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1. INTRODUCTION

Sensorless control of motor drives using two level converters has been widely researched for
systems employing standard two level converters. At low and zero speed, some form of additional excitation
has been proposed, such as the injection of a high frequency (HF) voltage or current [1-3] or the injection of
test pulses [4-6]. However, these techniques introduce significant additional current distortion either due to
the injected signals themselves (as in the HF injection methods and the INFORM method [4]) or due to the
insertion of the minimum pulse width in the operation of the drive system when applying the Fundamental
PWM Excitation method (FPE) [6]. This distortion causes audible noise, torque pulsations and increases the
system losses.

The multilevel converter can achieve a higher voltage and power capability with conventional
switching devices compared to two level converters, and is now used for high power drives [7, 8, 9].
Multilevel converters employ switching devices connected in a chain, which sequentially switch different DC
voltages across the motor using a special PWM technique, to create a stepped output voltage. The particular
structure of some of these converters offers significant potential for improving sensorless control of motors,
as they employ H bridge circuits with a relatively low DC link voltage. [10] uses H-Bridges connected in
series with 2-Level inverter which are used to generate a small voltage pluses used only to track the saliency
position, this technique achieve a good sensorless results at the same time reduce significantly the current
distortion due to the use of small voltage pulses. Previous researches into sensorless multilevel drives used a
special multilevel topology where the H-Bridges were used only for generating the voltage pulses to track the
saliency [10] and were added to a conventional 2-level converter. In this paper a new technique is proposed
to track the saliency in any motor driven by any multilevel converter topology without disturbing the
operation of the multilevel converter. At the same time it reduces the current distortion associated with the 2-
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Level sensorless techniques significantly through making use of the small voltage steps of the multilevel
inverter output as excitation voltages.

2.  THE MULTILEVEL TOPOLOGY AND OPERATION

Lipo [7] proposes a multilevel topology which uses two cascaded H bridge circuits per phase. The
first has a high DC link voltage, and employs GTOs or IGCTs as the switching devices which are controlled
at relatively low frequency. The second uses a lower DC link voltage (for example 1/2 of the GTO DC link
voltage) and employs IGBTs with a higher switching frequency. This operation of IGBT and IGCT meets
with the features of each particular one. For example the IGCT can block high voltages but it has a slow
switching action while the IGBT can switch very quickly but has small voltage blocking capabilities. The
combination of these circuits can provide a good quality voltage waveform for high voltage applications.

In This paper, a similar topology is used but with using a combinations of 2V (400V) and V(200V)
as DC source voltage levels as shown in Figure 1.
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Figure 1. Hybrid asymmetric cascaded H-Bridge seven level converter

The number of levels that can be generated using this topology will be 7 3V, 2V, V, 0, -V, -2V, -
3V) although only 2 H-Bridges are used in each leg. This is due to the asymmetric DC source levels used.
Each level can be generated by a specific switching of each H-Bridge according to table 1:

Table 1. Relation between output voltage and output of each cell in seven level asymmetric Hybrid cascaded
H-Bridge converter

Output voltage H-Bridge 1 H-Bridge 2
Y% 2V v
2V 2V ov
\% ov v

0 ov ov
-V ov -1v
2V -2V ov
-3V -2V -1V
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The waveform obtained from each H-Bridge in one fundamental period is shown in Figure 2.
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Figure 2. Operation of the seven level asymmetric hybrid cascaded H-bridge converter.
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2.1. Space Vector Modulation for 7-Level Inverter

Consider the 7 level cascade H-Bridge converter shown in Figure 2. The possible output voltages
that can be generated from each leg are 3V, 2V, V, 0, -V, -2V and -3V. According to the switching state of
each cell in the multilevel converter, it is possible to generate 2’ switching states in a space plane as shown in
Figure 3. The nodes represent the tips of these vectors (basic vectors) in the plane. For example; the node that
has the switching pattern (3,0,-1) means that the H-Bridges in phase a generates +3V, in phase b generates
0V and in phase ¢ generates —V. The same output voltage of the inverter can be generated by other switching
patterns for example (2,-1,-2) and (1,-2,-3). Many methods proposed in using space vector modulation of
multilevel inverter [11, 12, 13].The method that is adopted in this work is proposed in [11], as it has the
following feature:
e Itis very simple and effective.
e The output voltage contains minimum distortion.
e The input current has minimum current distortion.
e Itis general and applicable to any level.
Returning to Figure 3, each vector in space is generated according to the voltage generated from the cells in
phases A, B and C. These vectors can be transformed into aff coordinates (60° coordinate system) according
to the following equations:

V. = Voosd Vsin® 0
. = Vcosd —

V3
Vo = 2Vsin® )
V3

Where V, and Vg are the coordinates of the vector V in the 60° coordinate system, V and  are the amplitude
and phase angle of the reference vector respectively. To illustrate this transformation, Figure 3 is considered
again. All the switching patterns that generate V in the coordinates shown in Figure 3 which are (2,0,-2),
(3,1,-1) and (1,-1,-3) will be represented by the point (2,2) in aff coordinate system using (1) and (2).
Repeating for all the vectors in space, the new coordinate system will be as shown in Figure 4.
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Figure 4. Seven level SVPWM state diagram in aff coordinates

To determine the location of the reference voltage V ¢, two quantities will be used which are :
Vpa = int(Vy,,,) €)

Vog = int(Vg,.) )

IJPEDS Vol. 7, No. 2, June 2016 : 397 —415



IJPEDS ISSN: 2088-8694 a 401

Where int() is a lower integer function. After these two values are calculated, it is possible to identify in
which pair of triangles the reference voltage exist. For example ACBA or ACBD according to Figure 4. The
coordinates of the three other vectors can be calculated according to the following equations:

(Vea,Veg) = (Vbe + 1, Vpp)
(Vew Vep) = (Vpa Vpp + 1) Q)
(Vaw Vag) = (Vpe + 1, Vpg + 1)

The extra determination of the triangle where the reference vector exists can be achieved using the following
criterion:

{Vrefexist in ACBD if (V.. + Vg,..) < (Vb Vp) ©)

Vyerexist in ACBAif (V.. + Vg..) > (Vb Vo)

2.2. Choosing the Switching Sequence

The switching pattern for each basic vector will be chosen according to what is called ‘All mean
Method’ [11]. In this method an equivalent mean switching state is used for every basic space vector. If the
number of the switching patterns that generate a specific basic vector is odd then the mean switching will be
the middle one while if the number of the switching patterns is even then the mean switching will be the two
switching patterns in the middle. For instance, the vector whose tip has the coordinates (0,1) has 6 different
switching patterns (3,3,2), (2,2,1), (1,1,0), (0,0,-1), (-1,-1,-2) and (-2,-2,-3). The mean switching patterns will
be (1,1,0) and (0,0,-1). Another example is the vector whose tip has the coordinate (1,1) has five different
switching patterns (3,2,1), (2,1,0), (1,0,-1), (0,-1,-2) and (-1,-2,-3). The mean switching pattern will be (1,0,-
1). The mean switching patterns for all the vectors in space for 7-level converter is shown Figure 2 in brown.
Considering the switching sequence, there are two general requirements:

e The transition from one switching state to another is achieved by switching only one H-Bridge in one
leg.

e The transition of V .+ from one sector to another or from one triangle to another requires none or the
minimum number of switching.

The switching sequence used in this paper consists of 7 segments in each PWM period; in each
segment one vector is applied. To meet the general requirements for the switching sequence mentioned
above, the following consideration should be taken into account when choosing the vectors. The vector that is
applied in the first segment must be always the one who has an even number of switching (two mean
switching patterns). The next vector must be chosen in a way such that only one cell in one leg is switched to
obtain the new vector. The same thing must be done in choosing the third vector. The fourth vector should be
same as the first one but obtained by the other mean switching pattern. The fifth, sixth and seventh vectors
must be same as the third, the second, the first respectively. To illustrate the switching sequence that is used
in this paper, Figure 5.a, Figure 5.b, Figure 6.a, Figure 6.b, Figure 7.a, Figure 7b, Figure 8.a, Figure 8.b are
used. If the reference voltage V ¢ exists in ACBD and Vp, + Vpg is even, the switching sequence will be
(2,0,-3),(2,0,-2),(3,0,-2).(3,1,-2),(3,0,-2),(2,0,-2),(2,0,-3). This case is named by type 0 in the simulation.

3 C Y2 A@3,3)
(3,0,-3)

Figure 5.a. Switching sequence used in SVPWM for the multilevel converter
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Figure 5.b. Timing diagram for SVPWM for the multilevel converter

If the reference voltage V ¢ exists in ACBA and Vp, + Vpg is even, the switching sequence will be (2,0,-3),
(3,0,-3), (3,0,-2), (3,1,-2), (3,0,-2), (3,0,-3), (2,0,-3). This case is named by type 1 in the simulation.

(0,0)

Figure 6.a. Switching sequence used in SVPWM for the multilevel

Vo V4 Vo

Al I
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1 2 2 2 2 2 4

Figure 6.b. Timing diagram for SVPWM for the multilevel

If the reference voltage V i exists in ACBD and Vp, + Vpg is 0dd, the switching sequence will be (1,0,-2),
(2,0,-2), (2,1,-2). (2,1,-1), (2,1,-1), (2,0,-2), (1,0,-2). This case is named by type 1 in the simulation.
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Figure 7.b. Timing diagram for SVPWM for the multilevel converter

If the reference voltage V ¢ exists in ACBA and Vp, + Vpg is odd, the switching sequence will be (2,0,-3),
(2,0,-2), (2,1,-2), (3,1,-2), (2,1,-2), (2,0,-2), (2,0,-3). This case is named by type 3 in the simulation.

139C Y Aes
(2,0,-3)
(3.1,-2)

Vo \ \A
3v | |
2v A
. | .
0 B
2V
-3V, ‘ ‘ ‘
S VO P A T, P!l T T
4 2 2 2 2 2 4

Figure 8.b. Timing diagram for SVPWM for the multilevel

Applying the same rules that are used in the examples shown in Figure 5.a, Figure 6.a, Figure 7.a and Figure

8.a in choosing the switching sequence, the switching sequence for the reference voltage existing in sector 1
is given in table 2 where (Vp,, Vpg) are calculated using (3, 4):

Modelling and Simulation of a Sensorless Control of a True Asymmetric Cascade H-Bridge ... (Kamel Saleh)
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Table 2 Switching sequence in sector 1 for SVPWM used in the multilevel converter
SECTOR 1

(Vou,Vop) \VO0/4 V1/2 V2/2 VO/2 V212 V1/2 \0/4

ABCD  (0,0-1) (0,000 (1,000 (L,L0) (10,00 (0,000  (0,0,-1)

©.0) ABCA  (0,0-1)  (1,0-1)  (1,0,0)  (LL,O) (1,000  (1,0-1)  (0,0,-1)
(1.0) ABCD  (0-1-1)  (L-1-1) (LoD  (1,0,0)  (1,0-1)  (L-1-1)  (0,-1,-1)
ABCA  (1,1,2)  (1-1-1) (Lo 1) (1,0,0)  (1,0,1) (111 (1,-1,2)
2.0) ABCD  (1-1,:2)  (I-1-1)  @c1-1)  @0-1)  @-1-1) (111 (1,-1,2)
ABCA  (1-1,2)  (2-12)  (2-1-1)  20-1)  @-1L-1) @-1,2)  (1,-1,2)
5.0 ABCD  (1,2,2) (2:22) (2-12) (-l-1)  (2-12) (222  (1,2,2)
ABCA  (2:2,3)  (2:22) (2-12) (172 (212 (222 (22:3)
40 ABCD  (2:2,3)  (2:22) (3-2-2) (312 (3272 (222 (2:2:3)

ABCA  (2,-2,-3)  (3,-2,-3)  (3,-2,-2)  (3-1,-2)  (3,-2,-2)  (3,-2,-3)  (2,-2,-3)
(5,0) ABCD  (2,-3,3)  (3,-3,-3)  (3,-2-3)  (32-2)  (3,-2-3)  (3,-3,-3)  (2,-3.-3)
ABCD  (0,0,-1) (1,0,-1) (1,1,-1) (1,1,0) (1,1,-1) (1,0,-1) (0,0,-1)

1) ABCA  (1,0-2)  (1,0-1)  (L1-1)  @1-1) (LL-1)  (1,0-1)  (1,0,-2)
wh ABCD  (1,02)  (1,0-1)  (20-1) (21-1) (20-1) (1,0-1) (1,02
ABCA  (1,02) (20-2) (20-1) (2-1) (20-) (202) (1,02

@ ABCD  (1,-1,2)  (2-12)  (2,0,2)  (20-1) (202 (@2-1,2) (1,-1,2)
’ ABCA  (2-1,3)  (2-1-2)  (2,02)  (20-1) (20-2) (2-1,2) (2-1,3)
a.0) ABCD  (2-1,3)  (2-12) (3-1,2)  (3.0,2) (3-1,2) (2-1,2) (2-1,3)

ABCA  (2-153)  (B3-13)  (B3-12)  (3,0-2)  (3-12)  (3,-13)  (2,-1,3)
4.1) ABCD  (2,-2-3)  (3,-2-3)  (3-1,3)  (3-1,2) (3-1,3)  (3,23) (2,-2,-3)
ABCD  (1,1,:2)  (L1-1) (@21-1) @2-1) (@1-1) (11-1) (1,1,:2)

©2) ABCA (1,1,2) (21-2) (@1-1)  (22-1) () @12 (1,12
12) ABCD  (1,02) (2.0-2) (21,2) (1) (21,2)  (2.0-2) (1,02

ABCA  (2,0-3)  (20-2) (,12)  (3,12)  (21,2)  (2.0-2) (2,03
22) ABCD  (2,0,3)  (20-2)  (3.0,.2) (3.1,2) (3.02) (2.0.2)  (2.0,3)

ABCA  (2,0,-3)  (3,0-3)  (3,0-2) (3,1,-2)  (3,0-2)  (3,0,-3)  (2,0,-3)
(3,2) ABCD  (2,-1,-3)  (3-1,3)  (3,0-3)  (3,0,2)  (3,0,-3)  (3-1-3)  (2-1,-3)
ABCD  (1,1,:2)  (212)  (22-2) (2-1) 22/ (212 (1,12
ABCA  (2,13) (212 (312 (322 (312 (212  (2,1,3)
(1.3) ABCD  (2,1,-3)  (2,1,2)  (3,1-2)  (3.2-2) (31-2)  (2,1,-2)  (2,1,-3)

ABCA  (2,13)  (313) (12 (322 (12 (G113 (21,3)
(2,3) ABCD  (2,0-3) (3,0-3) (3,1-3) (31-2) (3,1,-3)  (3,0-3)  (2,0,-3)
ABCD  (2.2-3) (22-2) (3.2-2)  (33:-2)  (3.2-2)  (22-2)  (2,2,-3)
ABCA  (22-3)  (22-2)  (32-2) (332 (322 (22-2)  (2.2,-3)
(1,4) ABCD  (2,1-3)  (3,13)  (32-3) (32-2) (32-3) (3,1,-3)  (2,1,-3)
0,5) ABCD (22-3)  (32-3) (33-3) (33-2) (33-3) (32-3) (22-3)

03)

(0.4)

2.3. Calculating the Dwell Time

The dwell time calculations depend on whether Vp, + Vpg is odd or even and also whether the reference
vector exists in ACBD or ACBA as following:

1. Vp, + Vpg is even and the reference voltage exists in ACBD (type 0):

TD = (1 - (Varef - VDa) - (V[}ref - VDB)) T
TB = (Varef - VDa)T (7)
TC =T— TB - TD

2. Vpy + Vp is even and the reference voltage exists in ACBA (type 1) :

Ta = ((Vuref - VDa) - (Vﬁref - VD|3) - 1)T
Ts = (Vop + 1 — Vprer)T ®)
TC =T— TA - TB

3. Vpe + Vpg is odd and the reference voltage exists in ACBD (type 2):

IJPEDS Vol. 7, No. 2, June 2016 : 397 — 415



IJPEDS ISSN: 2088-8694 a 405

Tg = (Varef - VDB)T

Te = (Vrer = Vop)T )
TD =T— TB - TC

4. Vp, + Vpg is odd and the reference voltage exists in ACBA (type3):

Tg = (VDB +1- VBref)T
TC = (VDa +1- Varef)T (10)
TA =T— TB - Tc

5. The algorithm that illustrates the procedure for applying the space vector modulation in a multilevel
inverter will be:

e Transform the reference voltage to sector 1 by subtracting the value (n-1)*60° from the angle of the

reference voltage where n is the number of sector.

Calculate V, , Vg e according to (1), (2)

Specify the triangle where the reference voltage exists according to (5),(6)

Choose the switching sequence from Table 2

Calculate the dwell time according to (7), (8), (9), (10)

Transform the switching sequence to the sector where the reference voltage exists according to table 3

Table 3. Relation of switching states in different sectors

Sector Switching state
1 Va Vb Ve
2 -Vb -Ve -Va
3 Ve Va Vb
4 -Va -Vb -Ve
5 Vb Ve Va
6 -Ve -Va -Vb

2.4. Sensored Operation of a Cascade H-Bridge Multilevel Inverter PMSM Drive

Figure 9 shows the vector control structure proposed for the cascade H-Bridge multilevel inveter
PMSM drive system when using an encoder for feedback i.e in sensored mode. The simulation of the cascade
H-Bridge multilevel inveter PMSM drive has been carried out using the SABER simulation package. The
simulation results in Figure 10 show the feasibility of the system. It can be seen from the figure that at low
speeds the demand voltage is small and hence only the H-Bridges synthesized V(200V) are used to generate
such a voltage. When the speed is increased, the demand voltage is increased and all the H-Bridges are
switched in order to generate this demand voltage in a way that the H-Bridge synthized the voltage 2V(400V)
has switching frequency equals the fundamental

3- phase input supply

ik

Va_ref
Id_ref=0 Vd_ref !

Voot Multlevel
SVPWM

q
I f Va_ref c
wr_ref L - Qs Ve_ref

Rotor Msu
e position

Figure 9. Vector control topology using multi level space vector PWM for multilevel inverter
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Figure 10. Speed steps in sensored mode using Space vector modulation for 7-level inverter

3. TRACKING THE SALIENCY IN MULTILEVEL INVERTER

It is possible to track the saliency using the PWM signals in a multilevel inverter in similar way to
that introduced in [6] for a 2-level inverter without interrupting the multilevel inverter normal operation
because of the test vectors. Figure 11 shows the TypeO switching sequence. The stator circuit when the
vectors V1, V2 and VO are applied are shown in Figure 12.a, 12.b and 12.c respectively.

o
/q ./ ( ;&bﬂ,cﬂ) Vb

.
L7 (ab+icH) (ab,c)
.

@m) Oy
di, di, di

& 0 a0

Figure 11. Switching sequence for Type 0 in sector 1 in the multilevel space diagram
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Ia
+.

[ Va-Vb+V [

-ib

Figure 12. Stator circuits when: (a) V1 is applied; (b) V2 is applied; (c) VO is applied

Using the circuit in Figure 12.a, the following equations hold true:

dil’™ dil"™
Va—Vbzlaa*#—lab*# (11)
(V1) (V1)
di di
Vb—VC—V=lUb*#—lUC*# (12)
dil’ dit"™
Vc—Va+V=lac*#—lm* C‘i‘t (13)

The following equations are obtained using Figure 12.b:

;72 di,()VZ)
a
Va—Vb+V=laa*7—lab*7 (14)
dil’? dil"?
Vb—Vc—V=lUb*#—lgc* (;t (15)
.(V2) .(V2)
i di
Vc—Va=l,,c*#—l,m* dat (16)
Finally when VO is applied as shown in Figure 12.c, the following equations hold true:
.(V0) .(V0)
di di
Va—Vb=lm*#—lJb* (;)t (17)
dil’” dil”
Vb —Vc =l *#—lac* ét (18)
.(V0) .(V0)
Ve —Va =l + 2 i (19)

dt oe T T gr

All the above equations are obtained based on two assumptions. The first one is that the voltage drop across
the stator resistances are small and can be neglected. The second one is that back emf can be cancelled if the
time separation between the vectors is small.

Subtracting (17, 18 and 19) from (14, 15 and 16) respectively yields:
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di((lm) B dl.‘(lvo) di}()m) B dl.l()VO)

dt ac ) et (g T

i qi"» di’?  qi®
_V:lcrb*( L -—2 _lac*( < -— )

0=lgq*(

dt dt dt dt
S diﬁ"”_digv") » *(di§V1)_di§V°))
a¢ dt dt oa dt dt

Repeating the previous procedure with equations (11, 12 and13) gives:

(V2 (VO (V2 (VO
R O N )
oa dt dt ab dt dt
el dil’? _ i’ . (diﬁvz) _ di§V°))
ob dt dt oc dt dt

)

0l . digm_dif"’) » *(di;”)_di;”m
ao¢ dt dt oa dt dt

(20)

1)

(22)

(23)

24

(25)

Multiplying (20) by (l5¢) , (21) by (I54) and (22) by (I,p) and then subtracting the new equations from each

other yields:

ail?  ail’®
a a
—lop ¥V = dt - dt (Usa lop + Loploc + loeloa)

_ (il iy
log *V = dt dt (Usa lop + lovloc + locloa)

ai’  qi"®
c c
(laa + lab) *V = ( dt - T) (lda l(rb + lablac + laclda)

Substituting Lyg Loy + Loploe + Lyelyq by 3Lo(1 — (ZATLO)Z) yields:
(diff” ~ digV°)> _ —V xly,
dt dt 3L0(1——(é¥%)2)
(dil(,“) ~ dif,"”) Vi
dt dt 3L0(1—(%)2)

(dig”) _ digV")) Vs (g + o)
dt ac | AL\?
3Ly(1 — (Z_Lo) )

3(1(AL 2
B : _ ( _(ZLo) )
y assuming a constant C = ———*—

(26)

@7

(28)

(29)

(30)

€2))

, (29, 30 and 31) can be rearranged for the position signals:
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Pa=-1-C diy™ _ diy” 32
a=—1" dt  dt (32)
Ph=-1-C dig _ di” 33
T dt  dt (33)
pe—g_ e _di” (34)
dt dt

In the same way (23, 34 and 25) yields:

P — ail’®  qi’?
a=-1+C T (35)

diV? i

Ph=2+C (’;t - cll’t (36)

e — 1 dil’” gV
c=-1+C{—f———F (37)

Comparing these equations to the positional equations obtained in table 4 (position equation
obtained using SVPWM in a 2 level inverter) [6], it is quite clear that (32, 33 and 34) are exactly the same as
those obtained by applying vectors Vs and Vj in table 4. Also (35, 36 and 37) are exactly the same as those
obtained by applying Vsand V, in table 4.

This result can be understood by imagining that the Type O triangle in Figure 5.a is similar to sector
5in a 2 level SVPWM switching state diagram. Also the active vectors V1 and V2 in the multilevel SVPWM
switching sequence in this example are similar to V5 and V6 respectively of the 2-level SVPWM switching
sequence. Based on that the scalar position equations for Typel, Type2 and Type 3 triangles in sector 1 for
multilevel SVPWM switching state diagram will be the same as those obtained for sector 6, sector 1, and
sector 4 in 2-level SVPWM switching state diagram as shown in Table5.

Table 4. Selection of pa, pb and pc for a star-connected machine with a 2 level SVPWM

R Py P
di di, di, di, di_di
Vi+Vy 2-¢ al, _dly _l—¢ ai _al _1— ap_dy
( dt dt ) ( dt dt ) dt dt)
(V_Z) (V-O) v2)  vo v2) (Vo)
V,+Vo _1+C(%_di) _1+c(i_i) 2+c(d'C _di,
dt dt dt  dt dt dt
V3 (Vo) V3 Vo) V3 Vo)
V;3+V, ,1,c(d|c ,dIC) 27C(%7%) _1- (L,di
dt dt dt dt dt  dt
di, di, di, di di di
VatVo 2+¢(He G S 1o _Gh
( dt  dt ( dt dt) ¢ dt dt)
‘c‘]’?) &’.0) ws w0 s w0
+ b, di 1o g(Ua _diy _obie _die
VstV 717c(d—:7d—:) =g Cot =t
g.ﬁ’ g.‘” ((‘j’f" ((‘j/.m vo w0
VetV —1+c i,i 2+Ci,i 1+c($_$)
( dtdt ) ( dtdt ) dedt
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Table 5. Selection of pa, pb and pc for a star-connected machine for triangles located in sector 1 in multilevel

SVPWM
Triangle Vectors Pa Pb Pc
VD (V0 vy (vo) (VO]
V1+Vo —l—C(dI—h—dl—b) 1 dia dia 2_0(%_%)
a a0 I dt dt
Type0
ABCD W2 o) B @) vy Vo
V2+Vo _1+c(%_%) 2+c(di—b—ﬂ) _1+c(%_%)
dt dt dt dt dt dt
ADEND) V) VO
; : wn v D v
V1+Vo 2_0(%_%) 1 di; _ di _1_C(dil°_di'b)
. a d’ ' %Ca ) dt
ype
ABCA gla ((\j/lt» va o w
vave  —lag(=t——2) gyoh_ Gy 1ege-Shy
dt dt dt  dt dt dt
V1 (Vo) VD) (VO V) - vO
di, _di di, di di, dj,
VI+Vi 2-c(—=2-—2 Cl—g(—e ——c —1-c(2——=
. ° ot ") ) Gt " at)
ype
ABCD v2) Vo) vy wo) v2) (V0
V2+Vo _1+C(d|7b_d|7b) 71+C(dla7dla) 2+C(%—%)
dt dt dt  dt dt dt
w o G on o w
VI+V ! ! I, di, _ i di
Type 3 e 7170((17;7(175) 7170(E7E) 2-c( dt  dt
ABCA (&/-2) g.m g'z' &/-m ((\j/i2> (&/im
V2+Vo 2 o, _dl, 1 . _dig —l4c(—2_b
T a) T dat ot

One point should be taken in consideration is that this table is correct in sector 1 only. In other sectors the
triangles Type0, Typel, Type2 and Type 3 will no longer be similar to sector 5, sector 6, sectorl and sector 4
of the 2-level switching state diagram and so the position scalar equations will be slightly different but still
can be deduced directly from Table 4 as the only change will be the sector that the triangle will be similar to.
For example, Type 0 is similar to sector 5 if V_ref exists in sector 1 of the multilevel inverter SVPWM
switching state diagram. And it will be similar to sector 1 if V_ref exists in sector 3 of the multilevel
SVPWM switching state diagram as shown in Figure 13. Hence the scalar position equations will be chosen

from table 5 accordingly.

?\ v2

c /)B
N «
Sector 1
Sector 3 IN—>e < VoA
AN 1w
) 2. S N
{ NLT
Vf VoutVpgis even  DVpo+Vopis odd Vi
D B
Sﬁwj q\é Sector 6
> ector
Achz—uc.’/r—wA/
Sector 4

V5

SVPWM

Figure 13. Change of the way the switching sequence is defined in different sectors when using multilevel

IJPEDS Vol. 7, No. 2, June 2016 : 397 — 415



IJPEDS ISSN: 2088-8694 a 411

The above equations has been implemented using saber simulator program to track the saturation
saliency (2fe) in PM motor at differerent speeds as shown in Figure 14 where the equation to estimate the
position is chosen according to the value of Type. From The figure it is quite clear that this scheme has
tracked the saturation saliency whatever is the speed. Also, the minimum pulse width time is chosen to be
10us which is a realistic choice.

4. FULLY SENSORLESS SPEED CONTROL

The speed control for a PM machine has been implemented in simulation in the Saber modelling
environment. The estimated position signals Pa, Pb and Pc from obtained from table 5 are used as the input to
a mechanical observer [14] to obtain the speed w” and a “cleaned” position BTA. Note the simulation includes
a minimum pulse width of 10us when di/dt measurements are made — a realistic values seen from
experimental results of [6, 9]. This estimated speed w” and position GTA are used to obtain a fully sensorless
speed control as shown in Figure 15.

SpesddrRm : s>
aonJ : : : : : = ; speod_m

| mpeea_rer

Volage(v> - t(=>
vab

VohagelY)  Speedim)
:

> - =D
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il

| > = e
v pe

]

= ag=>

()

Potion Eximation t et Sponds n Sasmere Moch. Pason Estimaton a difwrent Sgee ds in Sese red o Pomion E aimation 1 dfarens n Sasncred Mo
sy ) Sontpe) b v s R
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YT R T TR TR It AT Mmoo w6 w
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Figure 14. Position estimation in multilevel inverter

4.1. Low Speed

Figures 16 shows the results of full sensorless speed control under full loaded conditions using the
proposed method. A speed step change from 0 to 15 to -15 back to 0 rpm at full load was demanded. The
measured speed and position seen in the figure proved that the system responded to the speed steps with good
dynamic response and good steady state behavior.
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Figure 15. The sensorless vector control structure for the cascade multilevel inverter PMSM

Fully Sensorless Speed Control
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Figure 16. Fully Sensorless Speed Steps between 0,15,-15 and 0 rpm at full load

4.2. High Speed

One of the advantages of this method is that its ability to work in sensorless mode over a wide speed
range as all the di/dt signals are sample in one PWM period and hence the effect of the back EMF will be
very small even at high speed. This is shown Figure 17 where the motor responded to a speed steps between
0 to 2000 rpm at no load. The performance of the system in this case is good.

Fully Sensorless Speed Control
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Figure 17. Fully Sensorless Speed Steps between 0 and 2000 rpm at no load
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4.3. Load Disturbance

Figure 18 demonstrates the visibility of the fully sensorless system under the condition of applying a
full load disturbance at very load speed. The system recovered at very short time.

Fully Sensorless Speed Control
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Figure 18. Fully Sensorless Full load steps Steps at 100 rpm

5. 5 IMPROVEMENT IN CURRENT DISTORTION

In this part, A comparison between the total harmonic distortion due to the minimum pulse width
introduced to the operation of both a multilevel inverter and a 2-level inverter with the normal operation of
both inverters at different speeds and load conditions is done. The minimum pulse width in both converters
were chosen to be 10us. Tables 5 and 6 show in details how many times the vectors V1,V2 and VO needed to
be extended in both the 2-level converter and the multilevel converter. This calculation is done in 4 second
period of time. As the switching frequency is SkHz, this means that the number of PWM cycles in this period
of time is 20000 and so, the number of times the position is sampled during this period will be 2500 as the
position is sampled every 4 PWM periods. From the Tables, it is clear that in the case of multilevel converter,
the situation where no extensions are needed happened at lower speed (250 rpm) compared to the 2-level
converter (500 rpm) which helps in reducing the current distortion.

Figure 19 shows the current waveforms for both the 2-level converter and multilevel converter
operating at 30 rpm and no load with and without pulse extension. Form the current waveform it is quite clear
the improvement in the distortion due to the used of small voltage steps for excitations in the case of
multilevel inverter.

Table 6. Illustration of number of minimum pules introduced due to different cases at different condition
when the motor driven by 2-level converter
2-Level converter- Full Load

Casel Case2 Case3 Case4 Case5 Case6 Case7
Speed all TO<Tmin TO<Tmin TO<Tmin TO0>Tmin TO0>Tmin TO0>Tmin TO0>Tmin
(rpm) T1<Tmin TI>Tmin TI1>Tmin T1<Tmin TI<Tmin TI1>Tmin T1>Tmin
T2>Tmin T2<Tmin T2>Tmin T2<Tmin T2>Tmin T2<Tmin T2>Tmin
15 2500 0 0 0 2500 0 0 0
30 2500 0 0 0 2500 0 0 0
100 2500 0 0 0 2500 0 0 0
250 2500 0 0 0 1600 450 450 0
500 2500 0 0 0 0 900 1000 600
1000 2500 0 0 0 0 500 400 1600
1500 2500 0 0 0 0 300 314 1886
2000 2500 200 300 2000 0 0 0 0
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Table 7. Illustration of number of minimum pules introduced due to different cases at different condition

when the motor driven by multi-level converter
Multi-Level converter- Full Load

Casel Case2 Case3 Cased Caseb Caseb Case7
peed all TO<Tmin TO<Tmin TO0<Tmin TO0>Tmin TO0>Tmin TO0>Tmin TO0>Tmin
(rpm) TI<Tmin T1>Tmin T1>Tmin TI<Tmin TI<Tmin TI>Tmin T1>Tmin

T2>Tmin T2<Tmin T2>Tmin T2<Tmin T2>Tmin T2<Tmin T2>Tmin
15 2500 0 2500 0 0 0 0 0
30 2500 0 2500 0 0 0 0 0
100 2500 0 1502 996 0 0 0 0
250 2500 0 0 1300 0 0 602 598
500 2500 0 0 686 0 0 304 1510
1000 2500 0 0 396 0 402 602 1100
1500 2500 100 350 1900 0 100 100 100
2000 2500 200 0 392 298 602 200 808

2-evel no extension 2-level with extension multi-level no extension multi-level with extension
X 1.
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Figure 19. Current waveforms and FFT in 2-level inverter and multilevel inverter at 30 rpm and no load

CONCLUSION
This paper has outlined a new scheme for tracking the saliency in ac machines driven by a

multilevel inverter using the current transient response due multilevel-inverter switching actions without any
need to include additional excitation voltages and without any modification to the normal operation of the
multilevel inverter. The equations to track the saliency will be similar to those in 2-level inverter [3]. The
new method helps to reduce the current distortion significantly compared to the standard 2-level inverter due
to the reduction in excitation voltage. The method can be also implemented to different multilevel topologies
such as the diode clamped multilevel inverter and can track both the saturation saliency and the rotor slotting

saliency.
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