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DTC of Three-Level NPC Inverter Fed Five-Phase
Induction Motor Drive With Novel Neutral Point
Voltage Balancing Scheme
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Abstract—In this paper, direct torque control (DTC) of five-
phase induction motor (FPIM) is implemented using three-level
neutral point clamped (TL-NPC) inverter. One of the advantages
of three-level inverter over two-level one for DTC operation is the
low torque ripple. Also TL-NPC inverter through space vector
modulation technique gives low dv /dt transition with better volt-
age waveform. By applying conventional lookup table for DTC, the
TL-NPC inverter does not ensures lower dv /dt transition. In this
paper, a novel switching scheme for DTC of FPIM using TL-NPC
inverter is proposed that ensures the low dv /dt transition and bal-
ancing of dc-link capacitor voltages of TL-NPC inverter. To form
the lookup table for DTC operation, instead of using voltage vec-
tors directly, virtual vectors (VVs) are utilized. Two switching states
are used in one sample time to generate a VV in a3 plane, which
gives zero resultant voltage in xy plane. The switching strategy en-
sures low number of transitions to reduce the switching losses. The
switching state redundancies are used in a novel way to balance
the dc-link capacitor voltages without using any additional hard-
ware. The proposed technique to balance the dc-link capacitor
voltage gives lower switching frequency. The MATLAB/Simulink
environment is used for the simulation and the results are validated
through experiments.

Index Terms—Direct torque control (DTC), five-phase induc-
tion motor (FPIM), neutral point voltage balancing, neutral point
clamped inverter, virtual vector (VV).

1. INTRODUCTION

HE advent of faster power semiconductor switches and

digital signal processors has led to the increased re-
search in the area of multiphase (more than three-phase) mo-
tor drives. Multiphase motor drive is suitable for various high
power and safety critical applications like more-electric aircraft,
ship propulsions, locomotives, electric vehicle, efc., because
of two main reasons. First, with the increase in the number
of phases, the per phase power handling requirement reduces
that helps in reducing the series/parallel combination of power
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semiconductor switches. Second, the increase in number of
phases leads to more fault tolerant capability. The m phase
machine can run with (m — 1)/2 number of phase. It has other
inherent advantages like lower torque pulsation [1]-[3], higher
torque density [4], [5], and lower current ripple [6]. Detailed
review regarding the development of multiphase drives is avail-
able in [7]-[9].

Three-level neutral point clamped (TL-NPC) inverter is most
widely accepted multilevel topology for medium voltage high-
power applications because of its inherent advantages like low
stress on the power semiconductor switches and low total har-
monic distortion [10]-[13] in the current and voltage. Because
of these advantages, TL-NPC inverters are also suitable for
multiphase motor drives. Various work has been reported in the
literature for multilevel multiphase drive. TL-NPC inverter for
five-phase induction motor (FPIM) was first reported for ship
propulsion in [14]. Later, the space vector modulation scheme
for multilevel multiphase inverter is reported in [15]-[20]. The
model predictive control for five-phase TL-NPC inverter is re-
ported in [21] and [22].

For high-performance applications, flux and torque of induc-
tion motor (IM) are controlled independently. For this vector
control and direct torque control (DTC) schemes where devel-
oped for three-phase IM [23]-[25]. Various aspects of it is dealt
in [26] and [27]. To improve the performance of DTC operation
of three-phase IM (low torque pulsation), TL-NPC topology
is used in [28]-[30]. In [30], concept of virtual vector (VV)
is utilized for DTC operation of three-phase IM using TL-NPC
inverter. The VVs are synthesized such that there is smooth tran-
sition of voltage from low to higher level. Drive control schemes
of three-phase IM is also applicable for multiphase IM. DTC
schemes for FPIM is dealt in [31]-[35]. In these papers two-
level inverter topology has been used for DTC operation of
FPIM. One of the requirement for DTC operation of FPIM with
distributed winding is that the voltage in xy plane should be
zero. If not so, it will produce large amount of third harmonic
component in the stator current [36]. To eliminate voltage in xy
plane, the concept of VV has been used in [34] and [35] for
DTC operation of FPIM.

Because of the suitability of TL-NPC inverter for medium
voltage high-power applications, DTC technique using this
topology for FPIM is needed to be developed. In [30], the
DTC operation of three-phase IM using TL-NPC inverter is
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reported. The authors have advocated that look-up table based
DTC technique developed for two-level inverter cannot be di-
rectly extended to TL-NPC inverter fed three-phase IM. This is
because the operation of TL-NPC inverter requires two issues
to be taken care of. First, the switching should be done in such
a way that the dv/dt change is minimum. Second, the dc-link
capacitor voltages are balanced. Recently, DTC of FPIM using
TL-NPC inverter is reported in [37]. But the authors have not
considered the above two issues for the operation of TL-NPC in-
verter. Thus, there is a requirement to develop a DTC technique
for FPIM using TL-NPC inverter. So the main contribution of
this paper is the development of a DTC technique for FPIM
using TL-NPC inverter considering the following points:

1) the resultant voltage in xy plane should be zero;

2) the switching should be done in such a way that there is

smooth transition of voltage level, i.e., low dv/dt;

3) the dc-link capacitor voltage should be balanced.

In this paper, the DTC operation of a FPIM using TL-NPC
inverter is presented. The concept of VV is utilized and they
are synthesized in such a way that the transitions in the voltage
level are smooth, i.e., dv/dt transition is checked and there are
least number of switching transitions possible and simultane-
ously the resultant voltage in xy plane is zero. In the proposed
technique, the switching states redundancies are utilized in a
novel way to maintain the dc-link capacitor voltage at lower
switching frequency as compared with the techniques available
in the literature. To show the superiority of the proposed DTC
scheme, simulation of DTC technique given by Tatte and Aware
in [37] for the DTC operation of FPIM using TL-NPC inverter
is carried out, and the shortcomings of that scheme is high-
lighted. These analysis are carried out through simulations in
MATLAB/Simulink environment and the results are validated
through experiments.

The paper is organized as follows. The five-phase TL-NPC
topology and its switching state and the concept of VV is dealt in
the Section II. The Section III deals with the neutral point voltage
balancing scheme. Section IV deals with DTC scheme for FPIM
using TL-NPC inverter. Simulation and experimental results are
given in the Section V and finally the paper is concluded in the
Section VI.

II. FIVE-PHASE TL-NPC INVERTER

TL-NPC inverter is widely accepted in the industries for high-
power applications because of better voltage waveform and ease
of control as compared with other three-level topologies. This
topology is also suitable for FPIM for high-power applications.

A. Circuit Topology and Space Vector of Five-Phase TL-NPC
Inverter

Five-phase TL-NPC inverter topology is shown in Fig. 1.
Each leg has four switches and two clamping diodes. Each leg
has three switching states; S; = 1,0, and —1 where, subscript
i =a,b,c,d, and e corresponds to phase A, B, C, D, and E,
respectively. S; = 1 means S;; and S;2 are ON. S; = 0 means
S;o and S;3 are ON. And S; = —1 means S;3 and S;; are ON.
In five-phase TL-NPC inverter there are 3° = 243 switching
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Fig. 1. Circuit topology for five-phase TL-NPC inverter.

states. Corresponding to each states the phase voltage across the
stator winding is given by

Van 4 -1 -1 -1 -—1{]65,

Vi | qy |14 -1 -1 1]
Vo l =241 21 -1 4 -1 —1||s.| o
Vil 2211 -1 -1 4 —1]|s,
Vo, 1 -1 -1 -1 4|8,

where Vi, Vins Ven, Van, and Vg, are phase voltages and V
is the dc-link voltage of the inverter. The phase voltages of the
inverter can be transformed into space vectors in o and xy
planes by

Vm’j = (‘/n,n + a‘/bn + a2 ‘/(m + (13 ‘/dn + CL4 ‘/en) (2)

(G20 G Y I ]

VLL] = (‘/an + a3‘/bn + a“/CTL + a4‘/d71 + a2‘/;)7L) (3)

where a = ¢/ 5. Detailed space vector diagram of a3 and zy
plane is given in [15] and [17]. For simplicity they have not been
shown here. The magnitude of vertex and nonvertex vectors in
af and xy spaces are given in Table 1.

A method to eliminate the nonpotential switching states to
reduce the number of switching states was proposed in [15]
and [38]. Switching states whose pole voltage order contradict
the order of reference voltage in a particular sector are dis-
carded. Based on this concept out of 243, 113 switching states
are selected for space vector modulation technique of five-phase
TL-NPC inverter [15]. In this paper the switching states given
in [15] has been considered for the DTC operation of FPIM.

B. Concept of VV

The operation of FPIM with distributed winding requires the
flux of third harmonic plane (zy plane) to be zero. For this the
resultant voltage of xy plane should be eliminated. If this volt-
age is not eliminated, it will cause distortion in the stator current
[36]. The DTC operation of FPIM using two-level inverter as
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TABLE I
MAGNITUDE OF VERTEX AND NONVERTEX VECTORS IN o3 AND xy SPACE

Vertex vector

« 3 space vector magnitude  xy space vector magnitude

0.647 Vy 0.076 Vy
0.524 V4 0.124 V4
0.447 V4 0.20 Vg4
0.40 Vy 0.247 Vy
0.324Vy 0.324Vy
0.247 V4 040V,
0.20 Vy 0.447 Vy
0.124 V, 0.524 Vy
0.076 Vy 0.647 V,
Nonvertex vector
0.615Vy 0.145Vy
0.380 Vy 0.235Vy
0.235Vy 0.380 Vy
0.145Vy 0.615 V4

reported in [34] and [35] have used the concept of VV, where the
VVs are generated using two switching states in such a way that
the resultant voltage in xy plane is zero. In [30], Zhang et al.
have advocated that for DTC operation of three-phase IM using
TL-NPC inverter, the technique of two-level inverter cannot be
directly extended to TL-NPC inverter case as it requires two
issues to be taken care of. First, the switching should be done
in such a way that the dv/dt should be low. Second, the dc-link
capacitor voltages should be balanced. So, the DTC technique
for FPIM using TL-NPC inverter is developed considering fol-
lowing points:

1) the resultant voltage in zy plane should be zero;

2) the switching transitions should have low dv/dt;

3) the dc-link capacitor voltages should be balanced.

For this the concept of VV is utilized, where they are syn-
thesized considering first two requirements. The balancing of
dc-link capacitor voltage is addressed in the next section. The
operation of TL-NPC inverter requires that the voltage level of
a particular phase should not change from the lowest level to
the highest level, i.e., the voltage jump should be smooth. Say,
if the pole voltage is — % then it should not go directly to +%.
Rather, it should go from —% to 0 then it should go to —&-%‘i.
This will maintain low dv/dt change and lower stress on the
power semiconductor switches.

The voltage vectors in a3 plane should be selected such that
the resultant voltage vectors in xy plane is zero. Out of 113
switching states, 61 switching states in o3 plane are selected
for the synthesis of VVs. The voltage vectors corresponding
to these switching states are the vertex vectors and they are
in total 41 in numbers. The selected vectors in a3 plane and
corresponding vectors in zy plane are shown in Fig. 2(a) and (b).
The switching states and the vector numbers have been marked
for a3 plane. For zy plane only vector number has been shown
for simplicity. The magnitude of the voltage vectors used for the
DTC operation in o3 plane and xy plane are given in Table II.

In the proposed DTC scheme, only two vertex vectors of mag-
nitude 0.6472 V; and 0.5236 V; in one sample time are used to
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Fig. 2. Space vectors of five-phase TL-NPC in (a) a3 and (b) zy plane used
for DTC operation.

synthesize the large VVs. And two vertex vectors of magnitude
0.3236 V; and 0.20 V; are used for small VVs. Consider the sec-
tor OFG in a3 plane shown in Fig. 3(a). Voltage vectors V] and
V, are in opposite direction in xy plane. Similarly, V5 and V; are
in opposite direction in xy plane as shown in Fig. 3(b). Using
the volt—second balance technique, the dwell time of switching
states is calculated. Selection of voltage vectors V; and V5 in
one sample time gives resultant VV Vg, of smaller magnitude
in af plane. Similarly V3 and Vj produces VV Vp; of larger
magnitude in a0 plane and zero resultant voltage vector in zy
plane. The resultant VVs in a3 plane of all vertex vectors is
shown in Fig. 4.

1) Dwell Time Calculation: Using volt-second balance
technique the resultant voltage vector in zy plane is made zero.
The dwell time for the switching states corresponding to voltage
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TABLE II
MAGNITUDE OF VERTEX VECTOR IN /3 AND xy PLANE USED
FOR DTC OPERATION

« 3 space vector magnitude 2y space vector magnitude

0.6472 V, 0.2472 V,
0.5236 V, 0.0764 V,
0.3236 V, 0.1236 V,
0.20 V, 020V,

> -
10-1-10 G g-axis

v, x-axis

(b)

Fig. 3. (a) Sector OFG of a3 plane and (b) corresponding voltage vectors in
zy plane of TL-NPC inverter for the proposed DTC scheme.
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Fig. 4. Resultant VVs in a3 plane for the proposed DTC scheme.
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vectors V; and V5 can be derived as

res Eya 1
Tdtcvag = Tl Vla;ﬁ + T2 V2(¥G (4)

— — —
Tie Vl;e; =T Vlzy + 1 VZI,y (5)
Tae = Th +1 (6)

res

where _>a3 and I_/)rf; are the resultant voltage vectors in a3 and
xy plane, respectively. T} and 75 are the dwell time for switching
states corresponding to Vi and V5, respectively and Ty is the
sample time. In (5), the ‘7;‘;; = 0 as resultant voltage vector in
2y plane should be zero. Since time being a scalar quantity, can
be derived as

Ty [Vawyl

T2 |‘/11:y | ’

Since |Vi4y| = 0.20Vy and |Va,,| = 0.1236 V;, where, Vj is
the dc-link voltage. From (6) and (7), we get

(N

T =
Ty =

0.3820 Tiye (8)
0.6180 Tiye. )

By putting the values of 77 and 7, and magnitude and direction
of voltage vectors V; and V5 in (4), the resultant voltage vector
in a3 plane is found to be

_)res o
ap = 0.2764 V,; £0°. (10)

Similarly, the dwell time for switching states corresponding to
V3 and Vj is calculated and is given by (11) and (12). The
resultant voltage vector is given by (13)

T3 = 0.7639 Tye (11)
Ty = 0.2361 Tie (12)
37 S (e}
s = 0.5528 V20 (13)

From (10) and (13) itis observed that the resultant voltage vector
in afplane synthesized from V; and V5 is of the magnitude
of 0.2764 V; and that of V3 and Vj is 0.5528 V;. The smaller
resultant vector is numbered as Vs; and larger one as Vr; as
shown in Fig. 4 where, j varies from 1 to 10.

2) Switching Transitions: The switching transitions are se-
lected such that there is smooth transition of pole voltage and
line voltage from one state to other and there is only one level
jump in the phase and line voltage. The switching transitions for
the synthesis of large VV V7 is shown in Fig. 5. From Fig. 5, it
can be observed that in a sample time two switching states are
symmetrically distributed in such a way that there is no direct
jump from O level to =V} in the line voltages (see line voltage
Ve and Vpg). The switching transitions for the large VV for
the proposed DTC scheme is given in Table III.

III. NEUTRAL POINT VOLTAGE BALANCING

In five-phase TL-NPC inverter, the vertex vector of magni-
tude 0.2 V; and 0.3236 V;; are having redundant switching states.
The switching states are of P-types or N-types. P-type means the
phases are connected to positive dc rail and neutral point. While
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Fig. 5. Switching transitions for the synthesis of VV V7 ;.

N-type switching state means that phases are connected to neu-
tral point and the negative dc rail. P-type and N-type switching
states mostly causes the neutral point voltage deviation. P-type
states increase the lower dc-link capacitor voltage V2, whereas
the N-type states decreases the lower dc-link capacitor voltage
in motoring mode [39]. One of the modulation techniques for
neutral point voltage balancing is to incorporate both type of
switching states for equal time duration in one sample time
[39]. But this increases the switching frequency.

In [40] and [41], Choudhury et al. have used the redundant
switching states for three-phase NPC inverter depending upon
the top and bottom dc-link capacitor voltages. If upper dc-link
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TABLE IIT
SWITCHING STATES CORRESPONDING TO LARGE VVS FOR PROPOSED
DTC SCHEME
Large VV Switching states
Vi 10-1-10 — 11-1-11
Vi 110-10—11-1-1-1
Vis 010-1-1—11-1-1-1
Vi 0110-1— -111-1-1
Vis -1010-1—-1111-1
Ve -10110—-1-111-1
Vit -1-1010—-1-1111
Vis 0-1010—-1-1-111
Vg 0-1-101—1-1-111
V1o 10-101—1-1-1-11
S
1 P-type ::S,A;
+ or
Ver ——> M N-type —> Sc¢
= 0 e Vear | selector —S»
Ve —> Sy
Ve
Fig. 6. Schematic for balancing the dc-link capacitor voltage.
TABLE IV
SWITCHING STATES CORRESPONDING TO SMALL VVS FOR THE PROPOSED
DTC SCHEME
Small VV DC-link capacitor voltage Switching states
Vs Veoerr =1 10000—11001
Voerr =0 0-1-1-1-1 —00-1-10
Vsa Voerr =1 11101 — 11000
Vierr =0 000-10 — 00-1-1-1
Vss Veerr =1 01000 — 11100
Vioerr =0 -10-1-1-1 — 000-1-1
Vsa Voerr = 1 11110 — 01100
Veerr =0 0000-1—-100-1-1
Vss Voerr = 1 00100 — 01110
Veerr =0 -1-10-1-1—-1000-1
Vse Voerr =1 01111 — 00110
Veerr =0 -10000—-1-100-1
Vs1 Voerr = 1 00010 — 00111
Veerr =0 -1-1-10-1—-1-1000
Vss Veoerr = 1 10111—00011
Voerr =0 0-1000—-1-1-100
Vso Veerr =1 00001—10011
Veerr =0 -1-1-1-10—0-1-100
Vsio Veerr =1 11011—10001
Vioerr =0 00-100—0-1-1-10

capacitor voltage V1 is higher than the lower dc-link capaci-
tor voltage Vo then P-type switching states are applied and if
Vi1 < Vo then N-type switching states are applied for motor-
ing mode. By using this technique the switching frequency is
maintained at lower value as compared with techniques where
neutral point is balanced using the both the redundant switching
states for half of the duration in one sampling time.

For DTC operation, the smaller VVs used by the proposed
DTC scheme are generated based on the technique proposed
in [40] with little modification. The schematic of the proposed
technique for balancing the dc-link capacitor voltage is shown
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Fig. 7. Sensorless DTC scheme of FPIM using TL-NPC inverter.
TABLE V

in Fig. 6. In the proposed technique, the P-type and N-type
switching states are selected based on the difference of the dc-
link capacitor voltages. If the |Vo; — Vig| is greater than the
limit of the difference in the capacitor voltage V1 , then Vi, 1S
either 1 or 0 depending upon the difference value. Otherwise the
value of V., is retained. By doing this the switching frequency
would be less as compared with the proposed technique of [40].
Now if Ve = 1 then P-type switching states are used else if
Vierr = 0then N-type switching states are used for the motoring
mode. In braking mode if Ve, = 1 then N-type switching
states are used else if Ve, = 0 then P-type switching states are
used. The switching states corresponding to small VVs for the
proposed DTC scheme for motoring mode are given in Table IV.

IV. DTC oF FPIM USING THREE-LEVEL NPC INVERTER

DTC technique is used for the high-performance operation
of FPIM drive. The DTC of FPIM using TL-NPC inverter is
equally important because of the suitability of TL-NPC topology
for high-power applications and other inherent advantages. The
sensorless DTC operation of FPIM drive using TL-NPC inverter
is shown in Fig. 7. Depending upon the stator flux angle 6,
sector is identified as per the Table V. The VVs are selected as
per speed, torque, and flux error command. Two-level hysteresis
flux band and five-level hysteresis torque band is used for the
flux and torque control of FPIM drive. Speed adaptive variable
structure observer given in [35] is used to observe the speed,
flux, and torque of the FPIM. The details of variable structure
observer is given in the Appendix. The logic for implementation
of flux error is given by

?ef_)‘SZFbW

f‘ef_)“SSFbW

+1
-1

FETT

Funt (14)

where A}, A°, Fpy, and F,, are reference , actual stator flux

of FPIM, flux hysteresis band width, and flux error signal, re-
spectively. Fi,, = +1 means flux has to be increased, whereas

ANGLE CORRESPONDING TO SECTORS FOR THE PROPOSED DTC SCHEME

Sector  Subsector  6;s corresponding to sector

1 —18° <85 < 0°
0° < 0,5 < 18°
18° < 60,5 < 36°
36° < 0,5 < 54°
54° < 0,5 < T2°
72° < 055 < 90°
90° < 0,5 < 108°

108° < ;5 < 126°
126° < ;s < 144°
144° < 0,5 < 162°
162° < 0,5 < 180°

—180° < 0,5 < —162°

—162° < 0,5 < —144°

—144° < ;5 < —126°

—126° < 0,5 < —108°

~108° < 65

—90° < ;5
—72° < ;s
—54° < 0,5
—36° < 0;s

2

10

o o o o o o o o o o

F.;; = —1 means flux has to be decreased. The logic for torque
is given by

wa

Teref - ﬂz > +7 Terr =42

wa

+ T < Teref - TE’ < +— Terr =+1

Teref - Te < ——
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TABLE VI
LooKUP TABLE FOR DTC OPERATION OF FPIM USING PROPOSED DTC SCHEME
Sector
Werr  Ferr  Terr 1 2 3 4 5 6 7 8 9 10

a b a b a b a b b a b a b a b a b a b
1 1 2 Vs Vi Vis Via Via Vs Vis Vie Vie Vir Vir Vis  Vis  Vie Vie Vi Viio Vi Vii Vie
1 Vsa Vsz  Vsz Vsa Vss Vss  Vss Vs Vseg Vsr Vsr Vss  Vss  Vso Vsg Vsio Vsio Vsi Vsi Vso

0 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
-1 Vsg Vsio Vsio Vsi Vsi Vsa  Vsa Vsg Vsg Vea Vea Vss  Vss  Vse Vse Vsr Vsr Vss Vss Vg
=2 Vio Viio Voo Vi Vev Vie Vo Vis Vig Via Vg Vs Vis Vie Vie Vir Vit Vis Vis Vi
-1 2 Vipa Vepa Vis Vs Vie Vie Vir Ve Vis Vis Vie Vie Viio Viio Vi Vi Vie Vie Vig Vig
I Vss Vsa Vss Vss Vsg Vse Vst Vsr Vss Vss Vso Vsg Vsio Vsio Vsi Vsi Vsa Vea Vgy Vsy

0 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
-1 Vgz  Vgg Vs Vso  Vso  Vsio Vsio Vsi Vsi Vsa Vsa Vss  Vss Veau Veau Ves Vss  Vse Vss Vsr
=2 Vi Vs Vis Vie Vie Vi Viio Vi Vi Vie Vie Vis Viz Vig Vg Vis Vs Vie Vie Vir
-1 1 2 Vie Vis Vis Via Via Vs Vis Vie Vie Vir Vir Vis  Vis  Vio Vig Viie Vi Vir Vir Vie
1 Vsa  Vss  Vss Vsa Vsa Vss Vss Vse Vse Vsr Vsr Vess  Vss  Vsg Vso Vsio Vsio Vsi Vsi Vsa

0 Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo Vo
-1 Vg9 Vsio Vsio Vsi Vsi Vsa  Vsa Vsz Ves Vea Vsa Vss  Ves Ve Vse Vs Vsr Vss Vss Vgo
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where Teref, Tt, Thw, and T, are reference, actual torque of
FPIM, hysteresis band width for torque, and torque error sig-
nal, respectively. Tt = +2 and 7¢,, = +1 means torque has
to be increased. And 7i,, = —2 and 7;,, = —1 implies torque
has to be decreased, whereas T;,, = 0 means that no change in
torque is required. The VVs are selected depending upon the
sector, speed, torque, and stator flux for the proposed scheme.
Depending upon the direction of rotation, the speed processor
block generates the speed error (we,; ) command. we,, = +1 im-
plies anticlockwise rotation of stator flux and w,,, = —1 implies
clockwise rotation.

For a particular location of stator flux, an appropriate VV is
selected to control the torque and flux of the IM. The VVs are
selected in such a way that the effect of it on the torque and
flux response of the IM is as per T,,, and Fy,,. The entire vector
space is divided into ten sectors and each sector is further divided
into two subsectors as shown in Fig. 4. Dividing of each sector
into subsectors helps in the proper selection of VVs for efficient
control of torque and flux of IM. Say, for anticlockwise rotation
of stator flux (we;y = +1), when Ty, = +2 and F,,,, = +1 and
stator flux is leaving sector 10, and entering 1,, the application
of vector V3 will have very little impact on the flux change.
But, V7o will increase the flux and torque of IM. Once the stator
flux moves to subsector 1; then V3 will increase the both the
torque and flux of the FPIM. Similarly, for other conditions of
T,y and F,;; VVs can be decided. When torque lies between
the torque band of —|—% and +% or —% an —%, ie.,
Terr = £1 smaller VVs are selected. Smaller VVs (Vs;) have
same effect as that of larger VVs (V7;) on the torque and flux
response of the FPIM but of smaller magnitude. Depending upon
the conditions of dc-link capacitor voltage Vi1 and Vg, the
signal Ve, is decided and the switching states corresponding

to Table IV is generated. This ensures the balancing of dc-
link capacitor voltage without any additional hardware. The
entire lookup table formed for the DTC operation is presented
in Table VL.

The DTC scheme for FPIM using TL-NPC inverter is de-
veloped by Tatte and Aware in [37]. In that paper five-level
hysteresis torque band and two-level hysteresis flux band was
used to control the torque and flux of the FPIM. However, Tatte
and Aware have not used the concept of VYV, rather they have
used the voltage vectors of magnitude 0.6472 V; and 0.3236 V;
for Ty, = £2 and Ti,,, = %1, respectively, [like V2 and V and
similar voltage vectors shown in Fig. 2(a)]. And for the vector of
magnitude 0.3236 V; only one switching state is utilized, which
does not ensure the balancing of dc-link capacitor voltage. In
the coming section initially the DTC technique proposed in [37]
is simulated and subsequently simulation and experiment of the
proposed DTC scheme is presented.

V. SIMULATION AND EXPERIMENTAL VERIFICATIONS

The DTC of FPIM using TL-NPC inverter is carried out
through simulation in MATLAB/Simulink environment and the
results are verified experimentally on a 5 hp IM. The sampling
time of 50 ys is taken for the DTC operation. The FPIM speci-
fications and parameters are given in the Table VII.

A. Simulation Results

1) Tatte and Aware DTC Scheme: First, the simulation re-
sults based on the technique proposed by Tatte and Aware in
[37] for DTC operation of FPIM using TL-NPC inverter is pre-
sented. For this scheme the lookup table given in [37] is utilized.
The speed and corresponding torque of IM is shown in Fig. 8.
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TABLE VII
SPECIFICATIONS AND PARAMETERS OF THE FPIM
Parameters/specifications Value
FPIM rating 5 hp
Voltage 220V per phase
Rated torque 23 N-m
Number of poles 4
Rated flux linkage 0.99 Wb
Frequency 50 Hz
Stator resistance (R ) 7.20
Rotor resistance (R, ) 6.4Q
Stator leakage inductance (L) 0.043 H
Rotor leakage inductance (L;, ) 0.043 H
Mutual inductance (L, ) 1.013H
Inertia (.J) 0.08 kg-m?
g 1000 —Reference Speed |
. — Actual Speed
s 500
£
ERSE
=
g 500
5
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-1000
& i ; i i ; . .
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Fig. 8. Simulation results of (a) speed and (b) torque of IM for the control

strategy proposed by Tatte and Aware.

Atty = 0.03 s a speed ramp from O to 500 r/min is applied with
a rising rate of 1000 r/min-s. Again at t; = 0.7 s a ramp speed
from 500 r/min is applied. At ¢, = 1s a load torque of 10 N-m
is applied, which is removed at t3 = 1.6s. Aty = 2.2 s a speed
ramp from +1000 to — 1000 r/min with a slope of —2000 r/min-s
is given. At t; = 3.2 s, a load torque of —10N-m is applied. It
is observed that the actual speed of the FPIM follows the ref-
erence speed. The torque ripple is about 2.8 N-m. The o3 and
xy stator flux trajectories are shown in Fig. 9. The magnitude
of afflux is equal to the rated flux of 0.99 Wb as shown in
Fig. 9(a). However, the magnitude of xy flux is 0.18 Wb, which
is about 20% of the rated flux as observed from Fig. 9(b). The zy
flux is not eliminated because no volt—second balance technique
was applied by Tatte and Aware to cancel the resultant voltage
vector in 2y plane. From Fig. 10, it is observed that the dc-link
capacitor voltages are not balanced as it was not considered in
the DTC scheme proposed by Tatte and Aware.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018
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Fig. 9. Simulation results of stator (a) a3 flux and (b) zy flux trajectory of
IM for the DTC scheme proposed by Tatte and Aware.
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Fig. 10.  Simulation results of dc-link capacitor voltages for the scheme pro-

posed by Tatte and Aware.

2) Proposed DTC Scheme: The similar speed profile as
shown in Fig. 8(a) is obtained for the proposed DTC scheme.
The actual speed of the FPIM follows the reference speed. The
corresponding torque of the FPIM is shown in Fig. 11. The
torque ripple is about 1.6 N-m, which is about 42% lesser than
torque ripple of the scheme proposed by Tatte and Aware [37].

Fig. 12 shows the stator afand xy flux trajectory in the
stationary reference frame of the IM for the proposed DTC
scheme. It can be observed that the o3 flux is maintained at its
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Fig. 11. Simulation results of torque profile of IM for the proposed DTC
scheme.
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Fig. 12.  Simulation results of stator (a) o flux and (b) zy flux trajectory of

IM for proposed DTC scheme.

rated value of 0.99 Wb. It can also be observed that the resultant
zy flux has the magnitude lesser than 0.02 Wb, which is less
than 2% of the reference stator flux.

Fig. 13 shows the line voltage V,; and its zoomed in waveform
for the proposed DTC scheme. From Fig. 13(b), it can be ob-
served that there is smooth transition of voltage form one level
to another. This maintains the low dv/dt stress on the power
semiconductor switches. The current for the entire cycle and
its harmonic spectrum for last ten cycles are shown in Fig. 14.
The total harmonic distortion (THD) of the current is 5.19%.
The dc-link capacitor voltage is shown in Fig. 15. It can be ob-
served that the upper dc-link capacitor voltage V-, and lower
dc-link capacitor voltage V5 are balanced. However, at the time
of braking they deviates but once the FPIM comes in motoring
mode, they are once again brought back to balance state. The dc-
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Fig. 13.  Simulation results of (a) line voltage V,,;, and (b) is zoomed in view
of it for proposed DTC scheme.
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Fig. 14.  Simulation results of (a) phase current I, for entire cycle and its (b)
harmonic spectrum for the proposed DTC scheme under loading condition.

link capacitor voltages for the proposed DTC scheme is shown
in Fig. 15. It is observed that the both the capacitor voltages are
balanced even during the loading conditions. The variation in
the dc-link capacitor voltage is about 2.5 V, which is less than
1 % of the half of the rated dc-link capacitor voltage.

B. Experimental Results

The proposed DTC scheme is validated through experimental
investigations. The schematic of experimental setup is shown
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Fig. 15. Simulation results of dc-link capacitor voltage for proposed DTC
scheme.
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Fig. 16. Experimental schematic for DTC of FPIM using TL-NPC inverter.

in Fig. 16. Five-phase TL-NPC inverter is developed using
Semikron 150-MLIO66-TAT IGBT modular switches. The con-
troller is developed in OPAL-RT system. The FPIM currents and
dc-link capacitor voltages of TL-NPC inverter are sensed using
LEM current sensor (LA55P) and voltage sensor (LV25P), re-
spectively. The dc-link capacitor voltages along with the switch-
ing states are used to generate the phase voltages. The phase
voltages and currents are used by the speed adaptive variable
structure observer to estimate the speed, torque, and stator flux.
Depending upon the sector location of the stator flux in sta-
tionary reference frame, motor’s speed, flux, and torque error
command, the VVs are selected from the lookup table. And fi-
nally switching signals are generated corresponding to the VV.
A dead time of 1.5 us is incorporated at the rising edge of
each gate signals generated by the controller to avoid the shoot
through of the complementary switches. Also the control signals
are made compatible as per the requirement of the driver circuit.
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Fig. 18.  Estimated stator flux of o3 and zy plane and their trajectories for the

proposed DTC scheme at 1000 r/min.

A dc generator of 3 kW coupled to the FPIM is used for loading
purpose. Fig. 17 shows the speed and torque response of the
FPIM. A reference speed ramp at different time instant is given
and it is observed that the estimated and actual speed has same
dynamic response. At time ¢ = ¢» a load torque of 15N-m is
applied and it is removed at ¢ = t3. At the time of loading speed
dips momentarily and it is regained after 1 s. After the load is
removed there is speed jump but the controller brings back the
FPIM speed to its reference value. The torque ripple observed
is 2.5 N-m, which is almost 10% of the nominal torque of the
FPIM. The FPIM was not loaded to its full capacity because of
the limitations of the dc generator coupled with the FPIM.

The estimated stator o3 and zy flux and its trajectories are
shown in Fig. 18. It is observed that the stator o flux linkage
is maintained at its rated value of 0.99 Wb. The zy flux is al-
most eliminated and its magnitude is less than 0.05 Wb, which
is slightly higher than the simulated results. This is because of
the non linearities introduced by the introduction of dead time
and transportation delay of the controller. The line voltage V;
and its zoomed waveform is shown in Fig. 19. It is observed
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Fig. 21.  Experimental results of dc-link capacitor voltage Vi and Vo and
Ver = Veo.

from the waveform that there is no direct jump from zero to
highest voltage level rather the jump is from zero to the mid of
the voltage and then from mid to the upper level. This maintains
the advantages of TL-NPC inverter of low dv/dt transition and
lower stress on the power semiconductor switches. This main-
tains the advantages of TL-NPC inverter of low dv/dt transition
and lower stress on the power semiconductor switches. The har-
monic spectrum of the phase current of FPIM [, is shown in
Fig. 20. The data of current are imported into MATLAB and
then its harmonic spectrum is plotted. The THD of the stator
current is 6.57%, which is almost near to its simulated result.
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Fig. 23. Experimental results of torque and its zoomed in view, when (a)

Choudhury et al. and (b) proposed neutral point voltage balancing scheme is
incorporated in the DTC implementation of FPIM using TL-NPC.

Fig. 21 shows the dc-link capacitor voltages V1, Vg, and
there difference Vi1 — Vioo. It can be observed from Fig. 21
that the dc-link capacitor voltages are almost balanced in the
transition as well as steady-state condition. Also at low speed
(500 r/min) and no load the dc-link capacitor voltage is having
ripple of lower frequency. This is because only smaller VVs are
used to balance the dc-link capacitor voltages. At lower speed,
the zero vector is applied for more duration as compared to
smaller VV. Hence, the ripple is available in the neutral point
voltage. It is also observed from V1 — Voo waveform that the
difference of magnitude lies between £3V which is around
1% of half of the rated dc-link voltage. And this is within the
limit of the designed controller. Fig. 22 shows the switching
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frequency of a particular switch for the entire speed cycle of the
proposed and the technique given by Choudhury er al. in [40]
to balance the dc-link capacitor voltage. It can be observed that
the switching frequency with the proposed dc link balancing
scheme is around 8 % lower as compared with the scheme given
by Choudhury et al.

Fig. 23(a) shows the experimental torque response when
Choudhury et al. scheme for balancing the dc-link capacitor
voltage is incorporated in the DTC scheme while Fig. 23(b)
shows torque response for the proposed neutral point voltage
scheme. By comparing both the figures of Fig. 23, it can be
observed that both the neutral point voltage balancing scheme
produce almost equal torque ripple. This is because the neutral
point voltage balancing scheme comes into effect only when
smaller VVs are selected and torque ripple in DTC technique
mainly depends upon the hysteresis torque band and DTC sam-
ple time. The magnitude of vector decides the slope of torque

ripple.

VI. CONCLUSION

In this paper, the DTC scheme of FPIM using TL-NPC in-
verter is presented. For the implementation of DTC technique
using TL-NPC inverter, concept of VV is utilized. The VVs are
synthesized using volt—second balancing technique such that the
resultant voltage in xy plane is zero. The proposed scheme for
DTC operation uses two voltage vectors to generate the large
VVs and two for small VVs. The smaller VVs are generated
from voltage vectors that have redundant switching states and
there redundancy are used in a novel way to balance the dc-link
capacitor voltage. The simulation results of one of the existing
paper related to DTC of FPIM using TL-NPC inverter is carried
out to show the superiority of the proposed DTC scheme. The
proposed DTC scheme was verified using simulation in MAT-
LAB/Simulink environment. And finally the simulation results
were validated through experimental results. The proposed DTC
scheme gave the lower dv/dt transitions, thus, having lower
stress on the power semiconductor switches. The deviation in
dc-link capacitor voltages was also within limit of 1% of the
half of the rating of dc-link voltage. Also the proposed scheme
to balance the dc-link capacitor voltage gave around 8% lower
switching frequency as compared with one of the recently pro-
posed technique.

APPENDIX

The state-space model of the fundamental space harmonic of
FPIM is given in (16). s and r used as subscript or superscript are
referred to stator and rotor variables, respectively. p is used as
the first time derivative of a variable. The underlined variables

are the matrices
s 1 -0\ n l1—0o 1 N
Plas = \"To ~ o )T Lo \T, —wj )

Lgaygﬂ

(16)
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where T, =Ly/rs, T,=L,/r,, and o= (LsL, —
L,,> /LsL,). The speed adaptive variable structure observer is

formed as
~S 1 1 — g A8 + 1 — 01 1 5\.1"
.5 = (— —— 1 v

Plag Tool Ty )7 Lo \T, —wj )%

1 ) X s
+ Eﬂgﬂ + Grsgn(ils —iap)

A8

pA(LS = %Lyﬂ - (Tr — (21_]) Aaﬁ +@Glsgn(gyﬂ _Lxﬂ)'
(17)

where G5 is a complex gain. The error dynamic equation is
given by subtracting (17) from (16) as

s 1 l1—-0o s
PAL, 5 = <_Ta -7 )Ala@

1-0o 1
—— | =/ ) AAL,
M Lma <Tr - WJ> sav

1— a7
UAWJLIQ — Gisgn(Adg )

m0

r

Ly .. 1 . 2
pA;f}'ﬁ = TTALSIQ - (1—; . LU]) AM}[} + Aw]&aﬂ

— GoGrsgn(Ady 5).

(18)

To compensate for dynamic uncertainty, the gain GG; should be
large enough. In this condition the low frequency component of
the current will converge to zero, i.e., A, ; = pAif,; = 0. The
flux error dynamics is given by

T Lm .g
Aoy = (Awﬁaﬂ +1 _ZGISgH(AZZa) cq)
X i —wj - (19)
T,
- Lo s
pasy = (122 - G ) Grswn(AL e 20)

For stable operation the positive definite Lyapunov candidate
function V' is chosen in the form given by (21). The first deriva-
tive of V' should be negative definite

2

1 L A
V= (AN AV + Y >0, p>0. @l

The time derivative of V' is given by (22). The dot represents
the dot products of two vectors

OV = AW AwpAw -

2o pAA:Ld + 0. (22)
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Substituting (20) and (21) in (22) gives

pV =pVi +pVs
L, o s 1 -1
pVi = T JG1sgn(AL¥g)|eq (M)
Lo .5
(722 - 62 Grn(aiz sl ) i <0
AwpAw ar 1 -
Vo= ——— AwjA _—
. T\ SR (T wj)

=

For pV; to be negative definite the condition of (24) should be
satisfied. The imaginary part of (24) should be zero to avoid os-
cillations during error convergence. Speed-dependent complex
gain (G5 can be found by solving (24) by replacing the actual
speed with the estimated speed

1—0 ( L, o

L, o 1—0

-G ) Grsgn(AL )l ) $Y2 =0
(23)

1
—Gz>> (TT_W) =p, p<0 @24

The real and imaginary part of G5 is given by (25)

L, o wTy
real — — 1
Gareat 1—0( +1+®2TT2>
Lo p"TT?
Gy = — —= 25
? 1—0o \1+a27"2 29

From (23) the speed adaptive equation can be found by solving
pVso = 0. And the observed speed is given by

NN,
o = K, (sgn(ii — i )M — sgn(i — z’%)kl) L
(26)

where K, > 0. The estimated electromagnetic torque 7 is
given by

. 5PL,
T, =23
22

The adaptation mechanism is used to find the load torque and is
given by

(Anig) — (Ahi5). 27)

Pl = — K (sen(iy — )45 —sen(y —13)4,)  @8)

where K; > 0. The stator flux components are estimated from
the observed rotor flux obtained from (17) and is given by

N Lm T et
hoy = Thop + 0Ll (29)
The resultant magnitude of the stator flux is given by
2 ~5 2 ~5 2
2] =1/ (Ra) +(g) - (30)
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