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Abstract: This paper investigated and demonstrated an electric drive topology with inherently
high reliability and improved performance. The topology combines a five-phase combined star-
pentagon synchronous reluctance machine (SynRM) and a power electronic “matrix” converter
without vulnerable electrolytic capacitors, which are often a point of failure of conventional drives.
This drive is suitable for harsh environments, with possibly high ambient temperatures and limited
maintenance. In this paper, an accurate model of the five-phase combined star-pentagon SynRM was
introduced considering the effect of magnetic saturation and cross saturation on dg-flux-linkages.
The five-phase combined star-pentagon SynRM will be connected to a three-to-five-phase indirect
matrix converter (IMC) and the indirect field-oriented control based on a space vector pulse width
modulation was applied. The introduced SVM commutates the bidirectional switches of the IMC at
zero current which enhance and minimize the switching losses. The performance of the proposed
drive system was studied and experimentally validated at different loading conditions. Finally, the
reliability, cost, and performance of the proposed drive system were compared with the conventional
drive system (three-phase star-connected SynRM fed from rectifier-inverter).

Keywords: cost; cross saturation; dq-axis flux-linkages; matrix converter; reliability; saturation; space
vector modulation; synchronous reluctance motor

MSC: 00A71

1. Introduction

Multiphase motor drives are becoming more popular for applications where a high
reliability is necessary. In multiphase drives, both the electric machine and the power
electronic converter have many (much more than three) phases, giving them a “natural”
fault tolerance: failure of one phase is not fatal for the whole drive. They have shown
better fault-tolerance and performance (power density and efficiency) compared with their
three-phase counter parts [1-3]. However, the DC-bus of these multiphase drives is still
a single point of failure. A specific weak point on the DC-bus is capacitors since they
have a short lifespan, especially at higher temperatures. In addition, they have a large size
and weight.

The recent researches address types, modeling [4,5], control [6,7], and advantages of
multiphase drives for variable-speed applications [8-10]. In multiphase drives, the reliability
increases not only by the “natural” fault tolerance thanks to the higher number of phases,
but also due to the reduced input current per phase at the same voltage. This results in a
lower electric stress on the converter switches than the conventional three-phase converter.
Consequently, this increases the lifetime of the converter switches, resulting in a high reliability
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converter as presented in [9]. However, the power converter described in refs. [4-10] is a
conventional rectifier-inverter, having the already mentioned DC link capacitor as single
point of failure. This drawback is removed by adopting the matrix converter (MC), which
does not require the traditional converters’ DC-bus capacitors [11,12]. Moreover, MC has
the facility of bi-directional flow of power and a unity input displacement factor can be
provided. Drives with MCs are also described in literature, but mostly in combination with
induction motors [11,12]. For example, in ref. [11], Igbal et al. presented a novel space vector
control of a three-to-five-phase MC fed five-phase induction motor. Induction machines
have disadvantages such as high starting currents and relatively low efficiency. Several
other types of electric machines driven by a MC were also investigated in the literature,
aiming to reduce the disadvantages of induction machines: e.g., permanent magnet and
variable reluctance machines [12]. However, a promising type of electric machines—the
synchronous reluctance machine (SynRM)—is not described in the literature in combination
with MCs [1]. SynRMs have the advantages of lack of windings, magnets, and cages in
their rotor, making them a good applicant for many drive systems in critical applications
such as aerospace and hospital applications [13-16]. These benefits lengthen the machine’s
operational life and shorten maintenance intervals.

Therefore, the multiphase SynRM driven by a multiphase MC is an interesting drive
topology which is not yet investigated through the literature, combining a high reliability
and a high efficiency. This drive topology is very useful for high-reliability industrial
applications, e.g., compressors and pumps in vital processes (e.g., in hospitals or critical
industrial processes). Reliability in harsh environments is very important, for example,
an environment where ambient temperatures can be very high, and where maintenance
and replacement of defect parts are not evident. The combined star-pentagon winding has
shown a superior performance, where it combines the advantage of both star-connected
windings and pentagon-connected windings [17-21]. Therefore, this paper investigated
the performance, reliability, and cost of a three-to-five-phase indirect matrix converter
(IMC) feeding a five-phase combined star-pentagon SynRM. An IMC was utilized instead
of a direct MC because it needs fewer semiconductors, easy commutation, and a low-cost
clamping circuit to protect the MC’s switches from overvoltage failure. This paper is
organized as follows: (1) the first part of this paper introduces an accurate model of the
five-phase combined star-pentagon SynRM considering the effect of magnetic saturation
and cross saturation on dg-flux-linkages. (2) The second part introduces the IMC and the
indirect space vector modulation. The bidirectional switches of the IMC were commutated
at zero current to enhance and minimize switching losses. (3) The third part in this paper
discusses the indirect field-oriented control based on a space vector pulse width modulation
of the five-phase SynRM using IMC. The effect of considering and neglecting magnetic
saturation on the reference values, the motor speed (w.*), and the d-axis current (ig*)
is considered. (4) The performance of the whole drive system is discussed at different
operating conditions and an experimental validation for the proposed drive system is
introduced. (5) Finally, the cost, reliability, and performance of the proposed drive system
(see Figure 1a) is investigated and compared with the conventional three-phase drive
system (rectifier-inverter feeding three-phase star-connected SynRM) (Figure 1a).
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Figure 1. (a) The conventional drive system, (b) the proposed drive system.

2. Dynamic Modeling of the Combined Star-Pentagon Five-Phase SynRM

This section introduces the model of the combined star-pentagon SynRM. The pa-
rameters of the five-phase SynRM are listed in Table 1. The windings connection of this
machine is illustrated in Figure 1b. The winding in this machine is SP configuration, which
means that there are two coils per phase, and the first coil in all phases is star-connected
(S), while the second coil is pentagon-connected (P). In five-phase machines, there are
two subspaces, e.g., fundamental subspace (d;q;) that generates torque and the secondary
subspace (d3q3). The secondary subspace reference values are determined by the operating
mode. The sinusoidal excitation mode was employed in this paper. As a result, the dsqs
currents’ reference values were set to zero.

Table 1. The five-phase SynRM geometrical parameters.

Parameter

Value Parameter Value

Stator bore diameter (D10) 110 mm Air gap length (Lg) 0.3 mm

Stator inner diameter (D) 180 mm Number of slots (S) 36

Rotor outer diameter

(Dro) 109.4 mm Pole pairs (P) 2

Rotor inner diameter (D,;) 35 mm Rated frequency (F) 100 Hz

Axial length (L)

140 mm Rated power (P;) 5.5 kW

Number of turns of star coil per phase 24

Number of turns of

pentagon coil per phase 2

Stator /Rotor steel M270-50A /M330-50A Rated current (I5) 123 A

Rotor flux barriers per pole (Np) 3 Number of phases (1) 5

Phase resistance ( Ryp) 0.25 Star coil resistance (Rs) 0.125

In the rotor reference frame, the dg-axis currents can be calculated from (1) [18]. The
superscript T in (1) signifies the matrix’s transpose. The transformation matrix (K;) in
(1) is given in (2). The star’s and the pentagon’s space vectors must both have the same
length to obtain the value of the factor Kj in (2). By multiplying the pentagon currents
by 1.1756 or the star currents by 1/1.1756, this may be accomplished. As a result, K; will
have a value of (2/10) [13]. The dg-axis flux-linkages are produced using the same way.
Nevertheless, the star windings’ flux-linkages were multiplied by (1.1756*M) [13]. The
layout of the combined star-pentagon winding, e.g., SP, SSP, or SPP, determines the value
of M. The factor M is the ratio between the number of the pentagon-connected coils to the
number of the star-connected coils. For SP, SSP, and SPP configurations, the factor M is 1,
0.5, and 2 respectively [13].

lin iq gz i3] =Kaxlia i ic ip ip iga iag  ipc icp ipe | (1)
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2.1. Effect of Saturation and Cross Saturation on SynRM Flux-Linkages (A g1 and Ag1)

This section studies the effect of rotor position and saturation on the fundamental direct
and quadrature axis flux-linkage (Ay; and Aq1) of a five-phase combined star-pentagon
SynRM. The motor is modeled using 2D Ansys Maxwell transient simulations.

Figure 2 shows the average value of the flux-linkage Aq; and Aq; at different ig; and
iq1- The flux linkage changes with currents nonlinearly. The effect of saturation on A4 is
noticed (see Figure 2a) and its effect on Aq1 can be neglected (see Figure 2b) as the magnetic
reluctance in g-axis is high. According to the prior findings, the rotor position and dqg-axis
currents have a significant impact on the flux-linkage between Ay, and Aq1. Therefore, to
acquire an accurate performance of the five-phase SynRM, an accurate flux-linkage model
is essential.

0.08
5 0.06
= 0.04

<7 0.02

0
lgq [A] lgr (A lqr [AI
(a) (b)

Figure 2. Average value of (a) fundamental d-axis flux-linkage and (b) fundamental g-axis flux-
linkage at different iy; and iqs.

2.2. Modelling Equations of Five-Phase SynRM

The five-phase SynRM fundamental (V31 and Vj1), secondary (V3 and Vy3), dg-axis
voltage equations can be described as follows [22].

Vit = Rppigy — wy * Px Agy + dfi‘%

Vi1 = Rppigr + wy % P Agy + d;‘i?l

Viz = Rypigz — 3wy * Px Agg + d;‘% ®)
Vs = Rppigs + 3wy x P x Agg + ‘127?3

The five-phase SynRM electromagnetic torque may be expressed mathematically by
(4). The factor K, in (4) is dependent on the type of winding. It equals 1 in the star-connected
winding and 2 in the combined SP winding. The power factor PF of the SynRM can be
expressed by (5) and the torque ripple percentage T,¢, can be computed by (6). Figure 3
displays the steady-state vector diagram of the five-phase SynRM.

5 . . .. .
T, = 5 Ke # P (Ag(ig,ig, 0r)ig — Aq(ig, ig, 0r)ig) 4)

Vi cos(a) + Vpp sin(a)

PF = > >
,/le—i—Vql

©)
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Figure 3. SynRM vector diagram in steady state.

There are three models for the fundamental dg-flux-linkage (A41 and A41). In the first
model (most accurate model), both rotor position and saturation effects are considered. A;;
and A4 is described by (7).

{/\d1 (ia1,1q1,6r) = Laa(ig1,0r)ig + Lag (ia1,iq1,6r) ig1 "

/\ql (idlz iqll 67) = qu (id]/ iql/ 91’) id + qu (iqlz er) iql

In the second model, the effect of magnetic saturation is only considered. A;1 and A4
are expressed by:

{/\an (ia1,ig1) = Laa(ia1)ian + Lag (i1, iq1) ig ®)

Aq (idlliql) =Ly (idlriql)idl + qu(iql)iql
In the third model, the effect of rotor position and magnetic saturation are neglected.
Ag1 and A4 are expressed by:
Ag1 = Lyi
{ d1l dtdl 9)

At = Loigt

References [23-29] introduce different methods to obtain the relations of the flux-
linkage of SynRM using experimental measurements, numerical calculation, analytical
equations, or FEM model. A FEM model was utilized in this study to derive the flux-linkage
relations of a five-phase SynRM because it provides a simple and quick accurate model of
flux-linkages. Three-dimensional lookup tables for the flux-linkages (141 and A41) were
built by solving the FEM model of the five-phase SynRM for different currents (iy; and #571)
and different rotor positions as shown in Figure 4. Based on the given values of i41, {31, and
0y, the flux-linkages described in (7) can be attained directly. The second model, (8) of the
five-phase SynRM can be achieved by averaging the lookup tables over 6;. Moreover, the
third model, (9) can be achieved by selecting constant values of the dg-axis inductances L4
and Lgq in the linear region in Figure 2.
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Figure 4. Five-phase SynRM block diagram with look-up tables.

3. Five-Phase Indirect Matrix Converter

A matrix converter (MC) converts n-phase quantities to m-phase quantities directly
without utilizing any DC link. In this paper, a three to five-phase IMC is considered.
The five-phase MC consists of 22 switches as shown in Figure 1b [1,30-32]. The required
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output voltage from five-phase IMC can be obtained by selecting the applicable switching
state for MC switches. ISVM technique is the control algorithm that can be utilized in
selecting the correct state and its own time period. There are two techniques for SVM. As
shown in Figure 1b, this approach treats the five-phase MC as a virtual two-stage converter
(controlled rectifier stage and inverter stage) with a virtual DC connection. Then, the duty
cycles of three-phase current source rectifier are synchronized with the duty cycles of the
five-phase voltage source inverter (five-phase VSI) to attain a zero-current commutation of
the rectifier switches, hence minimizing the switching losses.

3.1. Three-Phase Controlled Rectifier Stage

The rectifier stage shown in Figure 1b consists of six switches. Only nine switching
states are allowed for these switches to avoid an open circuit on the virtual DC link. These
states are six nonzero (active) vectors (I; — Is) and three zero vectors (I; — Ig) as represented
in the hexagon in Figure 5a. As shown in (10) and Figure 5a, the reference input current
can be obtained using adjacent vectors (I, I; and Ip). The duty cycles for both active and
zero vectors are calculated as in (11-13) [1,33].

Ly = dy Ly +dsls +doclp (10)
(T

ds = m; x sm(g — 91-> (11)

d, = m; x sin(6;) (12)

doc =1—d, —ds (13)

where, m; denotes the modulation index for the input current with range 0:1 and the angle
formed between the reference input current vector and the initial vector in the sector where
the reference is placed is known as 0;.

.
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Figure 5. (a) Hexagon of the controlled rectifier and (b) decagon of the five-phase inverter.

The zero-vectors were disregarded during the rectifier-stage modulation in order to
obtain the highest DC-link voltage. As a result, the switching sequence is simply made up
of the two active-vectors Is and I,, whose duty cycles are d, and dy, respectively, and may
be defined in the first sector as in (14) and (15) respectively.

ds Uy

dx = 7d5 _’_d,y = Ua

(14)

dy 0

VS gwd, o (1)
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3.2. Five-Phase Inverter Stage

To avoid short circuits on the virtual DC connection and open circuits at the load
terminals, the switches of the inverter stage have 32 permitted switching states. These
states are 30 non-zero (active) vectors (V4 — V39) and two zero vectors ( Vp) as displayed in
the decagon in Figure 5b. The active vectors are divided into three groups: small vectors
(0.2472 Vpc), medium vectors (0.4000 Vpc), and large vectors (0.6472 Vpc) [1,15,30]. As
shown in (16) and Figure 5b, the reference output voltage (V,’) was obtained using the
adjacent vectors (Vy , Vg and V). These adjacent vectors” duty cycles were computed as in
(17-19). In (17, 18), 6, is the angle formed by the first vector in the sector where the reference
is placed and the reference output voltage vector and m, represents the modulation
index of the output voltage [1,15,33]. In the first sector, V,; = 11,001, V,;;, = 10,000,
Vg = 11,000, Vg, = 11,101, V;; = 00000 and V2, = 11,111.

L (T
dy = my X sm(g — 90) 17)
dg = my x sin(0y) (18)
d; =1—d, —dg (19)

In this paper, medium and large vectors were only considered to attain the reference
output voltage so as to minimize the number of switching events. The medium and large
vectors’” duty cycles were calculated based on their length to each other as in (20)-(23).

dy = daﬁ (20)
don = oo 1)
dgt = dﬁ% (22)
g ::dﬁizggﬁzg (23)

Keep in mind that the medium and large vectors’ active periods were 38.2% and
61.8% of the total active time, respectively. The reference output voltage vector’s value was
therefore restricted to 0.5257 Vpc [34].

3.3. Synchronization between Rectifier and Inverter

The switching pattern must provide an efficient combination of rectifier and inverter
switching states in order to achieve balanced input currents and output voltages. The
dc-link voltage was varied between two line-to-line input voltages v,, and v, when the
input current was positioned in sector 1. As a result, the inverter stage’s switching states
should be split into two groups, as shown in (24) and Figure 6. The cross product of the
duty ratios of the rectifier and inverter stages yields the duty ratio of each space vector in
each group. The arrangement shown in Figure 6 ensures zero current commutation for the
rectifier switches.

Aui(x) = dardx dpy(x) = dp-dx
docm(x) = dam-dy , dﬁm(x) = dﬁm'dx
() = dzr-dx dpp(y) = dzp-dy
Aat(y) = dur-dy dpiy) = dpi-dy
Aam(y) = daom-dy , dpi(y) = dpr-dy
dzl(y) = dzl'dy dzZ(y) = dzZ'dy

(24)
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Figure 6. Switching outline of the five-phase IMC in half of the sample duration.

4. Performance Analysis of the Drive System

In this section, the drive system consists of a three-to-five-phase IMC connected to a
five-phase combined star-pentagon SynRM. The closed loop field-oriented control based
on a space vector pulse width modulation was applied to control the five-phase SynRM.
Figure 7 shows the block diagram of the proposed field-oriented control, implemented to
the drive system. The reference signals are the d-axis current (i41*) the motor speed (w,*).
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Figure 7. Block diagram of five-phase SynRM with MC under field-oriented control.

4.1. Simulation Results

To obtain an improved performance (maximum torque and high efficiency), it is
advised to set the five-phase SynRM to operate at its maximum torque per Ampere (MTPA).
Figure 8 shows the FEM results of the average torque and dg-axis currents at different line
currents, at rated speeds, and at different current angles. The effect of considering and
neglecting magnetic saturation on the reference value of d-axis current (i3;*) and gq-axis
current (iq1*) is considered in Figures 8a and 8b respectively.
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Figure 8. Five-phase combined star-pentagon SynRM; (a) fundamental d-axis current, (b) fundamental
g-axis current, and (c) average torque at different currents, at different current angle and at rated speed.

In Figure 8, the locus of the MTPA in case of considering and neglecting saturation
respectively is represented by the blue and red dash-dotted line respectively. It was found
that the optimal current angle (gives iy;*) varied with line current when considering
magnetic saturation while it had a fixed value of 45° when neglecting saturation. When
considering magnetic saturation, the average torque in Figure 8c increased by about 9.27%
at the rated condition compared with neglecting magnetic saturation. Hence, this paper
considered the magnetic saturation in the model and control of the five-phase SynRM.

Different analytical and mathematical approaches were introduced to select i * in [23,26,35]
in case of three-phase SynRMs. However, these approaches neglect the effect of cross
saturation beside the necessity of obtaining some mathematical constant which may be
difficult and complex in some cases. In this paper, as discussed in the previous sections, a
FEM model was used to obtain the relation between flux-linkages and currents and between
the required torque and the d-axis current. Hence, the reference value of iy;* could be
obtained as a function of the average torque at the point of MTPA from the one-dimensional
lookup table, which is built from the FEM results.

Figure 9 shows the performance of the five-phase SynRM at different load torques and
at rated speed. The developed torque of the motor is reported in Figure 9a. In Figure 9a,
the reference torque (in red color) represents the required load torque. The fundamental
dg-axis currents (ig; and iq1) follow their reference value as shown in Figure 9b,c. The effect
of magnetic saturation is considered in determining the value of iy; *. It is observed from
Figure 9b that the d-axis current varies with the required torque of the load following the
MTPA condition. Figure 9d,e shows the zoom-in view of the MC output-phase currents.
It is clear from Figure 9d,e that the frequency of currents was 100 Hz. It was noticed that
the average torque of the combined star-pentagon SynRM at the rated condition and at
the same copper volume was 6.37% higher than the average torque of the star-connected
five-phase SynRM, which was introduced in ref. [1].

Figure 10 shows the performance of the combined star-pentagon five-phase SynRM at
different speeds and at rated torque. Figure 10a shows that the reference speed decreased
from 3000 rpm (rated speed) to 1500 rpm at 1 s then to 750 rpm at 2 s. It was found
that the motor speed and the dg-axis currents followed their reference value as shown
in Figure 10a—c respectively. The output-phase currents are shown in Figure 10d. From
the zoom-in view of the output-phase current shown in Figure 10ef, it is noticed that the
frequency of currents was reduced from100 Hz to 50 Hz at 1 s and then to 25 Hz at 2 s.
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Figure 10. Simulated performance of the five-phase combined star-pentagon SynRM at rated torque

and different speeds, (a) SynRM speed, (b) d-axis current, (c) q-axis current, (d) five-phase currents,
and (e,f) zoom-in view of five-phase currents.

4.2. Experimental Validation of the FEM Model

In the first part of this section, the FEM model of the five-phase combined star-
pentagon SynRM was validated. Inductances were measured using the VI method. To
simplify the equivalent circuit analysis and provide a sinusoidal MME, a voltage was
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injected with an angular frequency we in three terminals connected as in Figure 11. The line
voltage and current of the motor were measured at standstill as shown in Figure 11 [36].

(A) q-axis
\% 1
» d-axis
AC
supply Combined
star-pentagon

SynRM

Figure 11. Measuring the inductances using the VI method.

The first position is at the d-axis where the magnetic reluctance is minimum and the
inductance is maximum. This position yields Ly. The second position is at the g-axis
where the magnetic reluctance is maximum and the inductance is minimum, giving the
value of Lq. These positions are recognized by slow rotation of the rotor of SynRM and
observing the measured current and voltage. The maximum (Imax) and minimum (Ipn)
measured currents belong to the g and d-axis positions respectively. In simulation analysis,
the connection shown in Figure 11 is used and the mechanical speed of the rotor was
set to zero. Then, the d-axis and g-axis positions were adjusted by selecting the initial
position of the rotor. The distribution of flux density and flux lines at standstill are shown
in Figure 12a,b respectively for pure d-axis and pure g-axis current. From Figure 11, the
inductance of the star coil can be obtained as in (25). In (25), I and V are the line current
and voltage respectively. In (25), R; is the star coil resistance which is 0.125 ohm and the
factor 0.347 depends on the equivalent impedance of the circuit in Figure 11.

B [tesla] A [Whbim]
l 200 I 0.02
175 0.02
oo

150

125 0.01
l o
1.00

080 -0.01
-0.01
025
002
(b) 0.00 002

Figure 12. Distribution of flux density and flux lines at standstill and at the peak of the rated current at
(a) position of the minimum reluctance (d-axis) and (b) position of the maximum reluctance (g-axis).

Finally, the d-axis and g-axis inductance and flux linkage can be obtained by (26) and
(27) respectively. The simulated and measured values of the dg-axis flux linkages (A ;(i,0)
and A, (0,i4)) of the five-phase SynRM are shown in Figure 13. There was an acceptable
agreement between the measured and simulated results.

1 V\?
L = — 347 x« — — R,2 2
AC we\/<03 * I) s (25)
L

d = Lacmax , Aa1 = Lalmin (26)
Lq = Lacmin » /\ql = qumux (27)
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Figure 13. Simulated and measured (a) Aq1(ig1,0) and (b) Aq1 (0, iql) at different currents and
at standstill.

4.3. Experimental Results

A three to five-phase IMC was used to control the five-phase combined star-pentagon
SynRM as shown in Figure 14. Indirect SVM was used to control IMC at a switching
frequency of 10 kHz. Utilizing an incremental encoder, the operating speed was determined.
The filter resistance and inductance were 50 () and 3 mH respectively. The clamping
capacitor was 110 uF. The five-phase combined star-pentagon SynRM was coupled with
the induction machine via torque sensor as shown in Figure 14.

IM & encoder E Torque sensor Input filter Sph-SynRM !

-

e

AC Supply

DS1103 Voltageprobe Matrix Converter Clamp circuit

Figure 14. The complete experimental test bench.

Figure 15a reports the comparison between the simulated and the measured results of
the average torque at different current angles and at 8.65 A (half-rated current). The output
torque increased as the current angle («) increased until it reached its maximum value
at aopt. = 50° which is known as the optimal current angle. If the current angle was still
increasing after its optimal value, the torque dropped again after reaching its maximum
value. The measured and the simulated torque as a function of line current are compared in
Figure 15b. The agreement between the simulated and the measured results was excellent.

Torque [N.m]
w B

Sim.
® Exp.

12
[A]

10 20 30 40 50 60 70 80 6 8 10 14 16 18

o [deg] Imax

(@) (b)

Figure 15. Measured and simulated average torque at (a) different current angles and 8.65 A and
(b) different line currents and optimal current angles.
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The dynamic performance of the drive system under torque control, at the current
angle of 50° and with line current changes from 8.65 A to 4.325 A, is reported in Figure 16.
The fundamental d-axis and g-axis current (reference values and feedback (fb) values) are
described in Figure 16a,b respectively. The third-harmonic dq-axis currents reference and
feedback values are shown in Figure 16¢c. The reference value of fundamental and third
harmonics dq-axis currents are followed by the feedback values. The output five-phase
currents and torque are described in Figure 16d,e respectively. It is obvious from Figure 16e
that the average output torque decreased from 5.7 N m to 1.65 N m when the line current
decreased from 8.65 A to 4.325 A respectively.

—_— —_—
d1 q1
ldtrer z 6 _Iqwrer
45
3
1.5
0 4 8 12 16
Time [s]
10
| : WWWW
8 0
o
<
- 5
-10
0 4 8 12 16
Time [s] Time [s]
() (d)

Time [s]

(e)

Figure 16. Dynamic performance of drive system at current angle of 50° and current changes from
8.65 A to 4.325 A; (a) fundamental d-axis current, (b) fundamental g-axis current, (c) third-harmonics
dg-axis currents, (d) five-phase currents, and (e) the time response of the output torque.

The dynamic performance of the drive system under torque control, at 8.65 A and
with current angle changes from 50° to 20°, is reported in Figure 17. Figure 17a,b show
the fundamental d-axis and g-axis currents respectively. Figure 17c shows that the output
torque decreased from 5.7 N m to 3.3 N m when the current angle changed from 50° to 20°.
The feedback values of the output torque and dg-axis currents follow their reference values.
Furthermore, a reasonable agreement between simulation and experimental observations
was observed.
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Figure 17. Dynamic performance of drive system at 8.65 A with current angle changes from 50° to
20°; (a) fundamental d-axis current, (b) fundamental g-axis current, and (c) the time response of the
output torque.

5. Analysis of Reliability, Cost, and Performance

This section compares and evaluates the cost, performance, and reliability of the pro-
posed drive system with the conventional drive system. The conventional drive system
(Drive-1) consists of a three-phase star-connected SynRM fed from a three-phase conven-
tional rectifier-inverter as shown Figure 1a. The proposed drive system (Drive-2) consists
of a rewound combined star-pentagon SynRM fed from a three-to-five-phase indirect MC
as shown in Figure 1b.

5.1. Cost Aanalysis of the Drive Systems

In this section, the cost of the two drives is investigated. The number of turns was
chosen during the motor design of these drive systems so that the motor can operate at
rated power and speed while maintaining the same current across all systems. As a result,
the operating voltage of the five-phase drive was 60% of Drive-1's working voltage. This is
obvious from Figure 18. Note that working at the same voltage would be another design
choice that could be realized by modifying the numbers of turns.

400 [ —eme Drive-1

A === Drive-2 Fa 1

200 "\‘.‘ ’,:,m\‘}“" J ay

Induced EMF [V]
o
&
g

0 4 8 12 16 20
Time [ms]

Figure 18. Induced EMF at optimal current angle and rated condition.

From the point of view of converter cost, Drive-2 has 16 more switches than Drive-1.
However, the switches of Drive-2 have the same current ratings and lower voltage ratings
compared with the switches in Drive-1 [37]. Notice that there is a three-phase rectifier
bridge and DC-link capacitor in Drive-1, which Drive-2 does not have. Consequently, the
overall cost of the power electronic converter in Drive-2 is 36.3% respectively cheaper than
Drive-1 [37].

The machine design and construction cost were approximately the same in the two
drives. Punching, cutting, iron and copper volume were the same. The only difference
between the two machines was that the five-phase drive used a special type of winding
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which increased winding cost by 20% compared with the three-phase drive. This is based
on a questionnaire at a machine manufacturing company. As a result, the machine design
cost in Drive-2 was about 4% more expensive compared with Drive-1. For the combined
cost of machine and converter, Drive-2 was only 2.19% respectively more expensive than
Drive-1 (see Table 2).

Table 2. Performance, cost, and reliability comparison of the two drive systems [37-39].

Parameters Drive-1 Drive-2
Copper cost (pu) 1 1.029
Winding cost (pu) 1 1.2
Punching, cutting and iron cost (pu) 1 1
Machine cost (pu) 1 1.04
Diode bridge cost (pu) 1 0
Cost Number of switches 6 22
Switches I- rating (pu) 1 1
Switches V- rating (pu) 1 0.6
Switches cost (pu) 1 1.941
DC-link capacitor cost (pu) 1 0
Converter cost (pu) 1 0.637
Total initial cost (pu) 1 1.0219
MMF Magnitude (pu) 1 1.0729
MME THD (pu) 1 0.8010
Winding factor (pu) 1 1.0321
Average torque (pu) 1 1.1335
Performance
Torque ripple (pu) 1 0.6952
Power factor 1 1.0228
Power flow direction Uni. Bi.
Efficiency (pu) 1 1.0058
Average torque at one phase open (pu) 1 2.08
Torque ripple at one phase open (pu) 1 0.189
Reliability Starting with one/two phase open No Yes
Probability of fault occurrence (g; %) 59% 41%
Reliability + +++

5.2. Reliability Analysis of the Drive Systems

This section investigates and studies the reliability of the two drive systems. The power
electronic converter is the most fatal component in the drive system. According to a survey
based on over 200 products from 80 companies at the same condition, it was found that
capacitors and semiconductor failures represent 30% and 21% respectively of all converter
failures as shown in Figure 19 [40,41]. Consequently, capacitors are the weakest element
in the power electronic converter. Hence, it is recommended to minimize the number
of capacitors in the power converter. The others factor of converter failures are PCB,
soldering, and connectors. Notice that the two drive systems together have 2 capacitors
and 28 semiconductor switches. Drive-1 has two capacitors and six semiconductor switches
as shown in Figure 1 and Table 2. Drive-2 has 22 semiconductor switches and there are no
capacitors in this drive system as shown in Figure 1 and Table 2.
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[Semiconductors

30%
Capacitors

Figure 19. Distribution of failures between components of power electronic converters [40,41].

To determine the percent of fault occurrence in the drive systems, the presented ratios
30%, 21%, and 49% in Figure 19 are considered when a fault occurs in the capacitors,
switches, and other parts of one of these power electronic converters. Then, the question
is if a fault will happen in one of these drive systems, which drive system has the highest
possible probability of fault occurrence (g; %)? The percent of fault occurrence in each drive
system was calculated from (28-30). In these equations, the three terms in the summation
represent the failure probabilities of the capacitors, the switches, and “other failures”
respectively. Drive-1 had the highest percent of fault occurrence, about 59%. Drive-2 had a
lower percent of fault occurrence, which was 41%. The absence of capacitors in Drive-2
reduces the chance of a failure occurring in this drive, despite having the highest number
of switches. Drive-2 had the better reliability compared with Drive-1.

Furthermore, with one or two phases open, Drive-2 can start and operate, while
Drive-1 cannot. This further enhances the reliability of five-phase systems. Moreover, the
performance of Drive-2 under the fault case was better than Drive-1. Drive-2 provided
108% higher torque respectively compared with Drive-1 at single-phase open fault. At
single-phase open fault, the torque ripple of Drive-2 was 81% lower, respectively, compared
with Drive-1.

e%=Y" number of elements in drive number i 49 (28)
V0T L total number of elements in drives together = number of drive systems
. 2 6 1 .
81/0—5*30+%*21+§*49—59/0 (29)
22 1
820/028*304-%*21—0—5*49:410/0 (30)

5.3. Performance Comparison of the Drive Systems

The detailed study of the performance of the drives is shown in Table 2. Drive-2
provided a 13.35% higher average torque than Drive-1 respectively. The torque ripple of
Drive-1 and 2 was 7.94% and 5.52% respectively. Moreover, the power factor of Drive-1 and
2 was 0.6622 and 0.6773 respectively. The efficiency of Drive-2 increased by about 0.58%
respectively compared with Drive-1 at rated condition and optimal angle. For Drive-1 and
2, the average torque at the faulty case was reduced by 56.65% and 9.63%, respectively, from
the healthy rated value of the Drive-1. At fault case and as shown in Table 2, Drive-3 had
the lowest torque ripple of around 43%. The torque ripple of Drive-1 was substantial in the
faulty case (228%), resulting in increased noise, vibrations, and mechanical issues. Hence,
Drive-2 provided a significantly improved performance compared with the three-phase
drive system (Drive-1).

6. Conclusions

This paper presented a reliable and improved performance drive topology, i.e., com-
bined star-pentagon SynRM driven by three-to-five-phase IMC. The topology avoids single
points of failure of conventional drives by using MC without vulnerable electrolytic ca-
pacitors. A simple and accurate model of the five-phase combined star-pentagon SynRM
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was proposed considering the effect of magnetic saturation and cross saturation on dqg-
flux-linkages. A FEM model was utilized to obtain the dg-flux-linkages relations of the
five-phase SynRM. Three-dimensional lookup tables for the flux-linkages (Aq; and Aq1)
were built by solving the FEM model of the five-phase SynRM for different currents (id1
and iq1) and different rotor positions. An experimental validation for the FEM model of the
five-phase SynRM was introduced.

Then, the indirect field-oriented control based on a space vector pulse width modula-
tion of the proposed drive system was proposed and validated. The rectifier switches were
commutated at zero current.

The proposed drive system was compared with the conventional three-phase drive
system in term of cost, reliability, and performance. The proposed drive was just 2.19%
more expensive than Drive-1 in terms of overall initial cost (machine and converter cost).
At rated condition and at optimal current angle, Drive-2 was determined to have 13.35%
greater average torque than Drive-1, respectively. The torque ripple of Drive-1 and 2 was
7.94% and 5.52% respectively.

Furthermore, Drive-2 was more reliable compared with Drive-1. The probability of a
fault occurring in Drives-2 was 30.5% lower compared with Drive-1.
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