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ABSTRACT Torque Sharing Function (TSF) approach can be considered a promising method to solve the
torque ripple issue in switched reluctance motors (SRMs) drives at low and medium speed ranges. However,
at the high-speed operation of the machine, the actual phase current fails to track the reference current profile.
This limitation primarily occurs over the demagnetization period of each phase current. Consequently, each
phase torque will also fail to track its corresponding reference torque created by the TSF strategy. As a result
of the torque tracking error, a considerable torque ripple will be produced. To address this issue, a novel
hybrid TSF is proposed in this research article. The hybrid TSF can adapt during the real-time operation
relying on the current (and thus the torque) tracking capability during the magnetization period, which is
much higher than during the demagnetization period. At each electrical cycle, the rising part of the incoming
phase torque reference is re-profiled to mirror the declining part of the actual torque of the outgoing phases.
And therefore, the torque tracking error can be compensated, and a remarkable torque ripple suppression will
be attained. Additionally, within the hybrid TSF, an overlap angle controller is also proposed in this work
and participated in high-speed operation. The controller keeps monitoring the error between the commanded
torque and the actual average torque of the machine, and by adjusting the overlap angle in real-time, the error
can be further compensated. Thus, further torque tracking capability is attained. A set of simulation results
are presented and favorably compared with other traditional TSF approaches to demonstrate the feasibility
and validity of the proposed hybrid TSF.

INDEX TERMS Switched reluctance motor, hybrid torque sharing function, indirect instantaneous torque
control.

I. INTRODUCTION

Compared to other types of electrical motors, switched reluc-
tance motors (SRMs) can provide lower cost, greater effi-
ciency, and a fault-tolerant drive. This is because SRMs
have no permanent magnets in their structure or wind-
ing in their rotary parts. They can generate high electro-
magnetic torque relying on the tendency of their salient
rotor poles to align with magnetized stator poles to attain
minimum reluctance (or maximum inductance). However,
owing to their highly nonlinear inductance/torque char-
acteristics and the discrete excitation mechanisms, SRMs
encounter undesirable ripples in their output torque. They
also suffer from other drawbacks, including acoustic noise,
low power and torque densities, and difficulty obtaining
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accurate modeling. These weaknesses are the major limita-
tions against the wider employment of SRMs in the present
technology [11], [2], [3], [4], [5], [6], [7], [8].

Recently, engineers focused on solving the problem of
torque ripple of SRMs and maximizing their performance by
proposing different strategies which can be assorted within
two main headings, including machine structure optimization
and advanced control systems. Although machine structure
optimization can lead to torque ripple suppression and boost
the machine performance, it can only do so to a certain
extent [9], [10], [11], [12], [13], [14]. Moreover, adjust-
ing the dimensions of an already manufactured machine is
challenging.

The control systems, on the other hand, have the potential
to significantly reduce torque ripple and maximize the perfor-
mance of SRMs [15], [16], [17], [18], [19]. The commonly
utilized control schemes in the literature are the traditional
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current control (CC) systems [20], [21], [22], [23], [24],
[25] and the advanced torque control (TC) systems. The TC
systems mainly include the average (ATC) [26], [27], [28],
[29], [30] and the instantaneous torque control (ITC) sys-
tems. Although these control systems succeeded in providing
remarkable torque ripple suppression and improving other
aspects of SRM performance, there are still some drawbacks
to each. For instance, while the CC and the ATC systems
provide an efficient, wide speed range and low-cost control
drives, the output torque has a considerable ripple. Because in
the CC and the ATC systems, the current in each phase of the
machine can only be regulated in a form of square signals, and
no current profiling is possible. Consequently, torque ripple
minimization can only be achieved partially by optimizing the
excitation parameters (turn-on and turn-off angles) for a spec-
ified reference current. Alternatively, the ITC systems can
heavily suppress the torque ripple because, within these sys-
tems, the output torque is regulated instantaneously at each
sample point of the rotor position. Consequently, optimum
profiling of the phase currents will be realized; therefore,
smooth output torque will be generated but only to limited
speed ranges. Because in the high-speed operation of the
SRM, it’s challenging to track a reference current signal with
profiled shape in a short excitation time. The ITC systems
can be categorized under direct (DITC) [31], [32], [33], [34],
[35] and indirect (IITC) instantaneous control systems [36],
[37], [38], [39], [40], [41], [42]. In the DITC system, the out
torque of the machine is estimated, compared with a reference
torque value, and regulated directly via a torque controller.
In contrast, in the IITC, the reference torque is partitioned
between the motor phases through an intelligent torque shar-
ing function (TSF). Each phase torque is then reversed to its
corresponding current reference profile, and then by tracking
the obtained current using a current controller, the reference
torque can be regulated indirectly.

In [31], an optimized DITC system is implemented.
A mathematical expression for the switch-on angle is
employed to obtain maximized torque/ampere ratio. While
the switch-off angle is defined via solving an optimization
problem, the objective of this problem is to attain the low-
est torque ripples with the highest machine efficiency. In
[32], both hysteresis and PWM techniques are involved in
performing a modified DITC. With this modification, the
torque profile of the SRM is highly improved. In [33], a novel
real-time commutation strategy is proposed to implement an
enhanced DITC system. The turn-on angle is adjusted at
each electrical cycle to reduce the error magnitude between
the commanded and the actual torque. On the other hand,
the turn-off angle is modified on-line to prevent negative
torque generation and improve the torque/ampere ratio. [34]
proposes a new switching strategy within the DITC system to
attain a minimized torque ripple and improved torque/ampere
ratio. In [35], a DITC system with a fixed switching frequency
is proposed by utilizing a PWM. Based on the torque char-
acteristic, the rotor sector is reclassified, the PWM output
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signal, and the coefficients of the duty cycle are calculated to
acquire torque ripple minimization and improved efficiency.

In [36], within different TSFs, the switch-on and the over-
lap angles are optimized using a genetic algorithm. This opti-
mization problem aims to achieve torque ripple and copper
loss reduction in wide-ranging speed operation of the SRMs.
In [37], off-line TSF is proposed to meet three criteria: torque
ripple and copper loss reduction and minimization of the rate
of change of flux linkage. Minimizing the rate of change of
flux linkage will result in a wider speed range operation of
the machine. In [38], a novel IITC system is introduced, and
optimum profiling of the phase current is implemented to
enhance the machine’s torque profile and reduce the copper
losses. In [39], each phase current profile is first created from
the torque reference using off-line computations and as well
from the response of the phase current, which can be deter-
mined from the SRM dynamic model. Then, by formulating
an optimization problem to shape the current command, the
torque ripple and the copper losses are minimized, and the
required average torque is maintained. In [40], each phase
current is instantaneously modulated based on other phase
currents to retain a reduced torque ripple. In [41], the turn-
on and the overlap angles of a typical sinusoidal TSF are
optimally selected based on a promoted ant colony algorithm.
The focus is to suppress torque ripple, reduce the RMS value
of the phase current, and provide the required average output
torque at wide-ranged speed operation. The IITC is enhanced
in [42]. The switch-on angle is primarily determined to attain
maximum torque generation capability. The remaining error
between the reference and motor torque is fed back to the TSF
to achieve further error compensation. Thus, the torque ripple
is minimized.

As a result of the lower inductance at the un-aligned rotor
position, the current (and therefore, the torque) tracking capa-
bilities of the rising portion of the incoming phase are much
higher than in the declining part of the outgoing phase. This
property is utilized beneficially to implement a novel hybrid
TSF. The modification is done mainly at the overlap region
between the adjusted motor phases. Where after estimating
the behavior of the real phase torque during phase demag-
netization. The rising part of the incoming reference torque
is re-profiled in such a way to become the exact mirroring
of the declining part of the real estimated torque of the
outgoing phases. In this case, the torque tracking error during
the demagnetization is handled indirectly by modifying the
incoming phases’ reference torque. Thus, constant torque is
maintained with lowered torque ripple. Besides, this work
also proposes an overlap angle controller within the hybrid
TSFE. The controller keeps monitoring the error between the
commanded torque and the real generated average torque of
the machine. By adjusting the overlap angle in real-time,
the error can be compensated. Thus, further torque ripple
minimization can be attained. This study employs a four-
phase, 8/6 poles SRM motor prototype with rated parameters
of 4 kW, 600 V, and 1500 r/min.
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The article layout is as follows: section II illustrates the
SRM modeling and the selected performance indices. The
IITC system and the commonly utilized TSF in the litera-
ture are involved in section III. Sections IV and V explain
the adopted hybrid TSF and the excitation system, respec-
tively. A set of steady-state and dynamic simulations are pre-
sented and compared favorably with other TSF approaches in
section VI. Finally, Section VII provides a brief conclusion to
this article.

Il. MACHINE MODELING

Owing to the salience structure of both stator and rotor poles
of SRMs, the magnetic flux per phase App(ip, 0), induc-
tance per phase Lyx(ipn, 8), and the output torque 7 (ipp, 0)
are highly nonlinear against the phase current (ip;) and the
position of the rotor (8). The voltage (v,;) and the electro-
magnetic torque (Tp;) equations of one phase of the machine
are depicted in (1) and (2), respectively. The machine’s total
output torque (7,) can be obtained by summing the generated
torque from all phases as indicated in (3). The mathemati-
cal expression of the mechanical dynamics of the SRM is
depicted in (4).

AApn(ipy, 0
+ ph(ph )

Vph = Riph ot @))
1, Lu(0)
we g >
T, = ZT,,;, 3)
d
Te—TLzBaH—Jd—i) (4)

where, Ty, is the load torque, B and J are the frictional and
inertia coefficients of the machine, and w is the rotational
speed.

The magnetic data of chosen 8/6 SRM prototype is
obtained using the finite element method (FEM). These data
are then experimentally validated so as to verify the accuracy
of the adopted machine model [43]. The FEM obtained data
of the magnetic flux linkage, inductance, and torque, along
with their corresponding experimentally measured data, are
shown in Fig. 1a, Fig. 1b, and Fig. 1c, respectively. For clarity
and simplification, only a few curves are presented in these
figures, but the complete data are determined in the entire
current and position domains (0< i <25 A; 0° < 6 < 30°) at
a current and position steps of 0.25 A and 0.25° respectively.
These data are then inserted in look-up tables and used in the
Simulink model of the SRM. The fully unaligned and aligned
rotor positions are expressed by the angles § = 0° and 6 =
30°, respectively.

As depicted, a very good agreement is attained between the
FEM-based and the experimentally based obtained data, and
therefore, the machine model is verified for future simulation
findings.

The performance of the machine will be evaluated accord-
ing to different indices, including the average output torque
(Tave), the torque ripple percent (7ipple), torque/ampere ratio
(TAR), and the efficiency (1) of the machine. These indices
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FIGURE 1. The FEM-based and the experimentally based magnetic
characteristics of the chosen 8/6 SRM. (a) flux-linkage. (b) Inductance.
(c) Torque.
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can be obtained over one electrical cycle (t) according to the
following equations:

1 r°
Tave = ;‘/0 T, (t) dt (5)
T, — T
Tripple = ———""% x 100% (6)
ave
T,
TAR = %< 0
Irms
®Taye
n=—— 3
Viclave
1 (7.
Love = ;/0 is (1) dt 9

where, Igys and I, are the RMS, and the average values of
the supply current is, and V. is the dc supply voltage.

IIl. INDIRECT INSTANTANEOUS TORQUE CONTROL

The block diagram of the IITC system is depicted in Fig. 2.
The output of the speed regulator is the commanded reference
torque (7%). The TSF then distributes 7* between the phases
of the machine. Each k™ phase torque 7*(k) signal is then
reversed to its equivalent reference current signal (i*). Then,
using a current regulator, the phase current (ip;,) can track the
obtained current signal, and thus the output torque of the SRM
is regulated indirectly.
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FIGURE 2. SRM drive based on IITC strategy.

The conventional TSF can be defined by using a mathe-
matical expression to develop the dynamic behavior of each
phase torque of the machine. In light of this, the reference
torque of the k™ phase can be defined using (10).

0 0<60 <06,
T*frise (0)  Oon <6 < Oon + b0y
T (k)= T* Oon + 6oy < 0 < Oy (10)
T*fdec @) euﬁ‘ <0< Qoﬁ‘ + Ooy
0 Ooff + 0oy <6 < 6

where, T*(k) is the torque reference assigned for phase «,
Jrise(0) is the rising (from zero to one) expression of the
incoming phase torque reference, and fz..(9) is the declining
(from one to zero) expression of the outgoing phase torque
reference. The commonly used TSFs types are the linear
and the nonlinear TFSs. The nonlinear TSFs include the
sinusoidal and the exponential TSFs. Fig. 3a depicts a typical
linear TSF, while in Fig. 3b, a typical nonlinear TSF based on
sinusoidal formulation is presented.

The rising and the declining parts at the overlap region of
the linear TSF can be formulated according to (11). While in
the sinusoidal TSF, as in (12).

1
frise ) = 9_ (@ — Oon)

linear ov (11)

1
Jaee 0) =1 — 2= (6 — Oofr)

ov

* *

T
Jrise (0) = 7 - 7005'9_ (@ — Oon)
sine T T* 7‘;" (12)
fdec @) = 7 + TCOSQ_OV (9 - Qoﬁ‘)

where, 6,y, 0, and O, are the overlap, turn-on, and turn-off
angles.

It is worth noting that these angles significantly impact the
SRM performance. As a result, they should be selected care-
fully to attain maximized machine performance. However, for
the selected four-phase SRM prototype, the rotor period (6,)
is 60°; thus, the TSF is symmetrical about the rotor position
of 15°. In light of this, the overlap angle and the turn-off angle
must be selected according to (13) and (14), respectively [36].

eov = 150 - Qon (13)
Ooff = Oon + 15° (14)

The overlap angle limit indicated in (13) forces the outgoing
phase torque reference to fully decay to zero before the
aligned position (30°). Otherwise, if the overlap angle is
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FIGURE 3. Typical TSF profiles. (a) Linear TSF. (b) sinusoidal TSF.

selected beyond this limit, then the non-zero phase torque
reference at the negative slop inductance zone (>30°) will
generate a negative torque according to (2).

These parameters can be optimized off-line and stored
in look-up tables or adjusted on-line during the real-time
operation of the machine depending on specified criteria.
Within the proposed IITC-based hybrid TSF, the turn-on
and the overlap angles are adjusted during real-time opera-
tion to maximize the machine’s torque-producing ability and
improve the torque tracking accuracy, as illustrated in the next
section.

IV. PROPOSED HYBRID TORQUE SHARING FUNCTION
Owing to the lower inductance at the un-aligned rotor posi-
tion (Fig. 1b), the current and, therefore, the torque tracking
capability of the rising incoming phase is much higher than
in the declining outgoing phases. Fig. 4a shows a phase (k)
reference current profile along with the actual phase current,
while Fig. 4b shows the corresponding reference phase torque
along with the actual torque when running the machine at a
medium speed range.

Solving the (indicated by arrows) tracking error issues dur-
ing phase demagnetization is challenging. However, it is still
possible to improve the overall torque profile of the machine
by re-profiling the rising part of the incoming phase torque
T*(k+1) to become the exact mirroring of the real torque of
the outgoing phase T,(k), as shown in Fig. 4b.

The solid black line corresponds to the torque reference
of phase k, which is formed based on nonlinear TSF. The
red line indicates the actual torque of phase k. The dotted
black line corresponds to the torque reference of the previous
(k-1) and the next (k+7) phases without a profiling strategy.
And the indicated by pink line is the proposed phase torque
reference for the next k+/ phase. As depicted by arrows in
Fig. 4b, the pink line is re-profiled to the optimal shape in
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FIGURE 4. Tracking error during phase demagnetization. (a) Current
tracking error. (b) Torque tracking error.

order to compensate the torque tracking error of the declining
outgoing phase. In light of the previous, the hybrid TSF
consists of two parts. The first part 0y, +0oy < 0 < Oo +651)
is built off-line using mathematical formulation. The second
part (0< 6 < 0,, + 6,) is built on-line during machine
operation in such a way to become the exact mirroring of the
declining portion of the actual torque of the outgoing phases.
Consequently, a constant torque level is maintained, and the
torque ripple is kept minimal. The reference torque of phase
k can be formulated based on hybrid TSF using (15).

0 0<6 <6,
T* =T (k—1) 6on <0 < Oop+ 0oy
T* (k) = { T* Oon + 00y < 6 < O (15)
T*fdec (9) Ooff <0 < Opfp + Oy
0 Oof + O < 6 < 6,

where, T.(k-1) is the actual torque of the previous phase and
is advanced by one sampling period, and the declining part
fiaec(0) of hybrid TSF can be formulated according to the
linear or the nonlinear expression given in (11) and (12).

The compensation for the one sample delay for torque
T.(k-1) is done by advancing its angle to be (6 + wT), where
T, is the sampling period, and it is equal to 100 us for the
outer loop speed controller, 20 s for the current controller,
and 2us for the motor and the power converter.

V. PROPOSED EXCITATION SYSTEM

The timing of phase excitation has a significant impact on
the SRM performance. As a result, the selection of the turn-
on angle and, therefore, the corresponding turn-off angle (14)
must be fulfilled carefully. For illustration, Fig. 5 depicts one
phase current (/,;) of SRM obtained using the traditional
CC system and the inductance (L) of the same phase. These
curves are plotted against the position of the rotor (6).
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According to (2), to deliver a positive torque, the excitation
of SRM phases must be applied during the positive slope zone
(dL/d6 > 0) of the inductance. Moreover, if a current is
delivered to the phases during the fully unaligned or fully
aligned rotor positions (dL/d6 ~ 0), then a greater current
will be demanded to generate the reference torque. In this
case, the machine will operate with a lowered efficiency.
In Fig. 5a, for instance, the phases are turned on too late
after the rotor pole has already started overlapping (at 6,,)
with the stator pole. In this case, the positive slope part before

VOLUME 10, 2022



F. Al-Amyal, L. Szamel: Research on Novel Hybrid Torque Sharing Function for Switched Reluctance Motors

IEEE Access

Calculate on

m—b for the given  and I’ €¢———

(equation 15)

0™ =15 Oun
Yes
i i No ¥*
SRM in real time Isw*or T*
operation changed ?
A
Determine 7, over the running

elec. cycle 7
AT =T = T,
* Next elect. cycle

n=n+1l

Yes
A0™ = 01— AT, < AT"™ A

No
A0n™ = —¢ (AT™ 1)

00" = 00 + AO™

FIGURE 7. Flow chart for the adopted excitation strategy within the
proposed IITC.

6,n will not be employed for torque production. Alternately,
in Fig. 5b, the phases are turned-on early before the over-
lapping at 6,,, and because of the low rate of change of
the inductance between 6,, and 6,, a higher current will
be consumed for torque production. In light of this, for the
best torque production capability, the turn-on angle can be
selected in such a manner the current of each phase reaches
its reference value exactly at 6, as depicted in Fig. Sc. This
can be achieved using the following expression [44].

L R+K,
Oon = Oy — —="_In [1 _r (%)} (16)

dc

where, L, is the inductance per phase at the fully unaligned
area, K} is its derivative with respect to the rotor position, R
is the resistance per phase, and I* is the current reference.

The overlap angle 6,,, also has a remarkable impact on
the SRM performance, especially at high-speed operation.
Fig. 6a and b show two TSFs profiles for the selected
four-phase machine created using wide and small overlap
angles. The advantage of using a wider angle is to provide
slower rising and declining portions of the reference torque.
Therefore, this will facilitate the torque tracking at the overlap
zone and reduces the torque ripple. However, as the operation
speed of the SRM increases, the excitation time of each
phase will decrease. Accordingly, at a very high speed, the
phase torque may fail to reach the constant reference torque
value (T*) in a very short time. And using a slow-rising
portion as a commanded reference torque will be negatively
reflected on the torque tracking capability over the entire
excitation period. And in this case, the provided average
torque of the machine (5) will decrease below T*.

This paper proposes a controller for an optimal selection of
the overlap angle. The controller is involved in the proposed
IITC system to compensate for the error (ATy,.) between
the commanded torque (7*) and the actual average torque
(Tave) at high-speed operation. The overlap angle is set to its
maximum limit at low and medium speed ranges, as indicated
in (13), to ensure the best torque tracking accuracy. Above
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the motor’s base speed, the controller will keep monitoring
the torque error in real-time operation within each electrical
cycle. If the error given in (17) is acceptable (below a pre-
specified tolerance), then no modification to the maximum
initial angle is necessary.

AT gye = T — Tave (17)

On the other hand, if AT, is unacceptable, then a proper
decrement (-A6,,) must be provided. As a result, a smaller
overlap angle, narrower overlap region, and faster rising
portion of the reference torque will be realized; therefore,
higher average torque will be delivered. The overlap angle is
continually updated at each electrical cycle until the desired
torque error is attained or a pre-specified minimum angle
is reached. The flowchart depicted in Fig. 7 illustrates the
proposed excitation system.
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TABLE 1. Parameters of the selected machine prototype.

Parameter Values

Poles (stator/ rotor) 8/6

Power 4 kW

Rated current 9A

Rated speed 1500 r/min
Resistance/ phase 0.642 Q
Stator outer/ inner diameter 179.5/96.9 mm
Rotor outer/ shaft diameter 96.7 /36 mm
Airgap /stack lengths 0.4/151 mm
Pole arcs (stator/ rotor) 20.45°/21.5°
No. of turns/ pole 88

The overlap angle decrement (- A6,,) is scaled according to
the torque error (AT,,.) to provide faster angle modification
in case if large torque error is detected. ¢ is a small scaling
parameter.

VI. SIMULATION RESULTS

To verify the effectiveness of the proposed hybrid TSF, MAT-
LAB simulations are carried out to present the steady-state
and the dynamic performance of the SRM. A comparative
analysis against the typical linear and the sinusoidal TSFs
is also included. The parameters of the adopted four phases
machine are given in Table 1.
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A typical hysteresis current regulator with a current
band of 0.3A is utilized in this work. Fig. 8 depicts the

VOLUME 10, 2022



F. Al-Amyal, L. Szamel: Research on Novel Hybrid Torque Sharing Function for Switched Reluctance Motors

IEEE Access

3000 T T T T 5 T T T T
77777 4r
= ~
= 2000 -
£ Z sl i
1 =
=
3 ‘ i |
2, 1000 — — —ref. a.E
L i lincar TSF linear TSF
sine TSF Ir sineTSE 1
hybrid TSF o hybrid TSF
0 | I | . I . |
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(a) (b)
30 0
‘ ‘ linear TSF
sine TSF
E wl ar hybrid TSF
£ S
2 < 30
g 2
e 10 2 £20 1 1
linear TSF =
sine TSF 10 - 4
hybrid TSF
0 . .
0 0.2 0.4 0.6 0.8 1 0 t * * *
Time (s) 0 0.2 0.4 0.6 0.8 1
Time (s)
(© (d)
8 T T T T
linear TSF L
sine TSF 14
6 hybrid TSF
@ & 12
2 ol 2 0, controller
~ =4 reaction
H >
) - 101
2r linear TSF
8 sine TSF
hybrid TSF
0 | I | | ; ; .
0 0.2 04 0.6 08 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
(e ®
6 T T T 100 T T T T
linear TSF
sine TSF
hybrid TSF o
24t 1 £ o5t
g z
= ]
o )
H S
= 2F £ 90r
=2 linear TSF
sine TSF
hybrid TSF
0 85 1 | . .
0 . . 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)
20 T T T 20 T T T
—_ linear TSF
z 2 sine TSF
= 157 15 hybrid TSF
g | £
= -
Z1r 510
3 b1
= T
L 1 1 = 5
" 1 LA )
0 | 0 -
0 0.2 0.4 0. 0.8 1 0.58 0.59 0.6 0.61 0.62
Time (s) Time (s)
® )

FIGURE 12. Dynamic performance of the SRM under speed changes responses. (a) Speed (r/min). (b) Output power
(kWw). (c) Torque profile (Nm). (d) Torque ripple percent. (e) Turn-on angle (Deg). (f) Overlap angle (Deg). (g) Torque/
ampere ratio (Nm/A). (h) Efficiency (%). (i) Current of one phase (A). (j) A zoomed section of the phase current plot

around the 0.6t second.

obtained performance indices when utilizing the linear, sinu-
soidal, and the proposed hybrid TSF over a wide speed
range operation of the SRM. The turn-on angle is obtained
from (16), and the same operating points are selected in all
three methods. The performance indices include the aver-
age output torque (Fig. 8a), torque ripple percent (Fig. 8b),

VOLUME 10, 2022

torque to current ratio (Fig.8 c), and the efficiency of the
motor (Fig. 8d).

As illustrated, the hybrid TSF showed a notably higher
average torque at very high speed, significant torque ripple
reduction over the entire speed range, comparable torque/
current ratio, and slightly higher efficiency. As a result, the
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hybrid TSF provided overall enhanced performance over the
traditional TSFs strategies.

Fig 9. depicts the torque profiles when operating the
machine at low, medium, and high-speed commands (750,
1500, and 2250 r/min) at constant loads. As shown, the pro-
posed hybrid TSF has the best torque profiles over the entire
speed range.

Fig. 10. shows the reference torque profile of one phase
of the SRM obtained from the linear, sinusoidal, and hybrid
TSFs during on-line operation of the machine for the same
operating points that have been utilized in Fig. 9. As it can
be seen, the hybrid TSF modified the rising portion of phase
torque profile to attain the exact mirroring of the declining
part of the actual torque of the previous phases. As a result,
the obtained torque profile in Fig. 9 is improved.

Fig. 11 shows the corresponding phase currents at the same
operating points. The phase currents generated by the hybrid
TSF have the optimal profile to keep the torque ripple to a
minimum.

The dynamic performance of the machine is presented
in Fig.12. The system is subjected to speed change com-
mands from 750 to 1500 r/min and from 1500 to 2250 r/min,
as depicted in Fig. 12a. The machine is loaded with a constant
load torque of 16 Nm. The average output power is presented
in Fig. 12b.

The torque profile is shown in Fig. 12c, and the correspond-
ing torque ripple percent can be seen in Fig. 12d. The figures
show that the hybrid TSF has the best dynamic torque profile
with the lowest torque ripple.

The real-time variations of the turn-on angles seen in
Fig. 12e are comparable. They correspond to the actual oper-
ating speed of the SRM and the commanded current value as
indicated in (16).

The overlap angle variations are depicted in Fig. 12f. Ini-
tially, the overlap angle is set to the maximum limit (13) for
best torque tracking accuracy, as illustrated in section V. How-
ever, after 0.7 sec, the overlap angle controller is involved
since it starts to detect unacceptable torque error and, there-
fore, by modifying the overlap angle, higher torque tracking
capability and thus, lower torque ripple is reached. Fig. 12¢g
and 12h showed that the hybrid TSF has a comparable torque/
current ratio and a bit higher efficiency than the typical linear
and the sinusoidal TSFs. For clarity and simplification, only
one phase current profile is given in Fig. 12i. A zoomed
section of the current profile is also shown in Fig. 12;j.

VIl. CONCLUSION

This research presented a novel IITC system based on hybrid
TSF for the SRMs. The main concern is to provide an
enhanced torque profile with a lower torque ripple. The pro-
posed hybrid TSF is created to solve the problem of the torque
tracking error during phase demagnetization. Whereby re-
profiling the reference torque portion of the incoming phase
to be the exact mirroring of the actual torque of the outgoing
phases, the problem can be solved, and the torque profile
can be enhanced. Besides, within the proposed IITC system,
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an overlap angle controller is introduced to compensate for
the error between the commanded and the average torque.
The controller is mainly involved in high-speed operation.

Based on an accurate SRM model, a series of simulations
are carried out, and the presented findings showed clear
superiority over other typical TSF approaches.
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