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Investigating Direct Torque Control of Six-Phase Induction Machines Under Open

Phase Fault Conditions
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ABSTRACT: This paper presents analysis and evaluation of classical direct torque control
(DTC), for controlling a symmetrical six phase induction motor (SPIM) under open phase
fault conditions. The machine has two three-phase windings spatially shifted by 60 electrical
degrees. The strategy of the proposed method consists of choosing the switching modes
according to the configuration of living phases in such a way that it generates vectors that
have higher amplitude in o-f plane while their projections on z axis give zero or near zero
amplitude vectors. The goal is reducing parasitic currents and torque ripples of SPIM under
faulty mode. Based on the theoretical analysis, it will be shown that in the open phase fault
conditions, the only non-pulsating operation is obtained by opening the fault three-phase
winding. Experimental test results are provided o support theoretical analysis in open phase

fault conditions for SPIM.
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1- Introduction

Electrical ac machines have found wide applications in
the high power industries. In these cases, we need a high
power and high switching frequency semiconductors. In the
case that the necessary devices are unavailable, the power
is divided among more than three inverter legs to reduce
semiconductor ratings. In the multi-phase drive systems, the
current per phase in the machine and the inverter is reduced.
The most common multi-phase machine drive structure is the
six- phase induction machine (SPIM), which has two sets of
three-phase windings spatially shifted by 60 electrical degrees
(Figure 1). In this structure, the loss of one machine’s phase
does not prevent the machine from working, thus, improving
the system reliability [1].

One of the most important faults in the electrical drives is the
suppression of one or more stator phases of the motor. This
fault disturbs the rotating MMF and produces a high pulsating
torque [2]. As the dynamic behaviour of the electrical
machines is very important in the modern drive systems,
it is essential to develop a control method to improve the
behaviour of the machine under open phase fault conditions.

This paper introduces SPIM control under open phase fault
conditions by DTC. Over almost a decade, several schemes
have been proposed for the operation of multi-phase induction
machines under open phase fault conditions based on FOC
[3-5]. In FOC structure and post fault situation, the task of
controllers is complicated that need to become a resonant
[4] or include feedforward terms [6]. Current references also
should be modified in order to obtain a sinusoidal rotating
MMEF [7-8] and minimum torque pulsations [3-9].

To simplify the control scheme and to improve the dynamic
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performance by eliminating the current control loops,
one may propose a DTC solution as an alternative to FOC
schemes. Unlike FOC, DTC does not tend to duplicate the
electromechanical behaviour of a dc motor drive but is aimed
at a complete exploitation of the flux and torque-producing
capabilities of an induction machine fed by an inverter. In this
regard, DTC can be viewed as anovel technique for controlling
the induction machine drive under fault conditions.
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Fig. 1. SPIM with its inverter.
In this paper, the control of SPIM by DTC in the open phase
fault conditions is investigated. This paper is organized into
six sections. The model of the machine is presented in the
next section. The control method by DTC will be discussed in
section 3. Section 4 introduces the control of SPIM by DTC
in normal and open phase fault conditions by experimental

results. Finally, some conclusions and perspectives will be
given in Section 5.

2- MODEL OF SPIM

2- 1- Model in the normal operation
The model of SPIM under normal operating conditions has
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been demonstrated in [2]. In the normal mode, the SPIM
is a double-six-dimensional system (six stator and six
rotor variables). It is shown in [10] that the SPIM model
can be decomposed into three two dimensional orthogonal
subspaces, namely (a, B), (z1, z2), and (23, z4), as follows:

Machine model in a-f§ subspace
The stator and rotor voltage equations are:

Via r,+L.p 0 Mp 0 i,

Vg _ 0 r,+L.p 0 Mp . iy (1)
0 Mp oM r+Lp ol Ly
0 -oM  Mp  -ol, r+Lplli,

With: L=LitM , L=Ly+M , M=3L;
This model is similar to the three phase machine model in the
stationary reference frame.

Machine model in z1-z2 subspace

vszl — rs +Llsp 0 iszl (23)
vszZ 0 rA +Llsp . iszZ

0 — _rr +Llrp 0 irzl (Zb)
0 L 0 rr + Llrp . irz 2

Machine model in z3-z4 subspace
vsz3 — 7} +Llsp 0 isz3 (33.)
Vsz4_ 0 7’; +Llsp . isz4

0 — ”S+Llsp O ile (3b)
0 0 r,+L,p ' i,

As can be seen from these three subsystems, the
electromechanical energy conversion takes place only in
a-p subsystem, and the other subsystems do not make any
contribution in the energy conversion. The z1-z2 and z3-z4
subsystems generate the only losses that should be controlled
to be minimized. It can be concluded that the torque and speed
controller structure and analysis for SPIM are almost the
same as those for three-phase induction machines. Therefore,
we use the equivalent model in a-f3 subspace.

2- 2- Model in the open phase fault condition
The model of SPIM under the opening phase 1 condition is
presented in [3] (see Figure 2).
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Figure 2. Stator and rotor winding axes (s1 is opened).

As shown in Figure 2, the SPIM machine is a five-
dimensional system in the stator when one of the stator’s
phases is opened. Meanwhile, the rotor will be modeled as a
six-dimensional system.
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The block-decoupled model of SPIM in al-B1 and z1-z2-z3
subspaces are as follows:

o1-p1 subspace: The stator and rotor voltage equations for
this subsystem are given by

Vsal = Rs 'lsal +_l//sa1

dt (4a)

d
Vo =R I 5 +—W,
Bl Bl dt spl

O = Rr'iral +il//ra1 + a)r 'l//rﬂl

) d
O = Rr'l rpl1 +El//rﬁl - a)r ‘l//ral

where R, and R, are the stator and rotor resistances. The
variables y,al, w1, y,al and y,B1 are a,— 3; components
the stator and the rotor fluxes and are described as follows:

l//sal :Lsdlsal +Mdl

ral

P (5)
l//sﬂl - sqlsﬂl + qlrﬂl
Wral :Mdisal +Lrira1 (6)
l//rﬂl :Mqi.vﬂl +Lrirﬁl

where L, is the rotor inductance and o, is the rotor angular
speed. Table 10 gives Lsd, Lsq, Md and Mq for all cases up to
three open phases (N = 5, 4 and 3). It can be noticed that the
SPIM model in a-f subspace is always the same as that in (1),
whatever the open phases are.

z1-z2-z3 subspace: The stator voltage equations are:

. diszl
Vszl :Rs 'lszl +Lls 7
. di
vs‘z2:Rv'lv22+le dSZZ (7)
disz3

=R i

vsz3 K sz3+ Is dt

It can be concluded from (3) and (7) that only the z subspace
is related to the losses. Therefore, a suitable control strategy
is required to minimize the z1-z2-z3 currents.

Torque Expression Under Open Phase Fault Conditions

It is known that the electromagnetic torque oscillates with
a faulty open phase. Torque response in the faulty mode
operation is as follows [3]:

. . 8
1—‘m :LL(Mqlsﬁl'l//ral _Mdlsal'l//rﬂl):rmean +roscil ( a)
rmean =£L|:MdM ]alﬁ \I1+Trza)s'2 'Sin((pl _(02)_
LD ’ | (8b)
w
TVZ (M1} +Mq21;)-cos((p,)]

p Tra)r
o = 50 (322 031} os(20, ) 09
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27,0,

with =tan”'| ——— 5
” (mf(cof—wf)

J, @, =tan”' (7,0,) and

D =\[147(@ o) | +4720

Equation (8) shows that in the case of open phase fault,
the electromagnetic torque may be decomposed into two
components, namely an average component and the other
one oscillating at twice the excitation frequency 6, (second
harmonic).

In the open phase fault conditions, the dynamical properties
of the machine will change from its balanced operating
conditions, and field-oriented control strategies or direct
torque control methods developed for a balanced winding
structure will no longer work correctly. In what follows,
DTC of SPIM under the condition of open phase fault is
investigated.

3- PROPOSED DTC METHOD

3- 1- DTC in the normal conditions

In [12], the DTC of SPIM in the normal mode has been
described. The phase voltages of SPIM with respect to its
neutrals are as follows:

Valn =1/ 3* [2*Valo-Vblo-Vclo]

Vbln=1/3* [2*¥Vblo-Valo-Vclo]

Veln =1/ 3* [2*¥Vclo-Vblo-Valo] 9)
Va2n =1/ 3* [2*Va20-Vb20-Vc2o]

Vb2n =1/ 3* [2*¥Vb20-Va2o-Vc2o]

Ve2n =1/ 3% [2%Vc20-Vb20-Valo]

By combinational analysis of all states of 12 inverter keys,
a total of 64 switching modes are obtained. By applying the
proper transformation, 64 voltage vectors are projected on the
a-B, z1-z2 and z3-z4 subspaces. Figure 3 shows the selected
space voltage vectors on the a-§ plane for the SPIM.

The decimal numbers in the Figure 3 show switching states
of the inverter switches. By converting each decimal number
to a six digit binary number, the 1’s indicate the state of the
upper switch in the corresponding arm of the inverter. The
most significant bit (MSB) of the number represents the
switching state of phase al, the second MSB for the phase
a2, the third for phase b1, and so on. Thus, by selecting the
space voltage vector according to Table 1, the stator flux and
electromagnetic torque of machine can be controlled [12].

Wecteurs de tension o-f séléctées

a0
18

120

Fig. 3. Selected voltage vectors in the a-f subspace.

Table 1: Stator flux and electric torque control for SPIM

Sector

UL UT, 2 3 4 5 6
1 1 56 28 14 7 35 49
1 0 0 0 0 0 0
1 -1 35 49 56 28 14 7
0 28 14 7 35 49 56
0 0 63 0 0 0 0 0
0 -1 7 35 49 56 28 14

3- 2- Analyzing DTC in the open phase fault condition

In this section, the DTC of SPIM under the condition of
opening one or more phases is investigated. In the open
phase fault, the neutrals of the machine will be connected
to each other and the configuration of machine changes to
one common neutral. In the open phase 1, the phase voltages
of the machine with respect to its neutral will be written as
follows:

Vbin=1/5*[4*Vblo-Vclo-Va2o0-Vb20-Vc20]
Veln=1/5*[-Vblo+4*Vclo-Va20-Vb20-Vc20]
Va2n=1/5*-Vblo-Vclo+4*Va20-Vb20-Vc2o] (10)
Vb2n=1/5*%[-Vblo-Vclo-Va2o0+4*Vb20-Vc2o]
Ve2n=1/5*[-Vblo-Vclo-Va2o-Vb2o+4*Vc2o0]

In this case, a total of 32 switching modes can be obtained.
By applying a proper five-dimensional transformation, 32
voltage vectors on the a, B, z1, z2, and z3 coordinates will
be obtained. Table 2 shows the projected space voltage
vectors on the a, B, z1, z2, and z3 coordinates.

From Table 2, one cannot find any o-f projected component
with corresponding zero components on the zI, z2, and z3
axes. Each selected space voltage vectors produces high power
losses due to non-zero projection on the z1, z2, and z3 axis.
To study more open phase conditions and apply DTC, the
projection of space voltage vectors on the decoupled spaces
by a proper transformation matrix is needed.

Opening one phase (phase 1): In this case, SPIM model
is transformed to an asymmetrical five-phase machine. The
projected space voltage vectors (SVV) on a five-dimensional
decoupled space is shown in Table 2.

Opening two phases: In this case, one may recognize three
different opening phase configurations, which are opening
phases 1 and 2 (phases 1, 2), opening phases 1 and 3 (phases
1, 3), and opening phases 1 and 4 (phases 1, 4).

In all three cases, SPIM is transformed to an asymmetrical
four-phase machine. The projected space voltage vectors on
a four-dimensional decoupled space are shown in Tables 3-5.
Opening three phases: In this case, one may recognize
three different configurations for opened phases, that are
phases 123, phases 124, and phases 135. In the first and
second case, SPIM transforms to an Asymmetrical three-
phase machine, and in the opening phases 135, the SPIM
transforms to a symmetrical three-phase machine. The
projected space voltage vectors to a three dimensional
decoupled space are shown in Tables 6 to 8. It seems from
Tables 3 to 7, for every non-zero projection on the a and
B axes, one may not find zero or near zero components
on the z-axis. In this case, the root mean square (rms) of
total z-axis component voltages is introduced as a norm for
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comparing different switching states of SPIM in the view
point of losses under open phase fault conditions. Tables 11
to 13 give rms values of total z-axis component voltages in
the case of opening phase 1, phases 1 and 2, phases | and 3,
and phases 1 and 4.

As can be seen , the minimum harmonic voltage in the case
of opening phase 1 is 13.47 V, in the case of opening phases
1& 2 is 11.1243 V, in the case of opening phases 1 & 3
is 17.5710 V, and in the case of opening phases | & 4 is
11.1155 V. Only in the case of opening three phases with
120 electrical degrees (opening phases 135), can we find
a symmetrical three-phase system with zero total harmonic
voltage. On the other hand, except for open phase condition
135, DTC cannot control the machine properly in the open
phase fault conditions.

4- Test Results

In order to investigate DTC for controlling SPIM due to
an opened stator phase fault, an experimental test-rig bed
is developed (Fig. 4). The experimental setup is composed
of a low power SPIM supplied by two three-phase voltage
source inverters whose DC link voltage is fixed at 42 V. The
switching frequency is imposed at 5 kHz using the classical
sampled natural PWM technique generated by a FPGA.
This board receives the stator current data through six 12-
bit A/D converters. An electromagnetic power brake stiffly
connected to the SPIM rotor shaft is used to generate the
load torque. The speed is measured through a 4096-points
encoder. The SPIM drive main parameters are given in
Table 9. In order to open phase sl, the corresponding
VSI winding connection is removed. Figure 5 shows the
block diagram of the DTC technique. We use inverse DTC
method addressed in [13]. Fig. 6 shows experimental
results for DTC method in the normal condition, while
Fig. 7 shows experimental results for DTC method in the
fault condition (phase s1 open). As can be seen from Fig.
7, low-frequency ripples appear on the angular speed, but
its oscillations rate is very low thanks to the mechanical
subsystem natural filtering. Fig. 8§ illustrates experimental
results for DTC method in the fault condition (phases sl,
s3, and s5 are open). As can be observed from Fig. 8, the
harmonic currents due to projected voltage vectors on the
z-space are almost zero, because of zero voltage projection
on the z-space in this case.

+ 42V

1

inverter (VSI)

SENSOrs

Voltage source ' Currents

. Adapting and
antialiasing

‘=| 12bitdata ...
acquisition

A

L

L]

Ethernet link
v I Shaft encoder | Magﬂeﬂc brake

e ————————
ZSix-phase induction machine
Fow GOW, fu BONZ, V= 1TV
Stator siods : 24, Rofor slots : 10

Fig. 4. Experimental test-rig.

Table 2. Projected SVV in the opening phase 1

No. o B Z1 zZ2 Z3
0 0 0 0 0 0
1 485 -2425 -152  -31.54 3697
2 =727 -21.00 -11.29 35,56 -35.78
3 -2.42 4525 -12.81 4.02 1.18
4 -16.15  12.12  40.74 -26.44 -16.12
5 -11.30  -12.12 3922 -5798  20.85
6 -2342  -887 2946 9.12 -51.90
7 -18.57 -33.12 2793 2242 -14.93
8 =727  21.00 -4836  3.46 17.95
9 -242 325 -49.88 -28.08 54.92
10 -1455 0.00 -59.64 39.02 -17.83
11 -9.70  -2425 -61.16 748 19.13
12 -2342 3312 -7.61 -2298 1.83
13 -1857 8.88 -9.13  -54.52 38.8
14 -30.70 12.12 -18.90 12.58 -33.95
15 -2585 -12.12 -20.42 -18.96 3.01
16 2585 12,12 2042  18.96 -3.01
17 30.70 -12.12 1890 -12.58 33.95
18 18.57 -8.88 9.13 5452 -38.8
19 2342 -33.12  7.61 22.98 -1.83
20 9.70 2425 e6l.16 -748 -19.13
21 1455 -0.00 59.64 -39.02 17.83
22 2.42 3.25 49.88  28.08 -54.92
23 7.27  -21.00 48.36 -3.46  -17.95
24 18.57 33.12 -2793 2242 14.94
25 23.42 887 2946 -9.12 51.90
26 11.30 1212 -3922 5798 -20.85
27 16.15 -12.12 -40.74 26.44 16.12
28 242 4525 1281 -4.02 -1.18
29 727  21.00 11.29 -35.56 35.78
30 -4.85  24.25 1.52 31.54  -36.97
31 0 0 0 0 0
TS
Lo ) Generation Tnverter | 3! V&
¢mf ’:‘ Switch Signals i
¢S Tx Flux angle
Estimator
?,
SPIM

Fig. 5. Block diagram of DTC system.
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Table 3. Projected space voltage vector in the opening phase

1 and 2
No. B Z1 Z2
0 0 0 0 0
1 11.31 -21.22 -31.28 32.14
2 -0.81 -17.97  42.40 -31.83
3 10.50  -39.19 11.12 0.31
4 -9.69 15.15 -40.58  -34.13
5 1.62 -6.06 -71.86 -1.99
6 -10.50 -2.81 1.82 -65.96
7 0.81 -24.03  -2946  -33.82
8 -0.81 24.03 29.46 33.82
9 10.50 2.81 -1.82 65.96
10 -1.62 6.06 71.86 1.99
11 9.69 -15.15 40.58 34.13
12 -10.50 39.19 -11.12 -0.31
13 0.81 17.97 -42.40  31.83
14 -11.31 21.22 31.28 -32.14
15 0 0 0 0
Table 4. Projected space voltage vector in the opening phases
1and3
No. o B Z1 Z2
0 0 0 0 0
1 3.03 -19 -39.43 27.00
2 -9.09 -15.75 27.61 -44.90
3 -6.06 -3475  -11.82  -17.90
4 -17.97 17.37 -9.20 14.97
5 -14.94 -1.62 -48.63 41.97
6 -27.06 1.62 18.40 -29.93
7 -24.03  -17.37  -21.02 -2.93
8 24.03 17.37 21.02 2.93
9 27.06 -1.62 -18.40 2993
10 14.94 1.62 48.63 -41.97
11 17.97 -17.37 9.20 -14.97
12 6.06 34.74 11.82 17.90
13 9.09 15.75 -27.61 44.90
14 -3.03 19 39.43 -27.00
15 0 0 0 0
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5- CONCLUSION

In this paper, the direct torque control of a six-phase induction
motor, under open phase fault conditions was investigated. At
first, it was shown that the suppression of one stator phase
produces the second harmonic ripples on the motor torque
whose amplitude is proportional to the difference between

Table S. Projected space voltage vector in the opening phases

1 and4
No. o B Z1 Z2
0 0 0 0 0
1 0.81 -21.22 -37.01 31.53
2 -11.31  -17.97 28.88 -39.12
3 -10.50  -39.19 -8.13 -7.58
4 -11.31 24.03 -7.99 16.72
5 -10.50 2.81 -45.01 48.26
6 -22.62 6.06 20.89 -22.39
7 -21.81  -15.15  -16.13 9.14
8 21.81 15.15 16.13 -9.14
9 22.62 -6.06 -20.89 22.39
10 10.50 -2.81 45.01 -48.25
11 11.31 -24.03 7.99 -16.72
12 10.50 39.19 8.13 7.58
13 11.31 17.97 -28.88 39.12
14 -0.81 21.22 37.01 -31.53
15 0 0 0 0
Table 6. Projected space voltage vector in the opening phases
1,2and 3
No. o B Z1
0 0 0 0
1 11.04 -13.21 40.57
2 -1.08 -9.96 -55.42
3 9.96 -23.16  -14.85
4 -9.96 23.16 14.85
5 1.08 9.96 55.42
6 -11.04 13.21 -40.57
7 0 0 0
Table 7. Projected space voltage vector in the opening phases
1,2 and 4
No. o B Z1
0 0 0 0
1 8.08 -16.16 37.56
2 -4.04 -12.92  -51.32
3 4.04 -29.08  -13.75
4 -4.04 29.08 13.75
5 4.04 12.92 51.32
6 -8.08 16.16 -37.56
7 0 0 0

o—f MMF components. Then, in order to control the SPIM
under faulty conditions, we introduced projected space voltage
vectors on the decoupled spaces by a proper transformation
matrix. The results show that in the case of occurring a fault
in an open phase, there is no space voltage vector with zero or
near zero projection on the z; axis. On the other hand, in the
open phase fault conditions of SPIM, nonpulsating control
by DTC is possible only in the case of opening a three-phase
winding set. The test results show that the torque ripples were
practically zero, opening a three-phase winding set.
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Table 9. experimental setup parameters

Rated power 90 W
Rated torque 0.3 Nm
VSI DC bus voltage 42V
Number of poles 2
Mutual inductance 30.9 mH
Stator resistance 1.04 Q
Stator leakage inductance 0.30 mH
Rotor resistance 0.64 Q
Rotor leakage inductance 0.65 mH
Friction coefficient 4x10* kg.m%/s
Inertia 9.5x107 kg.m?
4
100
2]J|l|.||||d|l.§Ill..l:|uL
80
)
0 '(3 60
| J ' G 40
=2 e §'|||I||'Erl'r§'| "
[ oy I f 20
-4 q 1 20
19 192 194 196 198 20 ? 2.3
t [s] tisl
Fig. 6-a. Stator phase a current Fig. 6-b. Rotor speed (€2)
Fig. 6. Experimental results, DTC in normal operation.
4
100
W
2 80
I o
o | | g
G 40
-2 F1
20
4 0
199 1992 1994 19.96 19.98 20 19 19.5 20

t[s]
Fig. 7-b. Rotor speed (2)

t [s]
Fig. 7-a. Stator phase a current

Fig. 7. Experimental results for open phase s1, DTC algorithm in non-compensated operation.

156



Q [rad/s]

R. Kianinezhad and A. Hajary, AUT J. Elec. Eng., 49(2)(2017)151-160, DOI: 10.22060/eej.2017.11535.4974

150 1.5
100 1
50 0.5
5 L
0 Z 0
£
—
-50 -0.5
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Fig. 8-a. Rotor speed (Q) Fig. 8-b. Electromagnetic torque generation
10
5 5
< <
< E_ il ,U I
I A PR U] o e i e o T i T A
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N
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t [s] t[s]
Fig. 8-c. Stator Isz currents Fig. 8-d. Stator Isaf current
5
g ) | { ‘u‘ H“
% 0 ‘w‘ - JN : i M‘ .
E— | 4 W 'm I j !
-5
-10
3.7 3.75 3.8 3.85 3.9
t[s]
Fig. 8-e. Stator phase currents
Fig. 8. Experimental results for s1, s3, and s5 open, DTC algorithm in non compensated operation
Table 10. Machine inductances with open phases
Open phase(s) Lsd Lsq Mg Mg
1.4 L2l s Ligt3L s 2.449L 6 3Llms
25355116 Ligt3Lms Ligt2L s Iz 2 449 e
(1,2)5(1,3); (1,5} (1,6) (2.4);(3.4): (4.,5): (4,6) Ligtl.5Lms Ligt2 5L mg 2121 2.739Lm,
(1.4 Lielms Ligt3Lms 173211 g 3Lms
(2,3):(2.,6):(3,5);(5.,6) Ligt2.5L s Ligt1.5L s 2.739L 5 21210
(2,5);(3.6) List3Lms Ligt 1L 3Lims L7321
(1.2.3);(1.2,6),(2,3.4): (3.4.5); (4,5,6) ; (1.3.5) ; (1,5.6) ; (2.4.6) List1.5Lms List1.5Lms 2.121L g 2.121L s
(1.2.4):(1,2.5):(1,3.4): (3.4.6) . (1,3.6) : (1.4.5) ; (1.4.6) : (24.5) | LisH0.634Ly L1+2.366Lm, 1.3791L 2.66421
(2.3.5); (2.3,6); ( 2,5.6) : (3.5.6) Ligr2.366Lys | Ligt0.634L 2.6642L 1.3791L 1
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Table 11. Total rms components voltage in the case of
opening phase 1

No. Vil
0 0
1 48.6196
2 51.6932
3 13.4777
4 51.1730
5 73.0384
6 60.3712
7 38.8027
8 51.6997
9 79.3266
10 73.4670
11 64.5171
12 24.2764
13 67.5369
14 40.8420
15 28.0271
16 28.0271
17 40.8420
18 67.5369
19 24.2764
20 64.5171
21 73.4670
22 79.3266
23 51.6997
24 38.8065
25 60.3712
26 73.0384
27 51.1730
28 13.4777
29 51.6932
30 48.6196
31 0
Table 12. Total rms components voltage in the case of opening
phases 1&2
No. Vims 12
0 0
1 44.8488
2 53.0180
3 11.1243
4 53.0245
5 71.8875
6 65.9851
7 44.8518
8 44.8518
9 65.9851
10 71.8875
11 53.0245
12 11.1243
13 53.0180
14 44.8488
15 0

Table 13.Total rms components voltage in the case of opening

phases 1&3
No. Vimsz13

0 0
1 47.7883
2 52.7098
3 21.4505
4 17.5710
5 64.2367
6 35.1335
7 21.2232
8 21.2232
9 35.1335
10 64.2367
11 17.5710
12 21.4505
13 52.7098
14 47.7883

15 0

Table 14.Total rms components voltage in the case of opening

phases 1&4
No. Vi 14

0 0
1 48.6198
2 48.6254
3 11.1155
4 18.5310
5 65.9919
6 30.6220
7 18.5396
8 18.5396
9 30.6220
10 65.9846
11 18.5310
12 11.1155
13 48.6254
14 48.6198

15 0
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