operating point of the drive system
to ensure that the operating conditions are optimal. So, the
target of the control approach is to reduce the magnetizing
energy, by adjusting the motor’s magnetic state with respect
to the operating point of the drive system. Accordingly, the
current circulating through the windings of the motor can
be clearly reduced, leading to Joule losses reduction and
therefore to machine efficiency improvement. The control
method is tested and verified on a DSIM drive system.

The proposed control approach is based on the principle
of flux-oriented control (FOC), which has a simple structure
and is widely employed in industrial processes. Generally,
the FOC ensures that the magnitude of the motor’s magnet-
izing flux is constant and equal to its nominal value. Con-
sequently, optimal operation can be reached at the nominal
operating point. Below that point, the efficiency of the drive
system is reduced due to the excessive energy stored unnec-
essarily in the motor windings. Hence, the excessive stored
energy can be reduced by adjusting the magnetizing flux
according to the drive’s operating point.

This paper is organized as follows. Sections 2 and 3 pre-
sent the drive system and its model. In Sections 4 and 5,
the proposed control technique is introduced and detailed.
Sections 6, 7 and 8 exhibit the main simulation and experi-
mental results carried out to validate the proposed strategy.
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2 Drive system description

The drive system studied in this work is based on a DSIM,
where two symmetrical and identical sets of three-phase
windings share a common stator magnetic core and are
phase shifted spatially by 30° (electrical degrees) as
depicted in Fig. 1. A voltage source inverter (VSI) is used
to feed each set of the stator winding. The rotor of the
DSIM is identical to that of the three-phase squirrel cage
induction machine. Furthermore, the DSIM is considered
as the combination of two three-phase machines sharing
the same magnetic core. Hence, the usual Park transforma-
tion can be applied to each stator set [8, 13, 14].

3 Drive system modeling

Using the vector space decomposition approach introduced
in [15], the original six-phase dimensional system can be
decomposed into two main sub-models named (sdl, sql)
and (sdz, sqz) for the stator side and (rd, rq) for the rotor
side, respectively [16]. The equations of the voltage and
the flux are expressed in the following [8, 13, 14].

The sub-model of the stator voltage (sd;—sq;) is
expressed as:

d¢5
{ Vsd1 = Rs]sdl + td] - 6Osd)sql

d sql
VSql = Rslsql + dtq + ws¢sd|

ey

The sub-model of the stator voltage (sd,—sq,) is
expressed as:

sb;

sb,

Stator 2

saj
Stator 1

scy

sC;

Fig. 1 Structure of the DSIM windings
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dopgg
{ Vsd2 = Rslsd2 + qgl_tz - Cosd)sq2 )
d S
Vsq2 = Rslsq2 + qu + ws¢sd2

The sub-model of the rotor voltage (rd—rq) is expressed
as:

do, 3
Vig=0=RI +— + 0,y

d¢f
{ Vrd =0= RrIrd + d_ld - wrd)rq
dt

The equations of the flux can be expressed as:

{ ¢sd] = LsIsdl + Lmslst + erd 4)
(I)sql = LsIsql + Lms[qu + MIrq
{ qbsd2 = lesd2 + Lms[sd1 + erd (5)
by, = Lilyg, + Linglyq, + My
{ b = Lilyg + M (L) + L) ©)
brg = Ll + M(IL gy + L)
The electromagnetic torque is expressed as:
M
Te = pL_ [d)rd (Isq1 + Isqz) - d)rq (Isd1 + Isdz)] 7)
T

In this study, the traditional homopolar components are
neglected due to the isolation of the two star’s neutrals.
The DSIM voltage equations given in (1)—(3) are similar to
those of two separate three-phase machines. Consequently,
the DSIM can be controlled in a similar way as in the case
of a three-phase machine.

4 Drive control

The control strategy presented in this work allows the
tracking of the drive operating point to ensure optimal
operating conditions. This approach is based on the indi-
rect rotor flux-oriented control (IRFOC) principle depicted
in Fig. 2. In this section, the IRFOC technique applied to
the DSIM is firstly presented and then the proposed control
strategy is detailed.

The rotor flux components are controlled to fulfill the
following conditions:

d’rq =0
{ ¢rd = d)r (8)

The control of the DSIM is ensured by the stator current
components. So, substituting (8) into (6) and eliminating
the rotor’s current components from (4) and (5) lead to the
following flux expressions:
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Fig.2 Control scheme of the DSIM operating under IRFOC

M
(»bsd = O-lLsIsd + 0-2[‘mslsd2 + Zd)r

®

¢sq - O-ILQI%q + O-ZLmsquz
M
¢sd2 = O-IL%Isd + 02Lm§1§d| + [qbr (10)
d)sqz = O-lLsIsq + O-ZLmSIsq1
1
Ird=L_(¢ _M(Isd]+lsd2)) (11)
Iy = (Ism +1,)
where s, = 1 — LZ;GZ_I_ LGy .

The substitution of (9)—(11) into stator and rotor voltage
Egs. (1)—(3) provides the main expressions as follows:

(Vi =R Isd] + o-lLS% + i—“% w01 L],

) +62Lms d a;ic)'szslsq2
Vg, = Rslsq] + 61L ﬂ + w, —dﬁr + oLy

L +62Lms d ) o’szSISdz

- Ay dd, (12)
Ve, =R Isd2 + 61L —2 +T — w0 Ly,

) +(72Lm5 d a;;,o-szbISq]
Vg, = RGIqu + olLsﬂ + cos—cDr +woLdy,

L +o,L,, dq‘ +0,0,L0 1,

M (L + Iy, ) =@, + Tr?

() (13)

w,. =
T, <I.~d1 +1>d2>

T

In steady-state operation, the rotor flux can be expressed
as follows:

D, =M(Iy + Isdz) (14)
The electromagnetic torque equation becomes:
M
Te=p®; (

T

L, +1,) (15)

The principle of the optimal IRFOC control of DSIM is
demonstrated based on expressions (14) and (15) allowing
the drive operating point tracking as detailed in the next
section.

5 Drive operating point tracking

In this section, the principle of the proposed control strat-
egy based on IRFOC scheme is detailed. Truly, the main
difference between the conventional IRFOC technique and
the operating point tracking method consists in setting the
magnetic state of the motor, according to the drive operating
point [17]. Therefore, the motor flux reference is computed
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online to minimize the magnetizing energy, which leads to
Joule losses reduction.

In an induction motor, the Joule losses are the sum of the
stator P;; and rotor P;, losses. Their respective terms are:

Py = Pj + Py (16)

As the stator is composed of two identical winding sets, the
stator Joule losses become:

P = Py + P, (17)

2 2 2 2 2
Py=R( +152) - RS[<ISd1 +2)+ (2, +Isq2)] (18)
Similarly, the Joule losses of the rotor can be expressed as:

2 2.2
P, =R = Rr<Ir . 4 Irq> (19)
By taking into account the steady-state operation with the

conditions expressed in (8), and according to (3) and (11),
the components of the rotor current become:

Ird =0
__M (20)
Iy = _Z<Isq1 +Isqz)
Hence, the rotor Joule losses become:
M 2
— 2 _
Py, =RI, =R, [_L_r (Isql + Isqz)] 21

Replacing the stator current components by their expres-
sions from (14) and (15) leads to the following Joule losses
expression as a function of the electromagnetic torque and
magnetic flux:

Rs 2 1 Rs Lr ? T62 2 T32
PJ=2M2¢r+p_2 7 M +Rr a%=kl¢)r+kza?

(22)

where

o= o LA 2+R
Wom2r 2T 2|2 \m r

In order to determine the optimal motor flux which
ensures minimum losses, the derivative of (22) leads to:
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oP; Te2

So, the optimal value of @, is as follows:

@ opt = KA/ |Te| (24)

%
where k = </kz
1

Expression (24) demonstrates that the magnetic flux is a
function of the motor torque, which means that the excitation
should be linked to the torque demand. So, the priority of the
control is not to minimize losses, but to deliver a magnetic
flux according to the desired torque. However, as the operat-
ing point of the drive is variable and the value of the nominal
flux is considered optimal at nominal point, this constitutes
a degree of freedom to minimize the magnetizing power and
to reduce the total motor current.

The optimal flux ¢, ,, varies between a minimum value
@; min and @ maximum value @, ;... = @, ;on, according to
[17]. Through the experimental tests carried out during this
work, the minimum value of the flux necessary to ensure the
magnetization of the machine is equal to 20% of the nominal
flux, s0 @; i, =20%@; om- As a result, the optimal flux is
defined in a range of variation as follows:

(pr_min < (pr_opt < (pr_nom

6 Simulation results

Simulations are provided to show the effectiveness of the
proposed optimization method. Thus, some tests are per-
formed and compared under IRFOC scheme for both cases,
with conventional IRFOC and with the proposed operating
point tracking strategy. So, a set of tests are conducted under
various light loads and speed conditions, and only two-test
cases are reported in this paper.

Hence, in this section simulation results for operating
speed fixed firstly at =40 rad/s and then at =60 rad/s
for different load torques of 7, =3 N'm and 7, =5 N m are
presented.

Figures 3 and 4 present the simulation results where the
motor is initially running at a rotating speed of 40 rad/s
under a load torque of 3 N m and then a load torque of
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Fig.3 Simulation results at operating speed of 40 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point tracking
strategy (right curves) and with the conventional IRFOC (left curves)

@ Springer



944 Electrical Engineering (2020) 102:939-952
1 1
0.9 0.9
0.8 0.8
_ o
- 0.7 % 0.7
o 06 o 0.6
w
-% 0.5 ~ 05
= 04 2 o4
0.3 £ 03 ! i
0.2 0.2
0.1 0.1
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)

(a) Efficiency curves

(a’) Power factor curves

Fig.4 Simulation results of efficiency and power factor at 40 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point
tracking strategy (red curves) and with the conventional IRFOC (blue curves) (color figure online)

Table 1 Simulation values of motor variables at an operating speed
of 40 rad/s

Motor variables  Classical IRFOC results Optimal flux IRFOC
(proposed method)

results

7,=3Nm T,=5Nm T,=3Nm T,=5Nm

Lai, Igp (A) 2.6 2.6 1.5 1.95
L1 Lygp (A) 0.55 0.9 0.9 1.2
ISgpets ISgper (A) 2.1 2.3 1.45 1.85
P,P,(W) 25.3 39.8 23.5 394
0,,0,(VAR) 11145 114.2 40.5 68
g (WD) 01 01 0.58 0.75
Prq (WD) 00 00 00 00
Joule losses (W) 32 39 21.5 36
Power factor 0.22 0.33 0.5 0.5
Efficiency 0.7 0.76 0.77 0.78

5 N m is applied at the instant =25 s. Also, the main motor
variable values under both strategies, in this case, are sum-
marized in Table 1 for comparison purpose.

The presented simulation results show that the rotor flux
component ¢4 is maintained constant and equals 1 Wb in
case of the conventional IRFOC technique, whereas the
use of the operating point tracking strategy (proposed
strategy) allows a reduction in the rotor flux component

@ Springer

@.q from 1 to 0.58 Wb (reduction of 42%) in case of a load
torque of 3 N m and from 1 to 0.75 Wb (reduction of 25%)
in case of a load torque of 5 N m, as shown in Fig. 3d, d".
The reduction in the rotor flux allowed a reduction in the
stator currents from 2.1 to 1.45 A (reduction of 31%) in
case of a load torque of 3 N m and from 2.3 to 1.85 A
(reduction of 19.56%) in case of a load torque of 5 N m,
which is demonstrated in Fig. 3b, b’, where a reduction in
the stator current components I , is clearly shown and
confirmed according to the relation [y = % derived from
Eq. (14). However, a slight increase in the stator current
components ISql , is observed in Fig. 3b, b’, and this can be
explained using the relation Iy = L€ derived from

Eq. (15). Also, a reduction in the reactive power from
111.45 to 40.5 VAR (reduction of 63.66%) in case of a
load torque of 3 N m and from 114.2 to 68 VAR (reduction
of 40.45%) in case of a load torque of 5 N m is shown in
Fig. 3c, ¢’, which leads to the optimization of reactive
energy needed to machine magnetization, and conse-
quently, a significant improvement in the power factor
from 0.22 to 0.5 (enhancement of 56%) in case of a load
torque of 3 N m and from 0.33 to 0.5 (enhancement of
34%) in case of a load torque of 5 N m is realized as shown
in Fig. 4a’.

Figure 4a presents the efficiency curves and shows that
the efficiency obtained at light load using the proposed
control strategy is better compared to the conventional
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Fig.5 Simulation results at an operating speed of 60 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point tracking
strategy (right curves) and with the conventional IRFOC (left curves)
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Table 2 Simulation values of motor variables at an operating speed
of 60 rad/s

Motor variables  Classical IRFOC results Optimal flux IRFOC
(proposed method)

results

T;,=3Nm 7;=5Nm T7;=3Nm 7;=5Nm

Ly Ly (A) 2.60 2.60 1.50 1.95
Ligrs I (A) 0.55 0.90 0.92 1.20
ISyers Isgpen (A) 2.1 2.3 1.45 1.9
P, P,(W) 35 56.5 33.6 56
0,, 0, (VAR) 166 169 59.6 99.5
@4 (WD) 01 01 0.58 0.75
Prqg (WD) 00 00 00 00
Joule losses (W) 32 40 22 36
Power factor 0.21 0.32 0.49 0.49
Efficiency 0.77 0.81 0.82 0.83
1
0.9
0.8 P ——
0.7
3 06
[
.g 0.5
£ 04
w 0.3
0.2
0.1
0
0 10 20 30 40 50 60
Time (sec)

(a) Efficiency curves

IRFOC technique. So, an improvement in the efficiency
from 70 to 77% in case of a load torque of 3 N m and from
76 to 78% in case of a load torque of 5 N m is reached as
shown in Fig. 4a.

The simulation results under an operating speed
of =60 rad/s under load torques of 77, =3 N m and
T, =5 N m are presented in Fig. 5, and the main motor
variable values under both strategies are summarized in
Table 2. Also, the simulation results conducted under an
operating speed of £2 =60 rad/s show that the proposed
method always gives better performances with a slight
influence of the speed on the results as shown in Figs. 5
and 6 and summarized in Table 2.
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Fig.6 Simulation results of efficiency and power factor at 60 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point
tracking strategy (red curves) and with the conventional IRFOC (blue curves) (color figure online)

Fig. 7 Efficiency map in the 10
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7 Efficiency evaluation

This section gives a comparison of motor efficiency map
of both control techniques for more details. So, the motor
efficiency is evaluated using the following usual expression:

P

u

e
Pu+Plosses

(25)
where P, is the motor mechanical output power and P, .. is
the total power losses. If the mechanical losses are neglected,
the output power can be expressed as a function of the elec-
tromagnetic torque and the rotational speed as follows:

P, =T,02 (26)

Replacing the Joule losses by (22), the efficiency expression
can be rewritten as follows:

QT,
n=

- 2’ 27

QT + k@ + ky o= @7)
Substituting the rotor flux into (24) leads to the optimal effi-
ciency expression given as:

Q

lopt = 1
Q+ kil + 3

(28)

The efficiency map including several speed and load
points is plotted in a single torque—speed plan using the
developed efficiency analytical expressions (27) and (28)
for the conventional IRFOC and the operating point track-
ing strategy (proposed method), respectively. Hence, Fig. 7
shows that for a given speed, the efficiency is load dependent
and increases as a function of this load to reach an optimal
value. On the other hand, with the proposed method the effi-
ciency optimal value is reached whatever the load according
to (28). Also, the efficiency trajectories for both strategies
become superposed when the rotor flux reaches its nomi-
nal value. Evidently, it is clear that these analytical results
coincide with those of simulation (Figs. 4a, 6a) as well as
experiments (Figs. 10a, 12a of the experimental section),
which reinforces this study.

74

dSPACE 1104 N
| s

—] \ LA
| )

Fig.8 Photography of the experimental test bench

8 Experimental results

Experimental tests have been carried out on the test bench
shown in Fig. 8. The test bench is composed of a prototype
of DSIM (5.5 kW, six poles), whose parameters are given in
“Appendix,” a DC machine used as a load, a two three-phase
VSI feeding the machine and a dSPACE DS1104 controller
board which is used to control the overall system.

The experimental tests are carried out under the same
conditions as numerical simulations provided previously (at
operating speeds of 40 and 60 rad/s at light loads 7; =3 N'm
and 7; =5 N m).

Figures 9 and 10 show the experimental results corre-
sponding to operating speed of 40 rad/s, and the main vari-
able values are summarized in Table 3. According to these
results, the proposed strategy allowed a reduction in the rotor
flux to 0.57 Wb (reduction of 43%) and to 0.74 Wb (reduc-
tion of 26%) in case of a load torque of 3 N m and 5 N m,
respectively, as shown in Fig. 9d'. So, a reduction in the
d-current component from 2.5 to 1.4 A (reduction of 44%)
and from 2.5 to 1.85 A (reduction of 26%) in case of a load
torque of 3 N m and 5 N m, respectively, is clearly shown in
Fig. 9b, b'. Therefore, an optimization of the reactive power
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Fig.9 Experimental results at an operating speed of 40 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point track-

ing strategy (right curves) and with the conventional IRFOC (left curves)
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Fig. 10 Experimental results of efficiency and power factor at 40 rad/s under a load torque step from 3 to 5 N m: with the proposed operating
point tracking strategy (red curves) and with the conventional IRFOC (blue curves) (color figure online)

Table 3 Experimental values of motor variables at an operating speed
of 40 rad/s

Motor variables  Classical IRFOC results Optimal flux IRFOC
(proposed method)

results

T;,=3Nm 7;=5Nm T7;=3Nm 7;=5Nm

Ly L (A) 2.5 2.5 1.4 1.85
Lig1s Lip (A) 0.56 0.92 0.85 1.16
Isypets ISgpen (A) 2.0 2.2 1.3 1.7
P, P, (W) 35 56 30 50
0,, 0, (VAR) 126 124 35 60
¢4 (Wb) 01 01 0.57 0.74
Prqg (Wb) 00 00 00 00
Joule losses (W) 30.5 37 20.5 34
Power factor 0.27 0.40 0.66 0.64
Efficiency 0.69 0.74 0.75 0.76

from 126 to 35 VAR (reduction of 72.22%) and from 124
to 60 VAR (reduction of 51.61%) is obtained, as shown in
Fig. 9c, ¢'. The optimization of reactive power leads to a sig-
nificant improvement in the power factor from 0.27 to 0.66
(enhancement of 59.09%) and from 0.40 to 0.64 (enhance-
ment of 37.5%) in case of a load torques of 3 N m and 5 N m,
respectively, as shown in Fig. 10a’.

Figure 10a presents the efficiency curves, and using the
proposed control strategy, an improvement in the efficiency
from 69 to 75% in case of a load torque of 3 N m and from
74 to 76% in case of a load torque of 5 N m is reached as
shown in Fig. 10a.

Also, the experimental results under an operating speed of
£2=060 rad/s under load torques of 7; =3 Nmand 77 =5 Nm
are presented in Fig. 11, and the main motor variable val-
ues under both strategies are summarized in Table 4. These
experimental results show that the proposed method always
gives better performances with a slight influence of the speed
as shown in Figs. 11 and 12 and summarized in Table 4.

The obtained experimental results are very close to those
of the simulation and confirm all the conclusions about the
improvements in the efficiency and power factor of drive
system under light-load conditions, by calculating and
adjusting the rotor flux optimal reference according to the
operating point.

9 Conclusion
In this paper, a novel losses minimization strategy to
enhance the efficiency and power factor of a DSIM drive

system is proposed. The main idea of the proposed strategy
is to select optimal rotor flux reference, which ensures motor
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Fig. 11 Experimental results at an operating speed of 60 rad/s under a load torque step from 3 to 5 N m: with the proposed operating point track-
ing strategy (right curves) and with the conventional IRFOC (left curves)
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Table 4 Experimental values of motor variables at an operating speed
of 60 rad/s

Motor variables  Classical IRFOC results Optimal flux IRFOC
(proposed method)

results

T;,=3Nm 7;=5Nm T7;=3Nm 7;=5Nm

Ly Ly (A) 2.50 2.50 1.44 1.9
Lig1s Lip (A) 0.55 0.90 0.88 1.18
ISye1s ISpen (A) 2.0 2.3 1.35 1.7
P,P,(W) 30 57 31 54
0,, 0, (VAR) 180 175 57 105
@.q (Wb) 01 01 0.55 0.76
Prqg (WD) 00 00 00 00
Joule losses (W) 30.2 37.5 19.5 35.5
Power factor 0.19 0.31 0.48 0.46
Efficiency 0.74 0.83 0.83 0.84

losses reduction. The rotor flux reference is calculated online
according to the drive operating point, especially under
light-load conditions.

Simulation and experimental results confirm that by
adjusting the motor’s magnetic state, according to the drive
operating point, the magnetizing energy is reduced allow-
ing a reduction in the current circulating through the motor
windings, which leads to copper losses reduction and there-
fore to machine efficiency and power factor improvement.

0.9
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0.4
0.3
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0.1

Efficiency

0 10 20 30 40 50 60
Time (sec)

(a) Efficiency curves

Besides, in high-power applications, reduced copper losses
are important to maintain thermal limits, which participate
in the cooling system optimization and hence in the improve-
ment in the total energy efficiency of the drive system.

Appendix

See Table 5.

Table 5 Dual star induction machine parameters

Quantity Symbol and magnitude
Rated power P, =55kW
Rated voltage V,=110V
Rated current I,=6A

Rated speed N,=950 rpm
Number of poles 2*%p=6
Rated Frequency f=50Hz
Stator resistance R,=2.03Q
Rotor resistance R.=3Q
Stator inductance L,=0215H
Rotor inductance L.=0215H
Mutual inductance M=02H
Moment of inertia J=0.06 kg m?

Coefficient of viscous friction k;=0.006 N m s/rad

Power Factor

0 10 20 30 40 50 60
Time (sec)

(a’) Power factor curves

Fig. 12 Experimental results of efficiency and power factor at 60 rad/s under a load torque step from 3 to 5 N m: with the proposed operating
point tracking strategy (red curves) and with the conventional IRFOC (blue curves) (color figure online)
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