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Abstract: This paper introduces three different algorithms to track the saliency in the seven-phase
PMSM to obtain sensorless speed control. These algorithms are based on measuring the amount of
change of the stator currents when different active vectors are implemented using the Near Six
Vectors-Space Vector Pulse Width Modulation (NSV-SVPWM). Then, a comparison between these
algorithms in terms of the Total Harmonics Distortion (THD) associated with implementing each
algorithm is presented. The increase in the current distortion in these algorithms is related to the
fact that narrow active vectors in these algorithms should be extended to tmin (8us) for proper
measurement in the current dynamics due to the oscillation in the currents. However, since the time
duration of these active vectors in NSV-SVPWM will be 2.52 times longer than others, it is found
that using these long active vectors will result in minimum current distortion. Simulation results are
provided to investigate the effect of using the dynamic response of different active vectors on the
THD of the current. Moreover, the results demonstrate the effectiveness of the proposed control
technique to maintain the performance of the seven-phase PMSM motor drive post the failure in
the speed sensor.

Keywords: sensorless; seven-phase motor; NSV-SVPWM; THD

1. Introduction

Multi-phase machines are becoming of increased interest in many industrial
applications especially for medium- and high-power applications such as in marine,
aerospace, and railway industries. This interest is related to the fact that the multi-phase
machines offer some advantages over the three-phase drives. Firstly, it possible to obtain
a higher power rating motor without the need to increase the phase current or the voltage
(same IGBT rating). Secondly, it helps to reduce the amplitude and increase the frequency
of the torque ripple. Finally, it offers a high degree of reliability as it is inherently fault-
tolerant [1,2].

In multi-phase motor drives, it is quite important that the output of the inverter will
be purely sinusoidal because any 3rd, 5th, and 7th harmonic that exist in the output of the
inverter will cause a huge stator current. For this reason, multi-dimensional SVPWM
should be implemented instead of the 2D-SVPWM. The multi-dimensional SVPWM is
based on the concept of orthogonal multi-dimensional vector space which can synthesize
voltage vectors in multi d-q subspaces to generate a sinusoidal output voltage [3-9].

Most of the industrial drive systems use speed sensors (encoder or resolver) to obtain
the rotor position and speed to achieve vector control of the PMSMs. Unfortunately, using
these sensors will reduce the reliability of the whole drive system as these sensors
interfere with the noise. Therefore, many researchers have been directed to the
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“sensorless” or “encoderless” control of the PMSM drive where the rotor position and
speed are obtained without using encoders or resolvers [10-15].

Sensorless control of five-phase motors has been researched in the last couple of
years. This research has focused on model-based sensorless control, direct torque control,
and high-frequency injections [16-20]. Recently, a few papers were presented the
sensorless control of seven-phase motors using model base methods [21-27]. To the
authors” best knowledge, no paper has introduced the sensorless control of the seven-
phase motor based on high-frequency excitation.

This paper introduces a novel sensorless control technique of the seven-phase PMSM
with minimum current distortion. The algorithm to obtain the speed and position of the
rotor is based on measuring the amount of change of the stator currents when the inverter
is switching using the NSV-SVPWM. The time duration of each switching action of the
inverter varies according to the applied vector. By measuring the amount of change of the
current when the long vectors are applied, the current distortion can be reduced
significantly as there are not any extensions of the vectors.

2. Sensored Speed Control of the Seven-Phase PMSM
2.1. Overview of the Seven-Phase PMISM Model

Figure 1 illustrates the seven-phase PMSM drive topology. The dynamic model of
the motor is given by Equations (1)—(3).

Inverter

— -+ +} <

INV DC Link
T i i i is isg isF
O— SA is isg S
O—

Rectifier 45} 45}

esalosa TS

Seven-phase PMSM

Figure 1. Seven-phase drive topology.

[Vs] =Tk [Is] + A[(ps] (1)
where [V;] = [Vsa, Vs, Vse, Vsp, Vs, Vsry Vo] T are  the stator applied voltages, [I ] =
lisar isps iscy isps Lspr Lsprisg] T are the stator currents o] =
(@Psar @ s8> Psc» Pspr Pser Pspr Psc] T are the stator linkage fluxes, 7is the stator resistance,

and A= i.
dt
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The stator linkage fluxes can be expressed as:

[@s] = Lins * [Is] + @ )
cos(6g)
cos(0g — 2m/7)
cos(0g — 4m/7)
@y = Ky | c0S(Og — 61/7) 3)

cos(6g — 8m/7)
cos(0g — 10m/7)
[ cos(8r — 12m/7)]

where L, is the stator inductances matrix, £, is the peak permanent magnet flux
linkage, and 6 is the rotor position. The motor parameters that are used in this paper are
given in the Appendix A.

2.2. Space Vector Distribution

The SVPWM technique that is used in three-phase PMSMs can’t be implemented in
seven-phase PMSMs, because the implementing of this SVPWM technique will generate
3rd and 5th harmonics at the output voltage of the inverter. This would produce large 3rd
and 5th stator currents, and is related to the fact that these harmonics are limited by the
stator impedance only due to the absence of the rotating back EMF [3-8]. Hence, to obtain
pure sinusoidal currents in the seven-phase motor, the 3rd and 5th harmonics should be
suppressed from the output of the inverter. This can be achieved using the NSV-SVPWM
only. In this technique, reference voltage (V_ref), which is the output of the controller, is
decoupled to three orthogonal planes. The first plane rotates at w and is called the x1-y1
plane where w is the synchronous speed of the motor. The second one rotates at 3w and is
called the x3-y3 plane. The final one rotates at 5w and is called x5-y5, using Equations (4)—-
(6). This step is very important for identifying the 3rd and 5th harmonics in V_ref.

_VSA_
PN Ve
AT I
31 [G11Vsp (4)
ly3l v
l[X5J| VSE
5 SF
Y -VsG—
and
[VSA] x1
|VsB| [ 1]
v [Y1]
|Vic| [x3]
Vep | =167 3] (5)
[V | y3
el
SF
5
lv,.J y
where
cos (27;:) cos (4771) cos (67") cos (87") cos (an) cos (1277[)
sin)  sin (2) sin (%) sin (2 N sin (=)
cos3(27n) cos3(47n) cos3(67") cos3(87") cos3(107n) cos3(127n)

6
sin3(27n) sin 3(47:1) sm3(67n) sin3(87n) sin3(107n) sin3(127n) (©)
c055(27n) c055(47n) c055(67") c055(87") cosS(lOTn) cosS(lZTn)
sin5(X)  sin5(Z)  sin5(D) sin5(Z)  sin5(50)  sinS() |
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The switching vectors Vm1, Vm3, and Vmb5 in the x1-y1 plane, the x3-y3 plane, and
the x5-y5 plane, respectively, can be calculated directly using Equation (7).

_SWA_
21 an en  sr tor 1w |SWe
Vm1l 1 &7 /7 7 /7 77 e/77 Swe
vmd|=—«Vpcx |y T T T T T T Swp )
Vm5 1 estTH e5j47n e5j67n esjBTH estOTn esjlzTn SWE
Wk
[ Swg |
where Voc is the DC link voltage, Swy, Swg, Swe, Swp, Swg, Swg, and Sw; are the gating
signals of upper switches of the phases ‘A’, ‘B’, ‘C’, ‘D’, ‘E’, ‘F’ and ‘G, respectively, in the
seven-phase inverter. According to the relational expression (7), the space vector
distribution corresponding to the 128 switch states in Figure 2 can be obtained. These
switching vectors have different amplitudes L1, L2, L3, L4, L5, L6. These amplitudes can
be calculated using Equation (7) and given in Table 1.
Table 1. Switching vector amplitudes.
Vector Group 4 L2 L3 L4 L5 L6 L7
Name

amplitude 0.127 x Vpc

0.159 x Vpe 0.229 x Vpce 0.286 x Vpe 0.356 x Vpe 0.515 x Vpe 0.642 x Vpe
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Figure 2. Voltage vector space distribution in the x1-y1 plane.
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2.3. NSV-SVPWM

Theoretically, the seven vector groups (L1, L2, L3, L4, L5, L6, and L7) can be used to
generate the reference voltage. However, only the vectors L4, L6, and L7 are used to
generate the reference vector in each sector practically. This is related to the fact that the
vectors L1, L2, L3, and L5 are not continuous and their amplitude is small [3-8§].

For example, if the reference voltage is located in the first sector: the six active vectors
V1 (1000000), V3 (1100000), V67 (1100001), V71 (1110001), V103 (1110011), and V111
(1111011), in addition to the two null vectors V0 (0000000) and V127 (1111111), synthesize
the reference voltages in x1-y1 plane as illustrated in Figure 3a and the associated PWM
waveform will be as shown in Figure 3b.

The duration time for each vector can be calculated as:

[tl] Vsref_x1
g e
131 _ sref_x
lta] = tsx [T 1]IVsref_y3| ®
1%5] | Vsref_x5|
t6 leref_ySJ
where
(L4 L6xcos() L7 L7 * cos (27”) L6  L4xcos(D) |
0 L6 * sin(27n) 0 L7 = sin (27") 0 L4 = sin(27n)
L4 L1#cos(3 27") -L3 L3 * cos (10 277[) L1 L4 *cos(3 27”)
T= )
0 Lixsin(3%) 0  13xsin(10%) 0 L4xsin(3%)
L4  L5%cos(12 27”) L2  L2+%cos (5 27") —L5 L4 *cos(5 27n)
0 L5 * sin(12 27") 0 L2 * sin (5 2711) 0 L4 * sin(527n )
L x
t0=ts—tl—t2—t3—t4—t5—1t6 (10)
Phase C
V71
v3
Phass D ‘viii =
. N_re ; V67
= vi i vi V103
— 1 Phase A
Phase E .

Phase F

(a)

t0/4 t1/2 t2/2 t3/2 t4/2 t5/2 t6/2 t0/4 t0/4  t6/2 t5/2 t4/2 t3/2 t2/2 t1/2 t0/4

!
|

F [

| {b) I \

Figure 3. (a) NSV-SVPWM vector synthesis in x1-y1, (b) PWM waveform.
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The algorithm to calculate the dwell time and the switching sequence in any sector k
is shown in the flow chart in Figure 4.
where the w1, w2, and Table 2 are shown below:

Ldcos((k — 1D Z)  Lécos(kZ)  L7cos((k —1)2) L7cos (k27”) Lécos((k —1)2)  Lacos(kZ)
Lasin((k — DZ)  Lésin (k27”x) L7sin((k —1)Z)  L7sin (k%”) Lesin((k —1)2)  Lasin(k>)

Wi L4cos(3(k —1)Z)  Llcos(3kZ) —L3cos(3(k —1)29) — L3cos (3k27") Licos(3(k = 1)29) L4cos(3k=) a1
Lasin(3(k —1)Z) Lisin (3k27”) —13sin(3(k - 1)Z) —L3sin (3k%) Lisin(3(k —1)%) L4sin(3k7)
Lécos(5(k —1)Z)  —L5cos(5k=) L2cos(5(k — 1)) L2cos (5k27") — L5 cos(5(k — 1)2) Lacos(5k=)
Lasin(5(k —1)Z)  —L5sin(5k2) L2 sin(5(k —1)2) L2sin (5k27”) — L5 cos(5(k — 1)2) Lasin(Sk=") |
[Lacos(kZ)  Lécos((k—1)Z)  L7cos(kZ)  L7cos ((k - 1)27") Lécos(k=)  Lacos((k — 1) =) |
Lasin(kZ)  Lésin ((k -1 27”) L7sin(k ") L7sin ((k -1 27”) Lésin(kZ)  Lasin((k — 1))
Lacos(3kZ)  Llcos(3(k —1)F) —L3cos(3kT) — L3cos(3(k = 1)) Licos(3kT) Lacos(3(k — 1)) 12
w2=

L4sin(3k2)  Lisin (3(k -1 27”) — L3sin(3kZ) — L3sin (3(k - 1)27”) L1sin(3k2) L4sin (3(k - 1)27")
Lcos(5kZ)  —L5cos(5(k —1)Z) L2cos(5k=) L2cos (S(k - 1)27”) — L5 cos(5k2) Lacos(5(k — 1) Z)
Lasin(5k=)  —L5sin(5(k —1)2) L2sin(Sk=) L2sin (5(k - 1)27”) — L5 cos(5k=) Lasin(5(k — 1) =)

It can be shown that if the 3rd and 5th harmonics of the stator currents are controlled
to zero, i.e., the quantities Vsref_ x3,Vsref_ y3,Vsref x5,Vsref_y5 are set to zero as in
most cases, Equation (10) yields the following [9]:

£2 =1.8093 x t1 (13)
£3 = 2.2524 x t1 (14)

This ratio between the duration time of applying each vector is similar to the ratio of
applied voltages L4, L6, and L7 found in Table 1. This result is quite important and will
be used later on to compare different algorithms that are proposed in this paper to track
the saturation saliency term of the current distortion.

Input sector no (k)

k is odd
. k is even
T=wl T=w2
4
Switching
> sequence [«
from table 2

Figure 4. Algorithm to calculate dwell time and switching sequence in different sectors using NSV-
SVPWM.
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Table 2. Switching sequences in different sectors using NSV-SVPWM.

Sector
No Qo Q1 Q2 Q3 Q4 Q5 Q6 Q7
VO V3 V67 V103 V111 V127
1
(0000000) V1 (1000000) (1100000) (1100001) V71 (1110001) (1110011) (1111011)  (1111111)
Vo0 V3 V7 V71 V111 V127
2
(0000000) V2 (0100000) (1100000) (1110000) (1110001) V79 (1111001) (1111011)  (1111111)
VO Vo6 V7 V127
3 2 (01 15 (1111 79 (1111001 1111101
(0000000) V2 (0100000) (0110000) (1110000) VI5( 000) V79 ( 001) V95 ( o1) (1111111)
Vo V6 V14 V127
4 V4 (001
(0000000) (0010000) (0110000) (0111000) V15 (1111000) V 31 (1111100) V95 (1111101) (1111111
Vo V12 V14 V127
5 (0000000) V4 (0010000) (0011000) (0111000) V30 (0111100) V31 (1111100) V63 (1111110) (1111111
VO V12 V28 ( V127
6
(0000000) V8 (0001000) (0011000) 0011100) V30 (0111100) V62 (0111110) V63 (1111110) (1111111)
VO V24 V28 V126 V127
7 1 1111 2 (011111
(0000000) V8 (0001000) (0001100) (0011100) V0 (00 0) V62 (0 0) (0111111)  (1111111)
Vo0 Vie V24 V56 V124 V126 V127
8 (0000000)  (0000100) (0001100) (0001110) V60 (0011110) (0011111) (0111111)  (1111111)
9 VO V16 V48 V56 V120 V124 V125 V127
(0000000)  (0000100) (0000110) (0001110) (0001111) (0011111) (1011111)  (1111111)
10 VO V32 V48 V112 V120 V121 V125 V127
(0000000)  (0000010) (0000110) (0000111) (0001111) (1001111) (1011111)  (1111111)
1 VO V32 V96 V112 V113 V121 V124 V127
(0000000)  (0000010) (0000011) (0000111) (1000111) (1001111) (1101111)  (1111111)
Vo Vo4 V96 V113 V115 V124 V127
12 V97 (1 11
(0000000)  (0000001) (0000011) 97 (1000011) (1000111) (1100111) (1101111)  (1111111)
VO Vo4 V65 V115 V119 V127
13
(0000000)  (0000001) (1000001) V97 (1000011) V99 (1100011) (1100111) (1110111)  (1111111)
\ V65 V103 V119 V127
14 1(1 7 (11 1 1100011
(0000000) V1 (1000000) (1000001) V67 (1100001) V99 (1100011) (1110011) (1110111)  (1111111)

The speed control of the seven-phase PMSM drive in sensored mode using the NSV-
SVPWM technique has been simulated in saber according to the vector control structure
depicted in Figure 5. It can be shown from the figure that the 3rd and 5th harmonics of
the stator currents were controlled to zero by putting id3_ref, iq3_ref, id5_ref, and iq5_ref
to zero to obtain pure sinusoidal currents. The results of the simulation are shown in
Figure 6.
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d/dt
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Figure 5. Vector control topology using NSV-SVPWM for the seven -phase drive.
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Figure 6. Sensored operation of the five phase motor.

It can be noticed from Figure 6 that motor speed was controlled to 120 rpm and the
stator currents were distributed symmetrically and shifted by (2m/7). Moreover, the
spectrum of the stator currents shows that there are no 3rd and 5th harmonics in the stator
currents as they are controlled to zero. It can be noticed also that the ratio between the
duration of the applied vectors completely agrees with what is given in Equations (13)
and (14).

3. Algorithms to Extract the Rotor Position in Seven-Phase PMSMs without Encoders
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Qo Q1 a2

Qa3

Q41 Q5| Q6| Q7

The inductances of the stator winding of the seven-phase PMSM are modulated by
the saturation saliency of the main flux as shown in Equation (3), i.e., (the term (2 * 2m/7)).
This modulation appears in the dynamic response of the stator currents of the seven-phase
PMSM when any of the IGBTs in the inverter are switched on or off. Hence, the saliency
position and the rotor position can be extracted by measuring the amount of change of the
stator currents due to the IGBTs switching action in one PWM waveform. Moreover, since
the NSV-SVPWM is used in this research, this will give flexibility in choosing the vector
that will be used to track the saliency. In this paper, the first three active vectors Q1, Q2,
and Q3 were used separately beside the null vector QO to track the saturation saliency as
shown below.

3.1. Tracking Saliency Using the Active Vector Q1 (case =0)

Figure 7a shows the PWM waveform in sector 1 obtained by implementing the NSV-
SVPWM technique. Also, the figure illustrates the sampling time and the associated
dynamic current responses obtained by applying the vectors Q1 and QO. Figure 7b,c show
the dynamic stator circuit of the PMSM when the vectors Q0 and Q1 are applied,
respectively.

A354°%) 4(i5°)

A1) Aip?)

A2 A(2)
A(i6%)

A ) a(iz*)
a(ic®) A1)
Ai9Y) A1)

(a)

Aig%)

Figure 7. (a) Sampling instants of the current response when the vectors Q1 and QO are used to track
the saliency, (b) dynamic circuit when QO is applied, and (c¢) dynamic circuit when Q1 is applied.

Using the circuits in Figure 7b,c the following equation holds true:
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[VDC) ?AZi - l:A((Zz[())_ llUA :28421 : ZAZ(;)) re 1 — 2,201
| 0] l-BQ1 ~ l-BQO laB %A Cor_ o e’ e
| 0| it -, oc * A(ic ic?°) ecdt — e Q0
[ 0 |=n*lip® —ip®l+ ]l xA>ip% — ip%°) |+ ept — ep?° (15)
I 8 I g% =152 g+ (1% — i) eEQi _ eEQz
[ 0 | ir?t =% Lo * A(i % — i°°) erl - eFZO
[0t — i< 1,6 * A(iGQl _ iGQO)_ e —eg* |

where [; is the stator leakage inductance and is the back emf.

Equation (15) can be further simplified by neglecting the drop voltage on the rs as it
will be a very small quantity. By neglecting the back emf, there will be little change on it,
hence Equation (16) can be obtained.

[Loa * A1 — 1,%°)]
101 Ll
| o[ |lcrA(ic® —ic®)
I 0 I: lop * A(ip®" — ip?%) (16)
O] flor e A~ 1)
[ o ] [lor*a(i® - i)
[ loG * A(iGQ1 - iGQO)_

The position scalars p,_Q1, pp_Q1, pc_Q1, pp_Q1, pp_Q1, pr_Q1, and p;_Q1 can be
constructed as follows:

[A(i4%" — i)
(Pa_Q17 . Q1 _: QO
A(lc —lc )

pp_Q1
pc Q1] |23 —i®)
pp_Q1|=A(i?" —ic?) (17)

)l e
G- A(lDQl - iDQO)

_pg_Ql_
A% = i)

The position scalars in other sectors are given in Table 3. These position scalars can
be used to obtain pgrq, p_beta as follows:

[Pa-Q17
pp_0Q1
l pC—Ql
[-beral = 11]o-01 )
- PE-
pe_Q1
| pg_Q 1]

where
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Table 3. Saliency position scalars in each sector of the seven-phase PMSM using Q1 (case =0).

Sector

No PaQ1=A0  ppQ1=A0 pcQ1=A0 ppQ1=A0 ppQ1=A0 prQ1=A0 peQ1=A0
1,14 i 9t —i,9° it —i,%° P R P P g9t —ip?° ip? —ip?° it —ip%°
2,3 it —i%° P I T i T L i 0t —i,%° it —i9° ig?t —i;%°
4,5 P it —i, R A i — i it —i% gt —ip® Q0
6,7 it — i P I T e P Py it — i i —i,%° it —i%°
8,9 it —ip9° i@t — i it —i,9° P it —ip%° it —i?° ig?t —ip?°
10,11 R P P e I P P il 0 it — i i —i,2°
12,13 g9t —ip? -0 90 i 9t —i,9° i@t — i@ ig?t =i ig?t —ig?
The effectiveness of the saliency position tracking algorithm given in Table 3 is
achieved using the vector control structure shown in Figure 8. The mechanical observer
[27] is used to tune the noise in the position signals. The whole control structure has been
simulated using a Saber modeling environment. Note that the simulation includes a
minimum pulse-width of 10 us when di/dt measurements are made.
3- phase input supply
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> Pi Pl — B
el 1 Vd3_ref :; o Ve ref
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1d5_ref=0 L] ]‘—
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q1 /B
d3 g I
q3 Io
ds E I
oy F L
G
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> -3 >
Phifa_gescsimpemmment.
Kt ——» Mechanical observer Sallency !
— algorithm
Pbeta

drdt

Estimated_position'

¥

Rotor position

4

Figure 8. Control structure to obtain the saliency position in the seven-phase drive.

The results shown in Figure 9 prove the effectiveness of the proposed saliency
tracking algorithm. The motor speed was controlled at 120 rpm under full load conditions.
The dynamic response of applying the active vector Q1 was used to track the saliency. The
results demonstrate that the proposed algorithms can track the saturation saliency (2xfe)
at low and zero speeds efficiently.
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Figure 9. Saliency tracking results using the active vector Q1 (case = 0).

3.2. Tracking Saliency Using the Active Vectors Q2 and QO (case=1)

Figure 10a shows the PWM waveform in Sector 1 obtained by implementing the NSV-
SVPWM technique. The figure also illustrates the sampling time and the associated dynamic
current responses obtained by applying the vectors Q2 and Q0. Figure 10b,c show the dynamic
stator circuit of the PMSM when the vectors Q0 and Q2 are applied respectively.

Q3| Q4| Q5| a6 Q7

747 .
A(i2%°) A(i°)
A(icgu) A(iuoo)
A3 A®%)
a(ig?)

A(i,°%) a(ip9?)

A(iCQZ) A(iDQZ)

A(ip?%) A(ir??)
A(i6%)

Figure 10. (a) Sampling instants when the current response of applying Q2 and QO are used to track
the saliency, (b) dynamic circuit when QO is applied, and (c) dynamic circuit when Q2 is applied.
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Using the circuit in Figure 10b,c the following equation hold true:

rVDCH
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[l e o)

- Q2

Il
o
*
=
S

— 3,007 [loa* A% = is®)]

i g * A1 — 15%)
iCQO loc * A(icQZ - icQO)
—ip@l+|lp *A>p %% = ip?)
—ig? log * A(iEQZ - iEQO)
- iFZZ Ly * A(ip %% — iz9°)
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e ??
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Q0 -
Q0
— Q0
—ep®)  (20)
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_eA
_eB
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Using the same assumption applied before and related to the drop voltage on the rs
and the back emf, Equation (21) can be obtained.

L+ A(iAQZ _ l-AQO)_
ooy i i
ocl 1 e i
| 0 [=1l,p (0% — ip®)
R i
51 ftor a6 - )

[ 56 * A(iGQZ - iGQO)_

21)

The position scalars p,_Q2, ps_Q2, pc_Q2, pp_Q2, pz_Q2, pr_Q2, and p;_Q2 can be
constructed as follows:

Pa_Q2 [—A(ip®* —ip®)]
P |8 - )
peQz] [7A3% - 4u®)
pp_ Q2| = —A(icgz_icqo)
pe Q21 |_p(,02 — 00
el |78 = 16%)

-5 — i5%°)]

The position scalars in other sectors are given in Table 4.

(22)

Table 4. Saliency position scalars in each sector of the seven-phase PMSMs using Q2 (case = 1).

Sector

No. Pa_Q2=A() Pgy, =00 pPc_Q2=A() Pp_Q2=A() Pe_Q2=A() Pr_Q2=A() Pc_Q2=A()
1,2 ip% —ip?° g% — @0 9% =i, R ig® —i;%° i —i® iy ®—ip®
3,4 L A P I e e P L P P Ly i —ip%° 092 —i,%°
5,6 ig@ — i Q00 02 Q0 %% -, i —i° ig? — iy ig9% — i
7,8 9% —i,9° P P P e Ly g9 — iz ip? —ip?° i —i;%°
9,10 i g9 —ig® 0 ey 0 ez Q0 9% — i, i % —i% ig® —i,%
11,12 g9 — . i 9% — i, i % - g9 — i g9 —i?° ig® —ip?® )
13,14 9% — i, ;9% —i 0 g0 ez 00 ez Q0 if9% —i,%° ic??—i°

The effectiveness of the saliency position tracking algorithm given in Table 4 is
achieved using the vector control structure shown in Figure 8. The results shown in Figure
11 prove the effectiveness of the proposed saliency tracking algorithm. The motor speed
was controlled at 120 rpm under full load conditions. The dynamic response of applying
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the active vector Q2 was used to track the saliency. The results demonstrate that the
proposed algorithms could track the saturation saliency (2xfe) at low and zero speeds

efficiently.
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Figure 11. Saliency tracking results using the active vector Q2 (case = 1).

3.3. Tracking Saliency Using the Active Vectors Q3 and QO (case =2)

T
32

34

pPG-Q2

Figure 12a shows the PWM waveform in Sector 1 obtained by implementing the
NSV-SVPWM technique. Also, the figure illustrates the sampling time and the associated
dynamic current responses obtained by applying the vectors Q3 and QO. Figure 12b,c
show the dynamic stator circuit of the PMSM when the vectors Q0 and Q3 are applied,

respectively.

Using the circuit in Figure 12b,c, the following equation holds true:

VDC
|VDC|
|VDC|
| o

————— —

!
I
|

(=)

=‘r‘s*

[0, = i,%°7
iBQ3 _ iBQO
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l'DQ3 _ iDQO
iEQ3 _ iEQO
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[i%% — i

L, * A(iAQS _ l-AQO)_
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log * A(iEQ3 - iEQO)
lop * A(iFQ3 - iFQO)

ey — e,
ec%3 — e,
ep® — e,
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p03 — ¢,,20

| o * A(iGQ3 - iGQO)_

,eGQS - eGQO_

(23)

Using the same assumption applied before and related to the drop voltage on the rs
and the bac emf, Equation (24) can be obtained.
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Voc| Jloc * (e = 1c%)
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Figure 12. (a) Sampling instants when the current response of applying Q3 and QO are used to track
the saliency, (b) dynamic circuit when QO is applied, and (c¢) dynamic circuit when Q3 is applied.

The position scalars p,_Q3, ps_Q3, pc_Q3, pp_Q3, pe_Q3, pr_Q3, and p;_Q3 can be
constructed as follows:
_A(iAqg - iAQO)_
pa_Q3 A(iCQ3 _ l-CQO)
pp_Q3 03 . Qo
pC-Q3 A(lE - lE )
Pp_Q3|=|A(ic% - ic%) (25)
Pe-Q3 1 1A(1,% - i50)
pr_Q3 . Q3 _: QO
A(ip® —ip?)
| pg_Q3.
[A(ip% — i)

The position scalars in other sectors are given in Table 5.
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Table 5. Saliency position scalars in each sector of the seven-phase PMSM using Q3 (case=2).

Sector No.  p,_0Q3=A0 Pp_Q3=A( Pc_Q3=A0 Pp_Q3=A0 Pe_Q3=A( pr-Q3=A0 P6-Q3=A0
1,14 i B -, i@ -2 ig® — i i3 —i % ig® — iz ip? —ip?° ip® —ip?
2,3 g9 — i ip? — iz ip® —ip?° 93—, i — i, i® -9 ig® —ip°
4,5 93— i — i, i 9 -9 i@ — i i - ipg?® —ip?° ip? —ip?°
6,7 g9 — i i —i® ig? — iz ip® — i ip® —ip?0 i — i, i ®—i 90
8,9 ip® — i 93— 90 i =i, i —i2 ig® —i;%° ig®—i% ig® —ip®

10,11 i — i ig® — i g9 —i% i —ip? ip? —ip?0 ip® —ip® g9 =i,
12,13 ip®® —ip?° ip? —ip?0 ip® — iy i — i, i ® =i ig® — i ig® — i
The effectiveness of the saliency position tracking algorithm given in Table 5 is
achieved using the vector control structure shown in Figure 8. The results shown in Figure
13 prove the effectiveness of the proposed saliency tracking algorithm. The motor speed
was controlled at 120 rpm under full load conditions. The dynamic response of applying
the active vector Q2 was used to track the saliency. The results demonstrate that the
proposed algorithms could track the saturation saliency (2xfe) at low and zero speeds
efficiently.
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Figure 13. Saliency tracking results using active vector Q3 (case = 2).

4. Sensorless Control

The sensorless speed control structure of the seven-phase PMSM machine drive has
been simulated using Saber modeling environment. The saliency tracking algorithm
besides the mechanical observer was used to obtain the rotor position and the speed of



Electronics 2022, 11, 792 17 of 23

the motor. These signals were then used to obtain field-oriented sensorless speed control
of the seven-phase PMSM drive as shown in Figure 14.

3- phase input supply

1d1_ref=0 Va3_ref T ([ T
_— — Pl
Y v, Va_ref P S T
Ig1_ref vqi_ref di
ol L —> P _—'q1 b
- A 4 vd3_ref 4 - ERLECA
1d3_ref=0 d vd_ref,
) ref=0 | Pl 3
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g
ala |2 |2 =3
= |2 IS 18 B
S ¥ VS Ve £3
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) — Pheta
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Figure 14. Speed control structure for the five-phase inverter PMSM drive post the failure in the
speed sensor.

Figure 15 shows the results of sensorless control of the seven-phase PMSM motor
drive. The motor was working at a speed of 150 rpm and full load in sensorless mode. The
algorithm given in Table 3 (case = 0) was used to track the saliency. Then, at time t =3 s,
the reference speed was changed from 150 rpm to 0 rpm. Finally, a t =5 s, the reference
speed was change from 0 rpm to =30 rpm. The results in Figure 15 shows that the motor
maintained the performance post the failure in the speed sensor. Moreover, the transient
and steady-state response of the system post the failure in the speed sensor was good as
that before the failure.
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Figure 15. Sensorless speed control results.

5. Current Distortion

The main difficulty when applying current derivative-based position estimation
schemes to real systems arises from the parasitic effects within the motor, the inverter,
and the cabling [28]. Hence, narrow active voltage vectors must be extended to a
minimum vector duration tmin which is set according to the high-frequency decay as
shown in Figure 16a. In this paper, tmin was set to 8 us. This means that the active vectors
whose dynamic response of application was used to track the saliency should be extended
to tmin if its time duration is less than tmin. This will introduce a large distortion in the
motor currents at low speeds, as shown in Figure 16b which was taken for a real three-
phase motor. This distortion causes audible noise, torque pulsation, and increases losses.

In this paper, the dynamic response of three different active vectors (Q1, Q2, and Q3)
can be used to track the saliency, as shown in the previous section. However, when the
3rd and 5th harmonics of the reference voltages are set to zero, the time duration of the
application of these active vectors will be different, as shown in Equations (13) and (14) in
Figure 6. The time duration of the applications of the active vector Q2 will be 1.8093 times
the time duration of the application of the active vector Q1. Moreover, the time duration
of the application of the active vector Q3 will be 2.2524 times the time duration of the
application of the active vector Q1. This means that it is more likely to have a time duration
of the active vector Q3 higher than tmin, which means that no extension to the active
vector will be needed in this case. If time duration of the active vector Q3 is still less than
tmin, it will need to be extended for a further short period. In both cases, this will lead to
a minimum current distortion compared to the application of the other active vectors Q2
and Q1. In the same way, it is expected to have less distortion in the current when the
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active vector Q2 is used to track the saliency since it has a longer time duration compared
to the active vector Q1.

M1 V2 V7 va | V5|
Phase A
PWM pulse Phase B
Phase C
Lrnin 1| Ty 2
P tnin 40P tmin 4

i,
dt

Amper
~

6 = 2 o 2 a @ 8 10 12
Time(s) =107

(b)
Figure 16. (a) HF oscillations when IGBT switches state, and (b) dynamic current response.

The above idea is demonstrated using a Saber simulator and the results are shown in
Figures 16-19. In Figure 17, the motor was controlled to work at 90 rpm. In the time
interval (2-3s), there were no extensions to any vector. In time intervals (3-4s), (4-5s), and
(5-6s), the active vectors Q1, Q2, and Q3 were extended to 8us, respectively, when their
duration time was less than that. The signals ‘count Q1’, ‘count Q2’, and ‘count Q3" are
counters to count how many times the active vectors Q1, Q2, and Q3 are needed to be
extended in simulation, respectively. It can be shown from the values of these signals that
active vectors needed to be extended every PWM period (5000 PWM in each second since
the switching frequency is 5 kHz). This means that all the active vectors have duration
time less than 8 us. This can be expected since the speed is low.

1
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Figure 17. Current waveforms at 90 rpm using different extension schemes.
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The current waveform in each time interval was further checked to see if there was a
reduction in the current distortion in the case of using active vector Q3 compared to the use of
the other two active vectors, Q1 and Q2. The FFT of the current at each time is depicted in
Figure 18. The Total Harmonic Distortion (THD) was: 0.7% in the case of no-extension, 1.7%
in the case of extension Q1 (case = 0), 1.3% in the case of extension Q2 (case = 1), and 1.05% in
the case of extension Q3 (case = 3). The spectrum and the THD show that the minimum
distortion occurred when the Q3 was extended, which agrees with previous findings.

no extension
- extension Q1
extension Q2
extension Q3

0.03

0.025

0.02~

0.015

amplitude

0.01

0.005

0
(4]

freq(Hz) 100 ©

Figure 18. FFT of the current waveforms at 90 rpm using different extension schemes.

A similar test was performed at a higher speed (420 rpm) and the results are depicted
in Figure 19. The results show that there was a need to extend the active vector Q3 (case =
2) in the 1839 PWM period out of the 2500 PWM period, while there was a need to extend
the vector Q2 (case = 1) for 2306 PWM period out of 2500 PWM period. Finally, it was
required to extend the vector Q1 (case = 0) each PWM period.

+No extension—++extention of Q1-++extention of Q2+« extention of Q3% . s)

600.0 .
~  400.0
200.0
00

-200.0
(A) : %)
100 iF i6
A A IS A » A A A iB

=
o —

E==

e ————=
===
——

e———

—_—

———

)

0.0

—
—
—
—_—
—

=
—_——
——
——— =
—_————
=S
———
_—
—_——

S
———

T——
<

-10.0

1.0
0.0

[}

) : 4s)
2.5k [ (4.0038,2500.0) count Q1
(4.5005, 2306.0) —
20k i ]
(5.0,1839.0)—) o0 0n
1.5k - -
<
1.0k count Q3
500.0
00

T T T T T T T T T T
3.0 32 34 36 38 40 42 44 46 48

t(s)

Figure 19. Current waveforms at 90 rpm using different extension schemes.
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The FFT of the currents in Figure 19 at each time interval is depicted in Figure 20. It can
be seen that the amplitude in the harmonics was lowest in the case of extension Q3 (case = 2).
The Total Harmonic Distortion (THD) was calculated to be: 0.3% in the case of no extension,
0.4% in the case of the extension of Q3 (case = 2), 0.6% in the case of the extension of Q2 (case
=1), and 0.8% in the case of the extension of Q1 (case = 0). It can be concluded from the above
results that it is better to use the active vector Q3 (case = 2) to track the saliency since it gives
minimum distortion in the current compared to the other vectors.

no extension

— extension QI
0.03 — extension Q2
extension Q3

itude

ampl

frequency (Hz) 500 O

Figure 20. FFT of the current waveforms at 420 rpm using different extension schemes.

6. Conclusions

This paper has proposed three algorithms to track the saturation saliency in the
seven-phase PMSM motor to perform the operation in sensorless mode. A comparison
was conducted between these algorithms which showed that using the active vector Q3
(case =2) helped to reduce the THD in the stator currents more than when using the other
active vectors Q1 and Q2. This is because this active vector has a longer time duration
compared to the other active vectors Q1 and Q2. This works to reduce the number of times
that the active vector needed to be extended to tmin, hence the minimum THD. In
addition, the control techniques can work at low and high speeds in a sensorless mode
with performances similar to that obtained in a sensored mode. Finally, this paper
recommends the use of the algorithm obtained when the active vector Q3 (case=2)
achieved sensorless control for the seven-phase PMSM drive.
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Appendix A

The motor parameters are: rated voltage=400 V, rated speed=1500 rpm, rated torque=
12.N.m, rated power=2.15 kW, kt=1.2 N.m/A, ke=147 v/Krpm, Inertia=20 kg/cm? R(ph-
ph)=4 Q, and L(ph-ph)=29.8 mH.
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