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An Isolation Transformer-less Single DC Source
Fed Dual 5-leg Inverter Controlled 5-phase
Induction Motor with Modified Direct Torque

Venkata Subba Reddy C.

Abstract—A modified hysteresis torque controller is
introduced into the direct torque control scheme of a S5-phase
open-end winding induction motor, aimed at enhancing steady-
state performance by minimizing torque, flux ripple, and
current total harmonic distortion (% THD) with the dual 5-leg
inverter configuration. The proposed Direct Torque Control
(DTC) strategy utilizes a common DC source for both converters
without the need for a bulky isolation transformer,
accomplished by nullifying common mode voltage in the dual
inverter open-end winding configuration. This proposed
technique employs 30 virtual voltage vectors (VVVs) generated
from the dual inverter configuration, strategically categorized
as small, large, and medium voltage vectors. These 30 VVVs are
instrumental in forming a 7-level torque controller and a 3-level
torque controller in the proposed DTC scheme. In contrast to
the existing DTC method, which uses 20 virtual voltage vectors
from a dual 5-leg inverter configuration and grapples with
challenges like high current harmonic distortion, torque ripple,
and flux ripple, the proposed control scheme introduces a new
7-level torque hysteresis controller. The outcome is reduced
torque and flux ripple, along with minimized harmonic content
across various speeds and loading conditions without disturbing
the dynamics. Experimental hardware results are scrutinized,
comparing the classical DTC with the proposed DTC schemes in
open-end winding induction motors, aiming to know the
superior qualities of the proposed control approach.
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74

Index Terms—Direct Torque Control, dual 5-leg inverter,
flux ripple, torque ripple, current %THD, S-phase open-end
winding induction motor

I. INTRODUCTION

Due to the advancement of fast-operating power
semiconductor switches and fast DSP processors, multi-
phase induction motors have gained more interest among
researchers and industry experts over the last two decades [1],
[2]. Among multi-phase motors, 5-phase machines show
benefits over conventional 3-phase machines such as high
torque per unit volume [3], less torque ripple, great fault
tolerant [4], [5], less magnitude and high-frequency torque
ripple [6], reduced per phase power which makes 5-phase
motor drive adaptable for electric transportation [7]. Several
advanced control schemes available for control of 3-phase
machines such as field-oriented control schemes, and
predictive control schemes are adopted to control multi-phase
electrical machines to make electric drive smoother and faster
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[8], [9]. Conversely, these advanced control methods suffer
from complicated design, cost function adjustment, and high
computational burden [8], [10]. Direct torque control (DTC)
is an alternative control scheme and attains good attention in
the process industries due to its simplicity and excellent
dynamics even though it suffers from variable switching
frequency, high flux, and torque ripples [11]. The influence of
applied voltage vectors on torque and flux is discussed in the
classical DTC technique [12], [13].

The advanced control schemes cannot be applied directly
to multi-phase motors as they contain non-torque-producing
plane components and torque-producing components,
creating unnecessary power losses and phase current
distortion [10]. Hence, it is necessary to eliminate/minimize
harmonic (xy) plane components while implementing any
control scheme in multi-phase machines. In literature,
numerous works have been done to mitigate the shortcomings
of the conventional DTC method in 5-phase induction motors
(FPIM). Several novel DTC schemes are implemented to
control the five-phase induction in literature [14]-[19]. They
are mainly focused on xy plane components elimination or
reduction, torque/flux ripple reduction, constant switching
frequencies, and common mode voltage mitigation. Initially,
a classical DTC is implemented in an FPIM with a 2-level 5-
leg inverter [ 14] which suffers from the drawbacks of classical
DTC [11] and xy plane components are partially eliminated.
In [15], basic 3-level DTC extended with the complete
elimination of xy plane components with the idea of virtual
voltage vectors. In [16], low-speed performance improved
with a five-level torque controller and selection of nearest
vectors under low speed which won’t make zero harmonic
plane components. In [17], Payami et.al tried to improve the
flux pattern under dynamics at low speed by replacing the null
vectors with small vectors in the lookup table. A duty-based
constant switching frequency torque (CST) controller is
proposed in a S5-phase induction motor [18] to maintain
constant switching frequency and to reduce the torque ripple
and it is not focused on xy plane components elimination. In
[19] and [20], two space vector-based DTC schemes are
developed to get constant switching frequency and eliminate
xy plane components and they need more PI controllers. In
[21], a 5-level CST controller is developed with large and
medium voltage vectors in a 5-phase induction motor and it
won’t eliminate xy plane components elimination.

Recent research focuses on using multi-level inverters
(MLI) for high/medium power industrial motors. These
inverters offer advantages like fault tolerance, redundant
switching states, modularity, and reduced torque and flux


https://orcid.org/0000-0003-2955-4747
https://orcid.org/0009-0006-9715-0006

REDDY et al.: AN ISOLATION TRANSFORMER-LESS SINGLE DC SOURCE FED DUAL 5-LEG INVERTER CONTROLLED 230

ripple. Several research works have been done in the
literature on different MLI-fed 3-phase drives [22]-[24]. In
[22], a modified DTC is implemented on a neutral point
inverter-controlled 3-phase drive and addresses the DC link
voltage fluctuations. In [23], a DTC is implemented on a
cascaded H-bridge-based MLI-fed 3-phase induction motor
to improve the voltage profile which requires independent
DC sources. In [24], DTC is implemented on a flying
capacitor-based MLI-fed 3-phase induction motor which
suffers from voltage balancing issues, and variable capacitor
stresses. The researchers started to focus on MLI-fed 5-phase
induction motors to combine the advantages associated with
the MLI and multi-phase drives. In [25], a DTC with five-
level and seven-level torque controllers for a 3-level neutral
point clamped-converter fed 5-phase induction motor is
executed which suffers drawbacks associated with the
converter such as capacitor imbalance and neutral point
shifting. In [26], a modified DTC with a novel neutral point
balancing scheme is implemented in a 3-level neutral point
inverter-fed 5-phase induction motor.

Apart from above mentioned various multi-level inverter
topologies, dual inverter configuration attains good attention
due to their special features like reduced DC-link voltage, no
capacitor neutral balance issue, no need of clamping diodes,
and no flying capacitors required, and simple configuration
[27]. Recently several researchers focused on working on
dual-inverter controlled 5-phase induction motors to adopt
features associated with dual inverter configuration [28]-[34].
In [28] and [29], two different space voltage vector
modulation schemes are implemented to eliminate common
mode voltage/current in dual inverter-controlled open-end
winding five-phase induction motor (FP-OEWIM). A 9-level
torque controller-based DTC is implemented in [30] with the
developed four sets of voltage vectors in a dual inverter-
controlled FPOEWIM to reduce torque and flux ripple but the
author does not consider harmonic plane components which
creates unnecessary power loss and common mode voltage
not taken into consideration. In [31], a basic 3-level hysteresis
torque controller is employed in DTC of dual inverter-
controlled FPOEWIM with 10 virtual voltage vectors (VVV)
and it exhibits high flux torque ripple and current harmonic
content. A new 5-level torque controller is introduced in DTC
of dual inverter fed FPOEWIM with 20 VVV to reduce flux
ripple torque ripple and current THD [32] and still, it exhibits
high torque-flux ripple, and current distortion and does not
eliminate harmonic plane components. In [33], the author
extended the work done in [32] by eliminating harmonic
plane components in a dual inverter-controlled 5-phase
induction motor. The work presented in [34] introduces a 7-
level Direct Torque Control (DTC) of a dual inverter-fed
FPOEWIM that primarily focuses on simulation results with
30 virtual voltage vector combinations with limited
explanation, and not discussed motor dynamics. The
proposed research work builds upon [34] by incorporating
valid experimental results under both steady-state and
dynamics, conducting an in-depth analysis, and comparing
with existing literature.

The proposed Direct Torque Control (DTC) scheme
employs a 7-level hysteresis torque controller with all 30
VVVs for high speeds to reach faster torque response which
is really needed under high speeds and fine torque variation.
The proposed DTC also uses 3-level hysteresis torque

controllers with only small voltage vectors to further
minimize both torque and flux ripple for low speeds. The
proposed DTC control method minimizes the torque ripple,
flux ripple, and current Total Harmonic Distortion (THD)
along with the elimination of harmonic (xy) plane
components and common mode voltage (CMV). The
elimination of CMV in the dual inverter configuration
increases the motor life span as this CMV is the main source
of EMI and bearing currents. The zero CMV in dual inverter
allows the use of a single common DC source without the
isolation transformer, which will reduce the complexity, cost,
size, and weight of the system [28].

The remaining article is organized as follows. Section I
discusses the generation of switching voltage vectors in a
dual inverter. Section III discusses the execution of the
proposed DTC control method with a block diagram and
switching tables. Section IV discusses the experimental data
analysis. Finally, section V gives the conclusion of the
proposed work.

II.  GENERATION OF SWITCHING STATE VECTORS IN A
DUAL 5-LEG INVERTER CONFIGURATION OF OEWIM

A. Virtual Voltage Vector Generation in a 5-leg Inverter
A 2-level 5-leg inverter shown in Fig. 1 produces 32
switching states and the switching states are classified as large
vectors (0.6472Vdc), medium vectors (0.4Vdc), small vectors
(0.2472Vdc), and null vectors (0Vdc) in the harmonic (xy)
and fundamental (o) plane.
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Fig. 1. 2-level 5-leg inverter circuit configuration.

The switching state vector location and magnitude in the
ap and xy plane are obtained from (1) and (2). These space
vector locations are shown in Fig. 2.
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where
Vsep=fundamental plane voltage vector
Vsxy=harmonic plane voltage vector
V4=DC-bus voltage
Sa, Sb, S¢, Sd, Se=switch status (1 or 0)

From Fig. 2, As can be noticed that the fundamental (o)
plane large voltage vectors appear as harmonic (Xy)
plane small vectors with the opposite direction, and vice
versa. similarly, the aff plane medium voltage vectors appear
as Xy plane medium voltage vectors with the same direction
[15]. The xy plane components cause ohmic losses for the
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distributed winding machine, whereas the components of the
fundamental plane produce useful torque. Hence, to avoid the
significant power loss caused by xy plane currents, it is
essential to eliminate the xy plane components. The
elimination of xy plane components is done with the volt-
second balance method as explained in [21]. Since the ratio
of the magnitudes of the medium vector (e.g. 16)and
the small vector (e.g. 25) is 1/0.6181 in the xy plane, the ratio
of dwell times for the medium and small vector states
is chosen as 0.6181 to produce a zero mean vector in the xy
plane, as shown in Fig. 3(a), resulting in zero harmonic
currents [17]. The resultant voltage V; in the off plane
(produced by switching states 25,16) will be computed as in
(3) and illustrated in Fig. 3(a).

TV, =t 254+ t, %16
V, = 0.553V,. 09 3)
Where 16=Medium vector=0.4V 4.~0°
25=Large vector=0.642V 4..0°

of3 Plane
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t; =Dwell time of large vector=0.618T;
t, =Dwell time medium vector=0.382T;
Ts=Total sample time=t1+t2

From the medium vector 16 and small vector 9 of the
inverter, the small virtual vectors are produced below (4)

TsVii =t x16+t, %9
V1 = 0.342V,,20° 4)
Where 16=Medium vector=0.4V 4.-0°
9=Small vector=0.247V 4..20°
t; =Dwell time of large vector=0.618T,
to=Dwell time medium vector=0.382T
T=Total sample time=t;+t,

As shown in Fig. 3(b), the selected inverter switching
states with the computed dwell periods create 10 large virtual
voltage vectors V| to Vi and 10 small virtual voltage vectors
Vi1 to Vy with magnitudes of 0.553Vdc and 0.342Vdc
respectively.

Fig. 2. Switching vectors space location of 5-phase inverter in off plane and xy plane.
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Fig. 4. Single DC source fed Dual inverter controlled open-end winding 5-phase induction motor.
B. Vectors Formation in Dual Inverter Fed FPOEWIM: Vgy = 0.342V,20 — 0_342Vdcz(9_") = 0-385Vdc1(3—n) 9)
5 10
The power circuit of a dual inverter-fed FPOEWIM, Formation of non_adjacent line Voltages:
illustrated in Fig. 4, incorporates two 5-leg inverters, an open- Vi, =V, -V,
end winding induction motor, and a single DC source. The Vi; = 0.553V4.20 — 0.553Vy./ (6?11) = 1.05V,./ (;1_0) (10)

common mode voltage (CMV) of each single 2-level 5-leg
inverter can be expressed with inverter pole voltages as in (5)
[30].

1
Vemvt = (E) *(Va+Vp + Ve + Vg + Ve)
Vemvit = (3) * (Vg + Vg + Ve + Vg + V)
Where,
Va, Vb, Ve, Vq, Ve=Inverter I pole voltages (Vx=Sx*V4c/2)
Va, Vi, Ve, V¢, Ve= Inverter II pole voltages(Vy=Sy*V4c/2)
Sx and Sy =0 or 1; x=phase a..c.; x’=phase a’..¢".

)

The CMV for the dual 5-leg inverter (DI) configuration
can be expressed as (6)

(6)

chvDI = Vemvl — chvIl

The virtual voltage vectors of inverter I and Inverter
I are used to create the resultant voltage vectors of the dual
S-leg inverter, such that each inverter should generate equal
common mode voltages i.¢ Vemvi=Vemvir.

Vemvpr = Vemvt = Vemvn = 0 (7

When choosing the switching vectors of inverter I and
inverter II to create the resultant vector of a dual inverter, the
phase difference of n*2/5 (n=1..5) between the switching
states of inverter I and inverter II is maintained, and as a
result, inverter I and inverter II produce equal CMV, leads to
zero common mode voltage for dual 5-leg inverter.

The available twenty active VVVs of each inverter will
form 30 voltage vectors in the dual inverter configuration
shown in Fig. 5 with zero CMV and these 30 voltage vectors
grouped into medium (Vw), large (Vi), and small (Vs) vectors
as shown in Fig. 5. The voltage vector Vy formed from
inverter I vector Vi and inverter II vector Voas shown in (8).
Similarly, 30 virtual voltage vectors are formed from adjacent
and non-adjacent voltage vectors of inverter [ and II as in (8),
(9), and (10). These 30 voltage vectors form a 7-level and a
3-level torque controller for the proposed DTC scheme.

Formation of adjacent line voltages:

Vv =Vi =V
Vg = 0.553Vge 0 — 0.553Vge £ (2) = 0623V ()
Vs1 = Vi3 = Vi

®)

The classic DTC [31] in dual inverter-fed FPOEWIM
uses a 3-level torque hysteresis controller with large (Vi)
vectors only, which yields high torque ripple and flux ripples
and current harmonic distortion. A 5-level DTC is introduced
with 20 VVVs (both large Vi, and medium Vy) for a five-
phase dual inverter configuration [33] and still, it exhibits
high harmonic current distortion and torque ripple. The
proposed works in [31] and [33] also under-utilizes the
switching states combinations of DI. The 7-level torque
hysteresis controller is introduced to complete utilization 30
voltage vectors in the proposed DTC method’s lookup table I
during high speeds (speed > 300 rpm), which assists in
reduced torque and flux ripple. Small voltage vectors are
applied at low speeds (speed < 300 rpm) with a separate 3-
level torque hysteresis controller and 3-level lookup table I,
which results in further decreased torque ripple and flux
ripple. The 3-level DTC [31], 5-level DTC [33], and
proposed DTC scheme are compared with the same
torque hysteresis controller band of 0.3 Nm (10% of rated
torque) and same flux hysteresis controller band of 0.005Wb
(4% of rated flux) with sample time 100e-6 sec.
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Fig. 5. Space vector diagram of virtual voltage vectors of dual inverter.

III.  OPERATION OF PROPOSED DIRECT TORQUE CONTROL
METHOD OF DUAL 5-LEG INVERTER CONTROLLED FPOEWI

The block diagram illustration of the proposed DTC
method of dual inverter-controlled FPOEWIM is shown in
Fig. 6 and it contains a speed PI controller, speed encoder,
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torque-flux estimation block, 7-level/3-level torque hysteresis
controller, 2-level flux hysteresis controller, 2-level 5-leg
inverters, and five-phase open-end winding induction motor.
The suitable voltage vector is selected based on the obtained
torque error, flux error, and sector information from the
lookup table to meet the required torque and flux demands.
The speed error is processed through the PI controller,
creating a reference torque (Ty). This reference torque (Ty)
and a reference flux (W) are compared with the actual torque
and actual flux, showing the differences as torque error (Tepr)
and flux error (Wee.r)- The suitable voltage vector is selected
based on the torque and flux error, and sector information
from a lookup table. The desired changes in torque and flux
can be obtained by applying suitable voltage vectors in a
sample period Ts and it influences the flux directly as in (11)
and the torque is mainly influenced by a change in stator flux
angle with respect to rotor flux vector (A6) as in (12) [18].

AY = (Vs - Rsis)ATS a1
AT, = P 1m (g, 1 AW, (9, ]) sin(A6) (12)

T 22 LpLgs
The stator flux and torque are estimated as below [18].

The stator voltage balancing equation is written as (13)

d¥
Vs = IRg + (13)

Where V= stator phase voltage in volts
[s= stator phase current in amperes
Rs=stator resistance in ohms
The stator flux (\Ps) estimated from (14) as below
¥y = [(Vs — Rg) dt

(14)

The electromagnetic torque (T.) is estimated as below (15)
5P, .
T, = E;lmag(‘}’sls) (15)

Where P- Induction motor stator poles

In the proposed DTC control method of DI-FPOEWIM,

30 virtual voltage vectors (Vii...VLi0; Vmi...Vmio; Vsi...Vsio)
and two null voltage vectors (Vo, V3;) are used to control the
speed of the induction motor. The 7-level torque controller’s
upper band and lower band are divided into three parts
according to the vector magnitude ratio below (16)

Tsa=+3 for Ter> +0.3

Tstar =2 for Ten< +0.3 & Ter> +0.18

Tstar =t+1 for Ter< +0.18 & Ter> +0.11

Tstat =0 for Ten< +0.11 & Ter> -0.11

IEEE LATIN AMERICA TRANSACTIONS, Vol. 22, No. 3, MARCH 2024

Tstat =-1 for Ter<-0.11 & Ter> -0.18
Tstat =-2 for Ter<-0.18 & Ter> -0.3
Tstat :-3 for Terr< -03
Where Ter= torque error= T¢"-Te
Tsw=torque controller output status
Upper/lower hysteresis band =0.3 Nm

(16)

The 2-level flux controller band is divided into the lower
band and upper band as shown below (17)
Ya=t+1 for Wser>0.005
Ya=-1 for Wen<-0.005
Where Wsern=flux error=¥"-¥s.
W=flux controller output status
Upper/lower hysteresis band=0.005Wb

amn

With the information of torque controller status, flux
controller status, and flux vector sector information; the
suitable switching vectors are chosen as shown in lookup

Table 1 and Table II.
TABLEI
SWITCHING VOLTAGE VECTOR SELECTION TABLE FOR HIGH SPEEDS

Sector
Yo T 9 3 4 5 6 7 8 9 10
1 3 VLZ VL3 VI.A VL5 VL6 VL7 VL8 VL9 VLIO VLl
2 VNll VMZ VNl3 VM4 VIVIS Vl\’lﬁ VIVI7 VIVIS VM9 VM]O
1 V¢ V2 Vsi Vsu Vss Vss Vs Vs Vso Vspo
0 Null
-1 Vsg Voo Vsio Vi Vs2 Vs Vsu Vss Vsg Vg
-2 VNIS VM9 VNllO VMI V[VIZ V[VI3 VIVI4 VIVIS VM6 Vl\’l7
VL9 VL]O VL] VLZ VL3 VL4 VLS VL6 VL7 VLS
-1 3 VL4 VLS VLﬁ VL7 VLS VL9 VLIO VLl VLZ VL3
-1 2 VNIS VM4 VNIS VM6 Vl\’l7 VMS Vl\’l9 VMIO le VMZ
-1 1 VSS VS4 VSS VSG VS7 VSS VS9 VS]O vSl VSZ
-1 0 Null
-1 -1 Vs Vs7 Vss Vo Vsip Vsi Vs Ve3 Vg Vs
-1 -2 Vg Vm7 Vms Vmo Vmio Vi V2 Vms Vms Vs
-1 -3 VL7 VL8 VL9 VLlO VLl VLZ VL3 VL4 VLS VL6

ko

o
1
w

TABLEII
SWITCHING VOLTAGE VECTOR SELECTION TABLE FOR LOW SPEEDS
Sector
Pt Toae 2 3 4 5 6 7 8 9 10
1 1 VSl VSZ VSS VS4 VSS VSG VS7 VSS VS!D VS]O
1 0 Null
1 '1 VSS V89 VSIO VSI VSZ VSS VS4 VSS VSG VS7
'1 1 VSS VS4 VSS V56 VS7 VSS v89 VSIO VSI VSZ

-1 -1 Vs¢ Vs1 Vss Vso Vsio Vsi Vs» Vs3 Vss Vs

Torque

o* T
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Fig. 6. Block diagram representation of the proposed DTC of dual inverter-controlled five-phase Induction Motor.
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IV. HARDWARE RESULTS AND DISCUSSION

The proposed Direct Torque Control (DTC) scheme for
driving a dual five-leg inverter-fed Five-Phase Open-End
Winding Induction Motor (FPOEWIM) is systematically
compared with existing works [31], [33] through wvalid
experimental findings. The hardware experimental prototype,
depicted in Fig. 7, comprises a 1-phase autotransformer, a 1
HP five-phase OEWIM coupled with a 1 HP DC generator
load, LV 25-P voltage sensors, a resistive light load bank, and
LEM LA 25-P current sensors. Additionally, it incorporates
two IGBT five-leg inverter power modules. Both existing
DTC control methods [31], [33] and the proposed DTC
control method are executed with the same torque hysteresis
band (HBr.) of 10% rated torque and flux hysteresis band
(HBw.) of 4% rated flux. The subsequent sections investigate
the examination of results obtained from the 3-level DTC [31],
5-level DTC [33], and the proposed DTC methods to assess
the effectiveness of the proposed DTC control scheme.

5-Leg
Inverters

N m dSPACE
bi vl D Controller
(71

PR Ay
il

Voltage senso

e T =
load

Fig. 7. Experimental Setup of dual 2-level 5-leg inverter fed open-end
winding five-phase induction motor.

A. Steady-state Response Analysis

The steady-state performance evaluation of the
FPOEWIM is examined in terms of flux ripple, torque ripple,
and current harmonic distortion across different speeds and
loading conditions for three control methods: 3-level DTC
[31], 5-level DTC [33], and the proposed DTC control
methods. This comprehensive analysis aims to assess the
superiority of the modified lookup table-based proposed DTC
method. The computation of torque and flux ripples employs
equation (18), utilizing real-time data points from the steady-
state hardware results for all three control schemes [18]. This
rigorous assessment provides a detailed understanding of the
performance characteristics and highlights the effectiveness of
the proposed DTC approach.

1 . 2
torque/ﬂuxripple = \/E Z¥=1(Y(l) - Yavg) (18)

Where Ya,=average torque/flux over K samples

Y (x) =torque/flux value at the x" instant

1) Torque and Flux Ripple Analysis

a) No Load Condition: In Fig. 8, the torque and flux
patterns under no load are illustrated at speeds (I) 1400rpm
and (IT) 100rpm. Notably, I(a) and II(a) for the 3-level DTC
exhibit flux ripples of 0.0066Wb and 0.0047Wb, along with
torque ripples of 0.183Nm and 0.154Nm, respectively, at the
corresponding speeds. Likewise, I(b) and II(b) for the 5-level
DTC showcase flux ripples of 0.005Wb and 0.00452Wb, as
well as torque ripples of 0.112Nm and 0.106Nm,
respectively, for speeds of 1400rpm and 100rpm. In contrast,
the proposed DTC control scheme, represented by I(c) and
II(c), achieves a notable reduction in flux ripple to 0.005Wb
and 0.00354Wb, torque ripples of 0.042Nm and 0.046Nm,
respectively, at the corresponding speeds of 1400rpm and
100rpm. This comparison highlights the superior
performance of the proposed DTC method in minimizing
both flux and torque ripples across different operational
speeds under no load.

Sty Telsto TokFrevy
2oV ronl: 0.0066 Wb OIWE/ | 2 ¥s e 0.005 Wh | 0.1Wh/div 2V cone 0005Wh 0.1Wh/div
Tripple 0.183 \Jm 1Nm/div Tripple: 0.112 Nm 1Nm/div bl [’T,-im,lc 0.042 Nim 1Nm/div
Nr 1400 rpm/ 750rpm/dn Nl 1400 rpmj 750rpm/div N, 1400 rp[n/ 750rpm/div
[ » B
f = =) B G T R o o o e
Tek itop [ 1 Tek 51op. [ 1 Tek 51op. [ 1
s e 00047 Wb OAWBIdiY 1 Wy e 0.00452Wh 0AWB/diy | | 2%, e 000354 Wb 0.1Wh/diy
» »Trippie 0.154 Nm | 1Nm/div | o »Trippic 0.106 Nm | [Nm/div | » /- Trome 0046Nm | 1Nm/div
uawm‘xmumnmwmwmqu S ——, e
an : :
T4 N: 100 rpm 750rpm/d1v 4 N: 100 rpm 750rpm/div I N: 100 rpm 750rpm/div
T l T T L »
. R X T = e =) @ . A W
(a) (b) (©)

Fig. 8. Flux, torque pattern at no load for a speed of (I) 1400rpm, (II) 100rpm in (a) 3-level DTC [31],(b) 5-level DTC [33], (c) proposed DTC methods.

b) Loaded Condition: In response to an applied load of
2 Nm, Fig. 9 depicts the torque and flux patterns at speeds (I)

1400rpm and (II) 100rpm for (a) 3-level DTC [31], (b) 5-level
DTC [33], and (c) the proposed DTC methods. In I(a) and
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II(a), the 3-level DTC scheme demonstrates flux ripples of
0.0062Wb and 0.00445Wb, alongside torque ripples of
0.161Nm and 0.159Nm, respectively, corresponding to
speeds of 1400rpm and 100rpm. Similarly, I(b) and II(b) for
the 5-level DTC scheme show flux ripples of 0.0053Wb and
0.00443Wb, with torque ripples of 0.124Nm and 0.106Nm,
respectively, at speeds of 1400rpm and 100rpm. Conversely,
the proposed DTC scheme illustrated in I(c) and II(c)
produces flux ripples of 0.0053Wb and 0.0037Wb, and
torque ripples of 0.042Nm and 0.046Nm, respectively, at
speeds of 1400rpm and 100rpm under the applied load of
2Nm. Fig. 9 vividly demonstrates that the proposed DTC
control scheme exhibits notably reduced torque rlpple at hlgh
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speeds and diminished torque and flux ripple at low speeds,
under load conditions. In Fig. 10, the bar graph illustrates
torque ripple at various speeds under a 2Nm load and no load
for 3-level DTC [27], 5-level DTC [29], and the proposed
DTC scheme. Notably, the suggested DTC control method
markedly reduces torque ripple by employing a 7-level torque
hysteresis controller at high speeds and a 3-level torque
controller at low speeds with only small vectors. The
proposed DTC contributes to the substantial improvement
observed in minimizing torque ripple across a range of speeds
and loading conditions, as highlighted in the graphical
representation.

1Y i 0006 Wh O IWB/EY | | W i 00053 Wb 0AWB/dIy | 2%, o 0.0053 Wh 0.TWh/div
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Fig. 9. Flux, torque pattern under the load of 2Nm for a speed of (I) 1400rpm, (II) 100rpm in (a) 3-level DTC [31],(b) 5-level DTC [33], (c) proposed
DTC methods.
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Fig. 10. Torque ripple analysis for different rotor speeds at (a) no load (b) load of 2 Nm for 3-level DTC[31], 5-level DTC[33], and proposed DTC scheme.

2) Current %THD Performance

Fig. 11 shows the fundamental currents (o currents), and
harmonic plane currents (xy) for the 3-level DTC, 5-level
DTC, and proposed DTC scheme and it is observed that the
proposed DTC scheme reduces harmonic plane currents
w.r.t existing DTC methods. In Fig. 12, the phase current
waveforms and their % Total Harmonic Distortion (% THD)
are presented at speeds (I) 1400 rpm, and (IT) 100 rpm for
(a) 3-level DTC [31], (b) 5-level DTC [33], and (c) the
proposed DTC method under a 2 Nm load. Examining I(a),
and II(a), the 3-level DTC exhibits %THD values of
25.18%, and 27.93%, respectively, at speeds of 1400 rpm
and 100 rpm. Similarly, in I(b), and II(bb, the 5-level DTC
produces %THD values of 22.54%, and 19.35% for the
corresponding speeds. In contrast, the proposed DTC
scheme, as shown in I(c), and II(c) demonstrates % THD
values of 18.04%, and 16.63%, respectively, for speeds of
1400 rpm, and 100 rpm under the 2 Nm load. Fig. 13 further
presents a bar graph depicting the phase current harmonic

distortion at various rotor speeds under an applied load of 2
Nm. It is evident from the graph that the proposed DTC
control method consistently exhibits reduced harmonic
current distortion when compared with the 3-level DTC
[31] and 5-level DTC [33] methods. This signifies a notable
improvement in the current quality achieved by the
proposed control approach.  From the analysis of Fig. 8-
Fig. 13, and the results comparison Table III, it is evident
that the proposed Direct Torque Control (DTC) scheme for
a dual 2-level inverter-controlled 5-phase induction motor
(DI-FPOEWIM) outperforms the existing DTC techniques
[31], [33]. The introduction of a 7-level torque controller in
the proposed DTC scheme leads to a significant reduction
in the current % Total Harmonic Distortion (%THD) and
torque ripple. Furthermore, the utilization of a 3-level
torque controller with small vectors and null vectors in the
proposed scheme contributes to a simultaneous reduction in
both torque and flux ripple, along with a notable decrease in
current harmonic distortion compared to existing methods.
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These findings underscore the superior performance and
efficiency of the proposed DTC approach in optimizing the
DI-FPOEWIM. The
parameters for the 5-phase open-end winding induction
motor and the control algorithm parameters are outlined in

steady-state operation of the

Table IV.
B. Dynamic Response Analysis
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schemes in [31], [33] to know dynamic behavior of proposed
method for speed and load disturbances. The implementation
of the DTC control algorithm in the 3-level DTC [31], 5-level
DTC [33], and proposed DTC scheme implemented by the
same hysteresis band, DC voltage source, and sampling time.

This uniformity makes, these three methods showcasing
identical dynamics in the induction motor as discussed below.

The dynamic performance of the proposed DTC control
scheme is tested and compared with the classical DTC
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g2 proposed DTC scheme. It's noticeable that the proposed
3 method exhibits a speed reversal response similar to existing
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Fig. 13. Current %THD analysis for various speeds under 2Nm load for
3-level DTC, 5-level DTC, proposed DTC scheme.

(b) 5-level DTC, and (c) the proposed DTC method and it is

seen that the proposed DTC scheme shows a response similar

to other existing DTC methods [31] and [33].
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From Fig. 14 and Fig. 15, it is concluded that the proposed
DTC scheme does not negatively affect the fast-speed
dynamics.

2) Load Torque Dynamics

The inspection of torque dynamics involves introducing
load disturbances, from no load to a 2 Nm load, for different
control methods of the dual inverter-fed 5-phase induction
motor, as depicted in Fig. 16: (a) 3-level DTC, (b) 5-level
DTC, and (c) the proposed DTC scheme. It's evident from
Fig. 16 that the proposed DTC scheme exhibits a response
similar to existing DTC schemes mentioned in references
[31] and [33].

. 2Nm £ 2 Nm £ 2Nm
> | | |

>1000rpm 161 €€ 1000rpm
[Scale: speed-750rpm/div; torque-INm/div; time-1sec/div]
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Fig. 16. Step load disturbance response from no load to 2 Nm at 1000
rpm (a)3-level DTC[31] (b) 5-level DTC[33] (c) proposed DTC schemes.

s S [

TABLE III
TORQUE RIPPLE AND %THD COMPARISON TABLE FOR 3-LEVEL DTC, 5-LEVEL DTC, AND PROPOSED DTC SCHEMES FOR VARIOUS SPEEDS
1400 rpm 1000 rpm 500 rpm 100 rpm
Scheme THD (%
Trippie (Nm) THD (%)  Tiipple (Nm) (%) Trippe Nm)  THD (%) Trippie (NmM) THD (%)
3-level DTC scheme [33] 0.161 25.18 0.159 25.52 0.1525 25.16 0.159 27.93
5-level DTC scheme [31] 0.1244 22.54 0.1168 19.85 0.1107 17.50 0.1069 19.35
Proposed DTC scheme 0.0503 18.04 0.048 15.99 0.0416 14.11 0.0438 16.63
0, 3 0, 1
o ripple, %THD reduction ¢ 5, 28.3% 68.5% 37.3% 72.7% 43.9% 72.3% 40.4%
w.r.t 3-level DTC scheme
0, 3 0, 1
% ripple, %THD reduction 54 50, 19.9% 58.9% 19.44% 62.4% 19.3% 58.8% 14.0%
w.r.t 5-level DTC scheme
TABLE IV
FIVE-PHASE OPEN-END WINDING INDUCTION MOTOR (FPOEWIM) PARAMETERS
Parameter value Parameter Value Parameter Value
Power Rating 1 HP Stator resistance (R;) 1.05 Q Rotor resistance (R;) 1.42Q
Stator inductance (L)) 90.73mH Mutual inductance (L) 84.73mH Rotor inductance (L) 90.73mH
No. of Poles (P) 4 Inertia constant (J) 0.148Kg-m? Rated Speed 1400 rpm
DC voltage (V) 110V Sample time (Ts) 100e-6 sec PI controller K, K; 0.02, 0.005

V. CONCLUSSIONS

The proposed Direct Torque Control (DTC) technique for
a dual 5-leg inverter FPOEWIM introduces a novel approach
by employing a 7-level torque hysteresis controller at high
speeds and a 3-level torque hysteresis controller at low speeds,
supplemented by the same 2-level flux hysteresis controller to
mitigate flux and torque ripple and reduce current harmonic
distortion. The use of 30 virtual voltage vectors optimizes the
torque controllers while enhancing DC bus utilization
compared to single inverter-controlled induction motors.
Thoroughly tested across various speeds and loads, the
scheme demonstrates improved steady-state performance,
notably reduced current harmonic distortion and torque ripple
under high-speed conditions, with and without a load,
facilitated by a modified 7-level hysteresis controller. A
modified lookup table, featuring a 3-level torque controller
under low speeds, minimizes both torque and flux ripple under

different loading conditions. The proposed control scheme
produces zero common mode voltage which enables the
utilization of a single common DC bus without requiring an
isolation transformer, while concurrently eliminating
harmonic plane (xy-plane) components through a volt-sec
balance scheme. The proposed control method of a 5-phase
induction motor is particularly well-suited for applications in
high torque density industrial drives, electric aircraft, and
electric vehicles, showcasing superior reliability, increased
torque density, efficient space utilization, lower voltage
rating, and minimized torque and flux ripples.
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