energies

Article

A New Torque Control Approach for Torque Ripple
Minimisation in Switched Reluctance Drives

Ali Abdel-Aziz 1, Mohamed Elgenedy 2* and Barry Williams !

check for
updates

Citation: Abdel-Aziz, A.; Elgenedy,
M.; Williams, B. A New Torque
Control Approach for Torque Ripple
Minimisation in Switched Reluctance
Drives. Energies 2024, 17, 3334.
https://doi.org/10.3390/en17133334

Academic Editor: José Gabriel

Oliveira Pinto

Received: 10 June 2024
Revised: 30 June 2024
Accepted: 4 July 2024
Published: 7 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Electronic and Electrical Engineering Department, Strathclyde University, 16 Richmond St,

Glasgow G1 1XQ, UK; ali.abdelaziz@strath.ac.uk (A.A.-A.); barry.williams@strath.ac.uk (B.W.)

School of Computing, Engineering and the Built Environment (SCEBE), Glasgow Caledonian University,
70 Cowcaddens Rd, Glasgow G4 0BA, UK

*  Correspondence: mohamed.elgenedy@gcu.ac.uk

This paper is an extended version of our paper published in 2022 IEEE 1st Industrial Electronics Society
Annual On-Line Conference (ONCON), Kharagpur, India, 2022, pp. 1-6.
https://doi.org/10.1109/ONCON56984.2022.10126516.

Abstract: The switched reluctance motor (SRM) has many merits, such as robustness, a simple
construction, low cost, and no permanent magnets. However, its deployment in servo applications is
restrained due to acoustic noise and torque ripple (TR). This paper presents a new torque control
approach for TR reduction in switched reluctance drives. The approach is based on the maximum
utilisation of the available dc-link voltage, hence extending the zero torque-ripple speed range. The
approach is suitable for an SRM with any number of phases and stator /rotor poles. Soft switching
control is deployed, which reduces switching losses. At any instant (regardless of the number of
phases being conducted simultaneously), only one phase current is controlled. The well-established
torque-sharing function concept is adapted and generalised to cater for more than two phases
conducting simultaneously. MATLAB/Simulink confirmation simulations are based on the widely
studied four-phase 8/6, 4 kW, 1500 rpm SRM.

Keywords: current profiling; electric vehicles; switched reluctance motor; torque ripple; torque sharing

1. Introduction

Although the switched reluctance motor (SRM) has many merits, such as robustness,
a simple construction, low cost, and no permanent magnets, hence higher operating
temperature limits [1,2], its deployment in servo applications is restrained due to the
following: firstly, acoustic noise caused by radial vibration [3]; secondly, severe torque
ripple (TR) during commutation (the transfer of torque production from an outgoing
phase to an incoming phase) due to the discrete and non-linear nature of SRM torque
production [4]; and thirdly, non-standard bridge converter configuration [5,6]. The high
torque ripple may cause mechanical vibration stresses (possibly resulting in mechanical
resonance effects) and speed oscillation at low speeds, which are undesirable in applications
such as an electric vehicle (EV) [7]. Many solutions have been proposed to alleviate the first
two undesirable SRM features [8]. Generally, two main approaches are available to reduce
TR, namely the motor design approach and the control approach [9].

Increasing the number of SRM stator and rotor poles results in an overlap of more
than two phases during commutation, which can minimise torque ripple. However, the
increased switching frequency results in more converter losses and machine losses. In addi-
tion, extra converter switches are required (if the number of phases increases), increasing
the converter cost [10].

A new SRM approach explores an SRM with a higher number of rotor poles than stator
poles, as presented in [11]. The new motor concept has a lower mass and copper loss than
the conventional SRM. Due to the extra space available in the stator slot area, windings with
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a higher number of turns and thicker cross-sectional area can be deployed [12]. Also, the
increased rotor pole number minimises TR, which is vital for EV application [13]. However,
since the interpolar rotor air gaps are narrower in the new motor design, the unaligned
inductance is significantly higher than that of the conventional SRM. The increase in
unaligned inductance reduces the energy conversion area and thus decreases the developed
torque [14]. Also, the current rise time at phase turn-on is prolonged as a consequence of
higher unaligned inductance, which implies using higher dc-link voltages to increase the
current rate of rise [15]. Introducing a notch in the rotor pole was presented in [16] for TR
reduction. This approach was extended in [17] for a mutually coupled SRM. The rotor pole
shoe is discussed in [18]. On the other hand, a stator pole slant is demonstrated in [19],
and a non-uniform air gap for a two-phase SRM is presented in [20]. All these variations
attempt to minimise TR. However, the machine torque density is reduced. Increasing
the average torque and reducing torque ripple was proposed in [21] by optimising the
stator and rotor poles for a four-phase 8/6 SRM. However, the approach of modifying the
machine design is limited to a narrow speed range and for rated load conditions. Moreover,
changes to the basic rotor/stator design result in a reduced power output, which is an
unacceptable SRM limitation in EVs.

As opposed to the machine design approach, the control approach is less expensive,
more effective and flexible, and can cover a wide range of speeds [22]. Ripple-free torque
could be obtained by current profiling [23], where optimal current contours, producing
constant output torque, are generated using static SRM data. These current profiles are
stored using look-up tables (LUTs), and current controllers are used to track these pro-
files [24]. A high bandwidth current controller is used to accurately track the stored current
profiles [25-27]. Using conventional pulse-width modulation (PWM) may result in current
tracking errors, especially at high speeds [28-32]. In [33,34], current profiling along with a
new SRM design with a flat torque profile are combined to reduce the torque ripple. Yet, the
new machine design has a narrow speed range compared with conventional SRM designs.

Generally, optimal current profiles are generated as discrete points, and the interme-
diate points are found using linear interpolation. Increasing the number of points will
improve the accuracy at the expense of time and storage memory in the form of LUTs.
In [35], harmonic coefficients are used to produce the required current profiles, where inter-
polation is not required. However, this method is based on the accuracy of the analytical
model. Fuzzy logic and neural networks presented in [36,37] can generate the required
magnetisation data without the need for a huge memory. However, the computational
complexity increases significantly. In [38,39], a control scheme is developed based on
iterative learning control. The advantage of this method is that it does not depend on model
accuracy and does not need a large memory to store the magnetisation data. Yet, it has slow
dynamics with a poor response during transients, which is not tolerable in EV applications.

Average torque control (ATC) was presented in [40,41], where torque is calculated
using co-energy that is derived based on terminal quantities (voltage and current) [42].
The method is extended in [43] for four-quadrant operation at low speeds. However, this
method relies on high-precision measurements of voltage and current. In addition, the
effect of varying the stator resistance (due to temperature change) is not considered, which
affects the co-energy estimation.

The principle of direct torque control (DTC), which is similar to that used for induction
motors, was proposed in [44] and optimised in [45]. The concept is based on controlling the
flux, which, in turn, controls the developed torque [46]. Improving the torque per ampere
ratio and, hence, improving the efficiency, was considered in [47,48]. A model predictive
controller was presented in [49] to choose the suitable voltage vector. However, the method
relies on the SRM mathematical model, which does not reflect machine non-linearity.

Direct instantaneous torque control (DITC) can continuously control the instantaneous
value of developed torque [50], so it significantly minimises TR. In [51], a four-quadrant
DITC was presented, while [52] presented an extension of the method for SRMs with more
than four phases. However, this method requires a complicated algorithm [53]. In addition,
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there is no current control, which poses a limitation for SRM operation with one failure
phase [54].

Among different control approaches, torque-sharing functions (TSFs) reliably reduce
the TR generated during commutation. In [55], the objective was to optimise linear and
sinusoidal TSFs in order to reduce the TR along with the phase rms current. However,
saturation was neglected, and analytical expressions were required within the optimisation
process. In [56], the concept of the maximum rate of change of flux linkage was introduced
to assess conventional TSFs (linear, sinusoidal, cubic, and exponential). It was shown that
a low rate of change of flux linkage increases the ripple-free speed range. Additionally,
optimal values for turn-on and overlap angles were advised. A logical non-linear TSF was
proposed in [57], with no attention to the maximum rate of change of flux linkage. In [58],
an online TSF was proposed, where the selection between commutating phases is based
on the rate of change of flux linkage. Nevertheless, this method requires a PI controller to
compensate for the error between the reference and estimated torque. Also, the conversion
of torque expression to current expression requires analytical formulation. An offline TSF
was presented in [59], which offers a trade-off between a low rms current and low rate of
change of flux linkage. The model requires accurate analytical expressions to derive the
current profiles. A DITC-based TSF was proposed in [60], which requires fewer current
sensors. However, the phase current detection accuracy is low. Also, circuit modification
along with two high-frequency PWM signals are required for phase current extraction. A
hybrid switching mode (a combination between hard and soft switching) was proposed
in [61] instead of the hard switching mode usually adopted in conventional TSFs. However,
there was no illustration of the maximum ripple-free speed range of this method. In [62],
an off-line TSF based on a SRM’s magnetic characteristics is proposed, where a weighting
parameter is adjusted to minimise the rms current while ensuring that the rate of change of
flux linkage is below the dc-link voltage for accurate current tracking. However, the dc-link
voltage is not fully utilised. Hence, the zero TR speed ranges are limited.

In the literature, all TSFs have some salient shortcomings, which can be summarised
as follows:

e  All TSFs are limited to one or two phases conducting simultaneously. There has been
no attempt to investigate TSF performance for more than two phases conducting
simultaneously.

The dc-link voltage was not fully exploited, which limits the ripple-free speed range.
Either hard or hybrid switching is required for accurate current tracking, which
increases switching losses.

e  The turn-on angle cannot be advanced beyond the unaligned position for rapid
current buildup.

Reference [63] proposed a new torque control function for TR minimisation, extending
the zero TR speed range by fully utilising the dc-link voltage. A ripple-free operation
was possible up to 71% of the base speed, which is still far below the SRM base speed.
In addition, there was no attention to the rms current and, hence, the SRM efficiency.
Moreover, the method only allows for two-phase overlap.

This paper presents a torque control function (TCF, as opposed to TSF, since torque will
be controlled by controlling one phase only) based on an SRM’s magnetic characteristics.
The new TR analysis concept separates TR into two independent components, namely
phase commutation torque ripple and switching (PWM/hysteresis) torque ripple.

The merits of the proposed TCF are as follows:

The method is suitable for an SRM with any number of phases and stator /rotor poles.
The concept of TSF is generalised to include more than two phases conducting simul-
taneously.

e  Maximum utilisation of available dc-link voltage is achieved at turn-on and turn-off,
with no switching, hence reducing switching losses and increasing the ripple-free
speed range.
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e The SRM maximum speed range with theoretically zero TR (commutation ripple
elimination, leaving ripple due to PWM switching only) is determined.

e  Soft switching control is deployed (as opposed to hard or hybrid switching as usually
adopted for traditional TSFs), which reduces switching losses.

e  The proposed TCF requires switching for a period equal to the stroke angle only
instead of the full conduction period, which reduces switching losses.

e Atany instant (regardless of the number of phases conducting simultaneously), only
one phase current is controlled, hence termed torque control function, TCF. Effects
due to phase coupling, short/long flux paths, saturation, Cu temperature, etc., can be
compensated by adjusting the single controlling current.

The paper is organised as follows: Section 2 presents the new TCF with the proposed
control technique. Section 3 investigates the maximum torque ripple-free speed range
achieved at different torque demands using the proposed TCF. The proposed method is
validated by simulations in Section 4. Section 5 discusses the effect of varying the turn-
on angle for rms/peak current reduction and compares the proposed TCF against other
TR-minimisation methods. Conclusions form Section 6.

2. Proposed Torque Control Function

The proposed TCF for commutation ripple reduction generates a flux linkage profile
that fully utilises the dc-link voltage at both turn-on and turn-off. This flux profile is
transformed to a current profile stored in a (3D finite element-based) look-up table (LUT).
Figure 1 shows the block diagram of the conventional TSF and the proposed TCF. In the
former, the total torque demand is used to generate the reference phase torques. Actual
phase currents are transformed into phase torques using LUTs. A hysteresis band controller
(HBC) compares the reference and actual phase torques to generate the gating signals.
On the other hand, the proposed TCF generates the required reference current profiles
depending on the motor speed and the torque demand. Actual phase currents are compared
with reference currents, and an HBC generates the required driving signals.

TSF HBTC Converter

Y
Taem y
—
Encoder
(a)
LUT HBCC Converter

SRM

Taem i 4>@ S,
> b - b
. 1 S, J
¢ 0 E
A
A

Sa

P :
A
0 |
i Encoder
ic

lq

(b)
Figure 1. Block diagram: (a) conventional TSF and (b) proposed TCE.



Energies 2024, 17, 3334

50f25

A 4¢, an 8/6 SRM, with specifications given in Table 1 and finite element analysis
data in Appendix A, is selected to demonstrate the proposed TCF, noting that the proposed
method is suitable to any SRM. The rotor pole pitch and the phase shift for an 8/6 SRM are
60° and 15°, respectively. For the SRM under study, the unaligned position is at 30°, while
the aligned position is at 60° (negative torque 0° to 30°; positive torque 30° to 60°). All the
angles are mechanical degrees.

Table 1. SRM specifications (4 kW at 1500 rpm, 25 Nm).

Parameter Value Parameter Value

No. of motor phases, m 4 Rotor outer radius 45 mm
Stator/rotor poles, Ns /N, 8/6 Thickness of rotor yoke 15 mm
Stator pole arc/pole pitch 0.42 Motor axial length 155 mm

Rotor pole arc/pole pitch 0.35 Length of air gap 1 mm
Turns per pole, N 90 Stator inner radius 46 mm
dc-link voltage, V ;. 415V Stator outer radius 83 mm
Phase-winding resistance 0.8 Q2 Thickness of stator yoke 12 mm
Rated rms/peak current 12.7/29 A Shaft radius 15 mm

The SRM is driven by a conventional asymmetric half-bridge converter (ASHB) with
two switches and two diodes per phase. Three voltage states are available for the operation
of the converter, namely magnetisation, freewheeling, and de-magnetisation states.

Magnetisation, +Vj,, is where the full dc-link voltage is applied on the phase; thus,
the current builds up quickly, reaching the reference value.

Freewheeling, 0V, is where zero voltage is applied across the phase winding to
regulate the current. Hence, the current is maintained within the reference value.

De-magnetisation,— V., is where the full negative dc-link voltage is applied on the
phase. The de-magnetisation energy via the motor winding is pumped back to the dc
link, reducing the winding current to zero before the SRM enters the negative torque-
production region.

Figure 2 shows the typical voltage and current waveforms for the three states, illus-
trating the switching and conduction periods.

Voltage s, s E
Magnetisation Switching period

A S— i / — /
i
. — Current
/

o e = d71-

-1 e B
L L
H\m’ Free wheeling eoﬁ }
Conduction period
_Vdc _____________________

v

Figure 2. Typical voltage and current waveforms using ASHB.

For the proposed TCF, two modes of SRM operation exist:

Mode #1: phase current conduction < 30° (single- or two-phase simultaneous conduction);
Mode #2: phase current conduction > 30° (two- or three-phase simultaneous conduction).

These two modes of operation are investigated in the following subsections.
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2.1. Mode #1 (Phase Current Conduction < 30°)

In this mode of operation, either one or two phases (simultaneously) conduct to
generate the required torque. The maximum conduction period for each phase is limited,
in this mode, to 30°. Figure 3 shows the phase torques and total torque for an arbitrary
conduction period, 15° < {6, — 6,} < 30°.

+Vae —Vye
) ——
i | b
?verlap Is ingle-phase conduction | Overlap
dem~~-=--- Iy J-_!.____

®

«——30% — (6, — 6,)—»

15°
1I
Oq 5 0,
L X
6, — 6, — 15°

Figure 3. Illustration of the proposed TCF in mode #1.

In regions I and III, two phases overlap and additively produce the demanded torque,
while in region II, only one phase produces the required torque. If the conduction period is
30° (thatis, 8, = 30° and 6, = 60°), the second region (II) vanishes, and only regions I and
IIT exist.

The goal is to generate a phase torque profile, which fully utilises the available dc-link
voltage and, in so doing, will offer the widest zero TR speed range. The phase torque
profile will be composed of five parts. To illustrate the concept, a numerical example is
given with 8, = 35° and 6}, = 55°.

When the incoming phase is at 35°, a full positive dc-link voltage, +Vj, is applied
continuously (no switching) to this phase for rapid current and, hence, torque buildup,
producing portion 1 (in this case, the incoming phase is termed the master phase). Simul-
taneously, the outgoing phase is at 50° (due to a 15° phase shift). The outgoing phase
generates the rest of the torque so that the torque demand level is reached. Hence, portion
2 is determined (in this case, the outgoing phase is termed the control phase).

When angle 6, is reached, the outgoing phase takes precedence. Hence, the outgoing
phase becomes the master phase, and a full negative dc-link voltage, —Vj,, is applied con-
tinuously (no switching) for rapid current extinction, resulting in portion 3. Simultaneously,
the incoming phase becomes the control phase supplying the torque deficiency to maintain
the torque demand. Hence, portion 4 is specified. Finally, portion 5, region II, is when only
one phase conducts to generate the demanded torque. Concatenating the five portions, the
phase torque profile is obtained.

Table 2 demonstrates this process in the overlap region (the single-phase conduction
region, portion 5, is excluded).

Table 2. Illustration of the proposed TCF during phase overlap.

Phase Angle Voltage

35° + 0, — 40° Fixed (+V,.) Variable
50° + 0, — 55° Variable Fixed (—Vj.)

Incoming 35° — 35° + 0
Outgoing 50° — 50° + 0y

The final step is to calculate the value of 6, which maximises the zero TR speed,
Wy (rpm).
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Equation (1) defines the voltage equation at turn-on/off for one SRM phase, neglecting
phase-winding resistance.
dA
I 1)
Here, A is the flux linkage. +V;, is applied continuously at phase turn-on (portion 1),
while — V. is applied continuously at phase turn-off (portion 3).
Integrating (1):

+Vie =

(A = Ai) = £Vt 2)

where Af, A; are the final and initial values of flux linkage, respectively, while t is time.
At phase turn-on, the initial flux linkage of the phase winding is zero. Hence, the final
flux linkage is calculated by:

()= &

At phase turn-off, the flux linkage must decay to zero before/at the aligned position
(to avoid entering the negative torque-production region). Hence, the final flux linkage is
zero, and the initial flux linkage is calculated from:

—V,;. (0, —15° — 6,
<_Ai>out = dC( : X)

(4)

6wy,

Equations (3) and (4) are solved to calculate 0. and w, ensuring that (5) is satisfied.
Taon = T{ (A7), 00) } + T{(A)ousr (15° + 62} ©)

For the numerical example with a torque demand of 25 Nm, the angle 6, is 36.65°, wy,
is 355 rpm, (Af), is 0.32 Wb-t, and (A;),,, is 0.65 Wb-t. The developed phase torques for
the incoming and outgoing phases are 10.35 Nm and 14.65 Nm, respectively, and the rms
phase current is 11.63 A.

Figure 4 shows the flowchart, which describes the operation steps in model #1.

Select demand torque (Tjzem)

v

Select conduction period (6, 6;) |

Solve (3) and (4) iteratively
to calculate w,, 6,

v

for,0, <6 <6, “2¢ Conducting’

Master (+V,), Ty = Portion 1

Control (Var.), Tg = Tyem — Ty = Portion 2

v

for,0, <6 <6,—15° “2¢ Conducting’

Master (=Vy,), Tyy = Portion 3

Control (Var.), T¢ = Tgem — Ty = Portion 4

!

for,6, —15° < 6 <6, +15° ‘1 Conducting’

Control (Var.), T¢ = Tyem = Portion 5

Figure 4. Flowchart of the proposed TCF in mode #1.
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2.2. Mode #2 (Phase Current Conduction > 30°)

Figure 5 shows the operation in mode #2, where two/three phases conduct simultane-
ously to produce the required torque.

+Vdc _Vdc
| | | |
Three- | Two- |  Three- | Two- Three-
. g e | ) [T y
e phaAe_ _pﬁa_e - phmf . _fﬁa_se_ _ phasg

9(1, - Te— 9!
I T m AV oV
T 9){ ! 1
0, — 8, — 30° 6), — 6, — 30° 6, — 8, — 30°

Figure 5. Illustration of the proposed TCF in mode #2.

In the three-phase conduction region, there are two master phases and one control
phase. A full dc-link voltage, +V 4, is applied continuously on the incoming phase (Master
#1), giving portion 1, and a full negative dc voltage, —V4,, is applied continuously on the
outgoing phase (Master #2), giving portion 2. Meanwhile, the middle phase is the control
phase, which supplies the rest of the demand torque, producing portion 3.

The two-phase conduction period provides the remaining portions (4, 5, 6, and 7), as
specified in mode #1.

For the numerical example with a torque demand of 25 Nm, the angle 6, is 35.06°, w,
is 1765 rpm, (A), is 0.39 Wb-t, and (A;),,, is 0.58 Wb-t. The developed phase torques for
the incoming and outgoing phases are 11.1 Nm and 13.9 Nm, respectively, and the rms
phase current is 14.1 A.

Figure 6 shows the flowchart, which describes the operation steps in model #2.

Select demand torque (Tyepm)

Select conduction period (6, 6),)

Solve (3) and (4) iteratively
to calculate w,,, 6,

for,8, <6 <86,—30° <3¢ Conducting’
Master-1 (+Vy.), Tyy = Portion 1

Master-2 (=Vy.), Tyz = Portion 2

Control (Var.), Tc = Tgem — Tyyr — Tyz = Portion 3

v

for,6, —30° <6 <6, “2¢Conducting’

Master (+Vy.), Ty = Portion 4

Control (Var.), T¢ = Tygem — Ty = Portion 5

v

for,8, <6 <6, +15° ‘2¢ Conducting’

Master (=Vy.), Ty = Portion 6

Control (Var.), T¢ = Tgem — Tyy = Portion 7

v

Figure 6. Flowchart of the proposed TCF in mode #2.
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3. Zero TR Speed Range of the Proposed TCF

This section investigates the maximum torque ripple-free speed range achieved at
different torque demands using the proposed TCF in modes #1 and #2.

The maximum speed range with zero TR is calculated for 25%, 50%, 75%, and 100%
full-load torque (FLT) for the two modes.

3.1. Mode #1 (Phase Current Conduction < 30°)

The maximum conduction period for each phase in mode #1 is 30°. The corresponding
maximum ripple-free speed at FLT is 1065 rpm. The SRM’s performance is illustrated in
Figure 7. The flux linkage profile is shown in Figure 7a, which is linear near the unaligned
and aligned positions.

© o o ©°
> o o N
T

Flux linkage [Whb-t]
o
w

35

_— IA _ls
30r peak=29.1A, rms=12.66A
25

Current [A]
o

0.2 10 -
0.1 5-
0 0
-0.1 ! -5 !
20 50 60 10 20 20 30 40 50 60 10 20
Angle [degree] Angle [degree]
(a) (c)
800 Instantaneous 35
600 Duty‘fyde 30+ —Ta—Te—T
+415 V¢
——————————————————————— r----11 25
Energy from —
_ > E 20
% DC link z
g o] 0 015
= S o
S Ene}g} to |
DC link =
------------ SIS | 5
415V,
-600 - v 0
-800 : . : 5 x
20 30 50 60 10 20 20 30 40 50 60 10 20
Angle [degree] Angle [degree]
(b) (d)

Figure 7. SRM performance at FLT and 1065 rpm using proposed TCF in mode #1: (a) flux link-
age waveform, (b) rate of change of flux linkage (voltage demand), (¢) current waveforms, and
(d) torque waveforms.

This is expected, as the full dc-link voltage, either positive or negative, is applied
(continuously) on the phase winding at turn-on and turn-off, respectively, as highlighted in
Figure 7b, where the voltage profile is the derivative of flux linkage with respect to time
(V = dA/at). The required current profiles are demonstrated in Figure 7c. Finally, torque
waveforms are plotted in Figure 7d, which show zero TR operation.

The maximum speed, rms, and peak currents are calculated for different torque
demands, namely 25%, 50%, 75%, and 100% FLT. The results are summarised in Table 3.
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Table 3. TCF Performance, mode #1, at different torque demands.
Tgem (% FLT) 100% 75% 50% 25%
wy (rpm) 1065 1210 1455 2045
Lims (A) 126 10.8 8.7 6.2
Loeak (A) 29.1 24.8 20 14.2

The proposed TCF extends the zero TR speed range at different torque demands.
Hence, with an FLT base speed of 1500 rpm, 1065 rpm means that 71% of the FLT speed
range can be torque ripple-free.

3.2. Mode #2 (Phase Current Conduction > 30°)

To further exploit the proposed TCEF, the conduction period can be extended beyond
30°, thereby introducing negative torque production (but in low Nm/A regions). With an
increased conduction period, an increased rms current can be expected.

Figure 8 shows the SRM performance at FLT and 1765 rpm (representing an 18%
increase in the output power, hence the machine rating). The conduction period is extended
to 40°. Figure 8a shows the flux linkage waveform, while Figure 8b shows the voltage
demand (rate of change of flux linkage). The voltage demand in the control period reaches
the dc-link value, indicating that further improvements in the speed range with zero TR
are not possible unless a higher dc-link voltage is utilised. Due to the conduction period
extension (and negative torque portions), the rms current increases to 14.1 A (commensurate
with increased power), as illustrated in Figure 8c.

0.7 35
0.6 30+ peak=30.51A, rms=14.1A
= 0.5 25
oy
2 04 <20
g 2
@ 0.3 o 15
K4 E
£ =1
< 02 O 10+
>
[
0.1 5F
0 0
-0.1 ! -5 .
20 40 50 60 10 20 20 30 40 50 60 10 20
Angle [degree] Angle [degree]
(@ (9
800 Instantaneous 35
Duty cycle . W,
600 1 tyAy 30+ Ta—Te—T
+415 Ve
400F -\ TN\ Ty 1 25
Energy from T
2 DC link =
° )
g Oy T 0 815
o Energy to g
> 200 27 S 10+
DC link =
1)) OIS (NSNS SRS S N st
—415 Ve
-600 - v 0
-800 5 i
20 50 60 10 20 20 30 40 50 60 10 20
Angle [degree] Angle [degree]
(b) (d)

Figure 8. SRM performance at FLT and 1765 rpm using proposed TCF in mode #2: (a) flux link-
age waveform, (b) rate of change of flux linkage (voltage demand), (c) current waveforms, and
(d) torque waveforms.
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Since each phase conducts beyond the unaligned/aligned positions, a small negative
torque is produced in low Nm/ A regions, as demonstrated in Figure 8d. Since the currents
are low and the Nm/A is also low around the unaligned/aligned positions, the operation
is ripple-free.

The maximum speed, rms, and peak currents are calculated for different torque
demands, namely 25%, 50%, 75%, and 100% FLT. The results are summarised in Table 4,
wherein the zero TR speed range is increased to 1765 rpm (118% base speed) with an
increased rms current due to the 18% power output increase.

Table 4. TCF performance, mode #2, at different torque demands.

Tgem (% FLT) 100% 75% 50% 25%
wy (rpm) 1765 1785 2040 2600
Tyms (A) 14.1 11.7 9.4 6.5
Lyeak (A) 305 26.2 21 14.7

When the SRM operates at low speeds, the dc-link voltage does not pose any limitation
on the SRM’s ripple-free operation. Hence, it is necessary to use a current profile with a low
rms current. Figure 9 shows different current profiles for different zero TR speed ranges,
where each current profile satisfies specific, discrete FLT operating speeds. Importantly, as
the speed decreases, the conduction period decreases toward independent 15° periods, as
the master periods (V) reduce to zero and the control period dominates.

35
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——315rpm, 11.6A

25 635rpm, 11.96A ||

——920rpm, 12.4A
——1205rpm, 12.93A |{
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——1765rpm, 14.1A |

N
o
T

Current [A]
>

s
o

20 30 40 50 60 10 20
Angle [degree]

Figure 9. Current profiles at FLT and different speed limits.

4. Simulation Results

In the previous sections, a TCF was proposed, which eliminates TR during phase
commutation. The results were produced using an ideal current source (no semiconductor
switching), where the current source terminal voltage indicated the switch state duty cycle.
However, when tracking the generated current profiles (that produce zero commutation
TR) with a voltage source converter, another form of TR appears due to switching, which
produces current ripple (hence torque ripple, which will be termed switching TR, as
opposed to commutation TRcop).

In this section, the SRM’s dynamic performance using the proposed TCF is investi-
gated, and the effect of voltage switching (current ripple) on the generated TR is discussed.
The current is sampled at 200 kHz, and the hysteresis band is 0.3 A (specification param-
eters well within the bounds of fluxgate current measurement technology). It is worth
mentioning that the paper separates between commutation and switching TR and proposes
a method to fully eliminate commutation TR. Switching TR is inevitable and present in all
the TR-minimisation approaches available in the literature.
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4.1. Mode #1 (Phase Current Conduction < 30°)

In this subsection, the results of the proposed TCF are presented at FLT and 1065 rpm
(the zero TR speed limit), as illustrated in Figure 10. The phase conduction period is 30°.

100% FLT, 1065 rpm
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Figure 10. SRM performance at 100% FLT and 1065 rpm and 25% FLT and 2045 rpm using
TCF mode #1: (a) rate of change of flux linkage (voltage demand), (b) current waveforms, and

(c) torque waveforms.

One of the main merits of the proposed TCF is the ability to separate and, hence, assess
the commutation TR and the switching TR, where the former is solely due to the transfer
of torque production from the outgoing phase to the incoming one. On the other hand,
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the switching TR is a result of current regulation in the control region such that the actual
phase current tracks the reference current.

Two separate models are built. The first model, which is used to assess the commuta-
tion TR, as illustrated in the previous section, is a current source model, where each phase
winding is fed with the calculated current profile (stored in a LUT) for zero commutation
TR. Knowing the current profile, the flux linkage profile is determined using the SRM
magnetisation characteristics. Hence, the voltage demand (rate of change of flux linkage) is
specified, which is the reference voltage profile as per Figure 10a.

The second model is the conventional ASHB voltage source converter, where the
switching TR is assessed. For the phase current to track the reference current, the voltage is
altered between 0 V and £V/;; hence, the actual voltage profile is plotted as per Figure 10a.
During turn-on and turn-off, there is no switching, since the voltage is in either of the
continuous £V, modes. Hence, the switching ripple is zero, and advantageously, no
switching losses occur.

The proposed TCF requires switching for a period equal to the stroke angle only
instead of the full conduction period, where the stroke angle, defined by (6), is the phase
shift between each two successive SRM phases.

_360°

951‘ — mNr (6)

As illustrated in Figure 10a, the conduction period is 30°. However, switching is
required for only 15°, hence reducing the switching losses.

Prior knowledge of the required voltage demand allowed for using soft switching
control (0 V loops). When the voltage demand is positive and both switches have periods of
being simultaneously on (+V.), the switches of a given phase are alternately turned off to
alternate the zero-volt loops. When the voltage demand is negative and both switches have
periods of being simultaneously off (—V.), each switch (of a given phase) is alternately
turned on to create alternating zero-volt loops. This alternating 0 V loop method balances
the switching losses, and halves switch the switching frequency. Figure 10b shows the
actual and reference phase currents, highlighting excellent tracking at the unaligned and
aligned positions. The phase torques along with the total developed torque are illustrated
in Figure 10c. A 4% TRy is recorded at 100% FLT and 1065 rpm, solely due to switching
(TReom due to commutation being completely eliminated). Given that the Nm/A is high in
the switching region, only increasing the switching frequency (narrower hysteresis band)
can reduce the TR. Using a 0.1 A hysteresis band reduces the switching T Rg;, from 4% (with
0.3 A hysteresis) to 2%.

At 25% FLT and 2045 rpm, reducing the torque demand to 25% FLT results in an
around 50% reduction in the current level. Hence, the selected 0.3 A band is wide for this
low torque demand, which reflects on the TRy, recording being 7.6%.

4.2. Mode #2 (Phase Current Conduction > 30°)

Results of the proposed TCF at 100% FLT at 1765 rpm and 25% FLT at 2600 rpm are
shown in Figure 11. As illustrated in Figure 11a, although the conduction period is above
30°, switching is required for only 15°; hence, the switching losses are reduced. The voltage
demand in the control region reaches the dc-link voltage level, as shown in Figure 11a,
revealing that further improvement in zero TR requires a higher dc-link voltage. Switching
in the control region is reduced, thereby decreasing switching losses. Current and torque
waveforms are demonstrated in Figure 11 parts b and c, respectively, showing a 3.5% TRy
at 100% FLT and 1765 rpm solely due to switching. Using a 0.1 A hysteresis band reduces
the switching TRy, from 3.5% to 2.2%.
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Figure 11. SRM performance at 100% FLT and 1765 rpm and 25% FLT and 2600 rpm using
TCF mode #2: (a) rate of change of flux linkage (voltage demand), (b) current waveforms, and
(c) torque waveforms.

The SRM performance at 25% FLT and 2600 rpm shows 8% TRgsy. The relatively
high values of switching torque ripple at low torque levels, indicating the importance of a
narrow hysteresis band. Fluxgate current transducers offer a 0.01% accuracy and linearity
with the necessary 1 dB bandwidth, but at a financial cost.
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5. Discussion

In the previous sections, the main goal was to propose current profiles that completely
eliminate the commutation TR, allowing for an extended ripple-free operation. However,
minimising the rms current and, hence, the Cu losses, is of prime importance. In this
section, the effect of advancing/retarding the turn-on angle on the peak/rms current is
investigated. Moreover, the performance of the proposed TCF is compared against the
performance of conventional linear TSF, cos TSF, and DITC.

5.1. Effect of Turn-on Angle on Phase Current

The work presented in the previous sections focused on the operation of the proposed
TCE where the conduction period was centred at 45°. The selection of this specific position
was intuitive, given that 45° has the highest N-m/A. Moreover, 45° is the midpoint between
the unaligned and aligned position, so for a 30° conduction period, the operation will be
confined in the positive torque-production region.

In this subsection, the effect of advancing/retarding the turn-on angle on the peak /rms
current is investigated. The results are demonstrated in Figure 12 and summarised in

Table 5.
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Figure 12. Effect of turn-on angle: (a) flux linkage waveform, (b) rate of change of flux linkage
(voltage demand), (c) current waveforms, and (d) torque waveforms.
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Table 5. Results for zero torque ripple, 30° phase conduction with different turn-on angles.
Oon () Speed (rpm) rms (A) Peak (A)
28 1055 14.2 34.7
29 1055 13.3 315
30 1065 12.6 29.1
31 1065 12.1 26.4
32 1065 11.6 23.2
33 1060 114 21.8
34 1055 11.2* 225
35 1050 11.35 235
36 1030 11.55 25

* Minimum rms current for zero torque ripple is 11.13 A rms [64].

The maximum speed in Section 3 employed a 30° conduction period between 30° and
60° with a 12.66 A rms phase current at 1065 rpm and FLT. By advancing and retarding the
30° conduction period, negative torque production is introduced, as shown in Figure 12d,
but as Table 5 and Figure 12c show, with a 4° retard of the turn-on angle, 1055 rpm at
FLT can be reached, but with the rms phase current reduced from 12.66 A to 11.2 A (and
with a reduced peak current from 29.1 A to 22.5 A). This rms current reduction reflects on
copper loss reduction. Moreover, retarding the turn-on angle shifted the voltage demand
in the control region above 0V, as demonstrated in Figure 12b. Hence, soft switching only
between 0 V and + V. is required (no — V. loop is required). More retarding in the turn-on
angle beyond the 4° will lead to an increase again in the rms and peak currents.

5.2. Comparison of Proposed TCF against Conventional TR-Minimisation Methods

In this subsection, the performance of the proposed TCF is compared against the
performance of linear TSF, cos TSF (benchmark conventional methods), and DITC (most
advanced and dominant TR-minimisation approach) regarding commutation TR and the
rms/peak current to further highlight the effectiveness of the proposed TCE. Two cases are
selected: the first case is FLT and 1000 rpm, where the results are given in Figure 13, while
the second case is FLT and 1765 rpm, with the results illustrated in Figure 14. Optimal
turn-on/off angles are selected for each method for a fair comparison. A high sampling
frequency with a low hysteresis band are deployed to eliminate the switching TR, leaving
only TR due to commutation.

Figure 13a shows that the linear TSF produces severe commutation TR during com-
mutation (at 1000 rpm and FLT) due to the high non-linearity of the SRM, restraining the
phase torque from tracking the reference torque near the unaligned and aligned positions.

Cos TSF takes into account the non-linear SRM torque-production characteristics;
therefore, commutation TR is less than that of the linear TSF; however, TR is still sensed.
One of the major drawbacks of conventional TSFs is that the turn-on angle cannot be
advanced beyond the unaligned position, which hinders the process of current buildup.
On the other hand, the turn-on angle can be advanced in DITC; hence, TR is completely
eliminated. Finally, zero TR operation is achieved as well using the proposed TCE, where
the commutation TR is also completely eliminated. The results are summarised in Table 6.

Although DITC (with optimal turn-on/off angles) is able, as well as the proposed TCF,
to completely eliminate the commutation TR component, the proposed TCF draws less
rms current, as illustrated in Figure 13b, therefore reducing the Cu loss component and
increasing the efficiency.

At higher speeds (1765 rpm, FLT), only the proposed TCF is capable of completely
eliminating the commutation TR, as demonstrated in Figure 14a. Nevertheless, the complete
elimination of commutation TR comes on the cost of current and, hence, efficiency. The
proposed TCF draws a higher current, as demonstrated in Figure 14b (14.1 A rms); thus,
the efficiency is reduced. The results are summarised in Table 7. It is worth mentioning that
the increases in the rms and peak currents represent 11% and 5%, respectively. However,
the SRM at 1765 rpm is operating at 118% of rated power.
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Figure 13. Comparison of SRM performance at FLT and 1000 rpm using the proposed TCF and

conventional TR-minimisation methods: (a) torque waveforms and (b) current waveforms.
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Figure 14. Comparison of SRM performance at FLT and 1750 rpm using the proposed TCF and
conventional TR-minimisation methods: (a) torque waveforms and (b) current waveforms.
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Table 6. Performance comparison of conventional and proposed TR-minimisation methods at FLT

and 1000 rpm.
Method TR (%) Peak Current (A) rms Current (A)
Linear TSF 19 22 11.9
Cos TSF 3 21.3 11.6
DITC 0 21.4 11.7
Proposed 0 22.5 11.1

Table 7. Performance comparison of conventional and proposed TR-minimisation methods at FLT

and 1750 rpm.
Method TR (%) Peak Current (A) rms Current (A)
Linear TSF 36 22 12
Cos TSF 24 21.5 11.9
DITC 6 25 13.5
Proposed 0 30.5 14.1

The results show that the proposed TCF achieves zero TR with the best efficiency
from zero up to the base speed when compared to other TR-minimisation approaches. In
addition, the proposed TCF extends the zero TR speed range up to 118% of the base speed,
which cannot be achieved using any other method. Nevertheless, this comes at the expense
of increased Cu losses. However, operation above the rated power should be only for
limited duration.

Finally, Table 8 gives a comprehensive comparison of the proposed TCF against
conventional TSF and DITC methods.

Table 8. Comprehensive comparison of conventional and proposed TR-minimisation methods.

Point TSF DITC Proposed TCF
Commutation TR % High Low Zero
Ripple-free range Undetermined Undetermined Calculated
Separating Ts,y and Teom Not available Not available Available
Speed range Narrow Medium Wide
Cu losses Medium Medium Low
Chopping Hard Hard Soft
Switching losses High High Low
Current control during fault Yes No Yes
Algorithm and angle control Medium Complex Simple
Phase overlap Limited to two Unlimited Unlimited
dc-link voltage utilisation Limited Medium Maximum
Number of controlled phases Two More than two Only one
Chopping period Conduction period Conduction period Stroke period
Switching during turn-on/ off Required Required Not required
Balancing switching losses Not available Not available Available
SRM number of phases/poles Any Any Any

6. Conclusions

A new TCF has been proposed, investigated, and simulated, which exploits the
maximum utilisation of the dc-link voltage at phase turn-on and turn-off. This extends the
zero TR speed range significantly. This TCF is adaptable to any SRM with any number
of phases and stator/rotor pole numbers. Only magnetic characteristics (either obtained
using FEA or experimentally) are needed. A new concept, which differentiates between
commutation TR (based on using a current source converter) and switching TR (based
on using a voltage source converter), is introduced. The concept of TSF is generalised to
include more than two phases conducting simultaneously. The SRM’s maximum speed
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range with theoretically zero TR was determined. The proposed TCF is characterised by low
switching losses, as switching is required only for a conduction period equal to the stroke
angle. In addition, soft switching is used as opposed to conventional TSFs that require
either hard or at least hybrid switching. The proposed TCF was assessed on a 4¢, 8/6 SRM,
where a ripple-free operation was possible up to 118% of the base speed. Theoretical results
were established through simulations based on a widely studied research machine.
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Appendix A
This Appendix provides an overview of the SRM operation, modelling, and FEA results.

Appendix A.1. SRM Basics

The SRM is a double-salient machine (both the stator and rotor have salient poles
usually made of laminated silicon steel) with a concentrated winding on the stator poles,
with neither windings nor permanent magnets on the rotor. Each two opposite stator poles
are connected either in series or in parallel, forming a phase. When the proper stator poles
are excited, the rotor poles tend to rotate so as to align with the stator poles to minimise the
reluctance of the flux path. The proper and sequential excitation of stator poles allows for
the continuous rotation of the rotor.

Since the SRM is a double-salient machine, the phase-winding inductance is dependent
on the rotor position and current excitation level. Torque, defined using (A1), is produced
by the tendency of a rotor pole to align with the excited stator pole, thereby minimising

flux path reluctance.

oL
— 1/ 2 22
T=1/7 5 (A1)

The rate of change of inductance with the rotor position determines the sign of the
torque. Thus, negative (generating/braking) torque is possible, enabling a four-quadrant
operation of the machine.

Figure Al shows a typical inductance profile (inductance is assumed to vary linearly
with the rotor position; that is, core saturation is ignored), where L, and L, are the unaligned
and aligned (unsaturated) inductances, respectively.

[
P

/5 r

Figure A1. Inductance profile.
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The rotor pole pitch is defined by:

360°
0, = A2
=N (A2)

For a 4¢, 8/6 SRM, the rotor pole pitch is 60°. During the rising inductance value
(g—é > 0), where the rotor moves from the unaligned position to the aligned position,
positive (motoring) torque is produced for 30°. During the falling inductance period
(?TS < 0), where the rotor moves from the aligned position back to the unaligned position,
negative (generating/braking) torque is produced for 30°.

Appendix A.2. SRM Modelling

Since the interaction between SRM phase windings is minimal, the mutual effect
between different phases is ignored, and the voltage equation is expressed using (A3)
considering the phase-winding resistance.

Vpc = iR+ dx (A3)
dt
Here, Vp( is the dc-link voltage, and R is the phase resistance.
The rate of change of flux linkage can be divided into two parts, and then the voltage
equation is defined by:
dL

y
Vpe = iR+ L 2 +iw?>

dat 0 de (A4

where w is the rotor speed (rad/s).

The three terms on the right-hand side in (A4) represent the winding resistive voltage
drop, inductive voltage drop, and back electromotive force (emf) of the SRM, respectively.
Figure A2 shows the equivalent circuit for a single phase of the SRM.

i R L

1% —% e’"fC)

Figure A2. SRM single-phase equivalent circuit.

Due to the SRM’s high non-linearity, developing a mathematical model is a tedious
task. Hence, 2D look-up tables (LUTs) are used to store the flux linkage—current-angle
(A-i-8) characteristics and the torque—current-angle (T-i-0) characteristics. These facilitate
an accurate model that accounts for non-linearity and avoids a sophisticated mathematical
model. The data used to create the look-up tables are obtained either experimentally or
from FEA. The simulation diagram for a single phase of an SRM using LUTs is shown in

Figure A3.
The total developed torque, T, is the summation of the time of all phase torques and
defined by:
m
T.=)_ T(i0) (A5)

1

Finally, the equation of mechanical motion is:

dw
T, = ]E + Bfricw +Tr (A6)
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where ] is the rotor inertia, By, is the coefficient of friction, and T, is the load torque.
The mechanical part is simulated as demonstrated in Figure A4.

2D T(u)
1
2DT(u) u
ut ia
u2
Torque_A
iaR Discrete-Time Flux-linkage_A
Integrator
| v D)
5 ia
a
oo
Dk

Figure A3. SRM single-phase simulation diagram using LUTs.

speed
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Load torque

angle
rad to deg 9

friction

Figure A4. Simulation of SRM mechanical part.

A step size of 1e~° is used for simulation, and the solver is ode45 (Dormand-Prince).

Appendix A.3. Three-Dimensional Finite Element Analysis Results

The SRM is a highly non-linear machine due to its double-salient nature. Identifying
the SRM magnetic characteristics is of prime importance for proper operation. Generally,
two approaches are available [65]: the experimental approach, where the voltage and
current are used to identify the SRM flux, and the finite element analysis (FEA) approach.
FEA software, like Ansys Maxwell used for this analysis, gives an accurate and reliable
SRM model reflecting actual SRM performance. Figure A5 shows the 3D model built using
Ansys Maxwell software (version 13) to study the SRM using the parameters given in
Table 1.
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Figure A5. SRM 3D FEA model.

Figure A6 shows the flux linkage/current characteristics at different rotor positions.



Energies 2024, 17, 3334 22 of 25

1.2 i v v v

17 Aligned

o
®
:

‘

Unaligned |

o
~

Flux linkage [wb.turn]
o
(o]

0.2

0 10 20 30 40 50
Current [A]

Figure A6. Flux linkage—current-angle characteristics.

Figure A7 shows the torque/angle characteristics at different current levels. These
characteristics are stored in LUTs as highlighted in Figure A3.
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Figure A7. Torque—current-angle characteristics.
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