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ABSTRACT The large dc-link current is a known issue in switched reluctance motor (SRM) drives, which
often demand the use of a bulky dc-link capacitor. However, control techniques can be designed and
optimized to lessen this issue. In this context, this article proposes the optimization of analytical torque
sharing functions (TSFs) for dc-link current reduction in SRMs. Initially, the analytical TSFs are described,
and the importance of adequate parameter selection is highlighted. Next, an optimization procedure based
on the nondominated sorting genetic algorithm II is proposed to determine the optimal turn-ON and overlap
angles by solving a multiobjective optimization problem considering torque rms error and dc-link rms current
as objectives to be minimized, something not previously reported in the literature. The pareto fronts for
different operating conditions are presented, including both soft and hard chopping operation, as well as
different sampling frequencies. Then, an approach for selecting a solution from within the pareto front is
described, enabling the result from the pareto front that yielded the desired tradeoff between torque RMSE
and dc-link current to be identified. Experimental results are provided to support the effectiveness of the
proposal. A comparison between three different cases is shown, highlighting the tradeoff between objectives.

INDEX TERMS Dc-link current, optimization, switched reluctance motor (SRM), torque sharing function
(TSF).

L. INTRODUCTION

In the search for rare-Earth-free machines, the switched re-
luctance motor (SRM) has emerged as a prime candidate.
The SRM has several advantages, such as robustness, low
manufacturing costs, inherent fault-tolerance, and a simple
structure. In addition, the rotor of the machine is free of
any permanent magnets, which present price fluctuations,
supply chain restrictions, and significant environmental im-
pact. These features make the machine an ideal candidate for
propulsion applications, for example [1], [2], [3], [4], and [5].
High torque ripple and acoustic noise are known challenges of
the machine, which have been studied and addressed mainly

through adequate machine design and high-performance con-
trol strategies [6], [7], [8], [9], [10].

Another challenge of SRMs is the need for a large dc-link
capacitor, which results in an increase in the cost and volume
of the system. Due to the switched nature of the machine, a
large amount of energy is exchanged between the dc-link and
the phases during magnetization and demagnetization, lead-
ing to significant voltage and current ripple [11]. In addition,
large rms capacitor current is often observed in SRMs, which
leads to an increase in capacitor temperature and, in turn, a
reduction in the lifetime of the component [12]. Thus, a bulky
capacitor is often required to suppress these fluctuations and
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to help provide the drive with the necessary energy, while also
ensuring a suitable operating temperature. One effective tech-
nique for reducing the capacitor size in SRM drives is through
the minimization of rms capacitor and dc-link currents [13].

In this context, the reduction of dc-link and capacitor rms
currents has become a topic of interest [14], [15], [16], [17],
[18], [19], [20]. A method for dc-link and capacitor rms
current evaluation in SRM drives is proposed in Ahmad and
Narayanan’s [14] work. In Klein-Hessling et al.’s [15] work,
an additional dc—dc converter is used in order to reduce
the dc-link capacitor. Similar hardware-based approaches to
promoting capacitor reduction in SRM drives are also ob-
served in [16] and [17], for example. Although successful,
these proposals increase the complexity and cost of the sys-
tem. A synchronized switching modulation strategy to reduce
dc-link current is proposed in Cabezuelo et al.’s [18] work.
By forcing the exchange of energy between phases, authors
are able to decrease the energy transfer between the dc-link
and the machine. Similarly, in Neuhaus et al.’s [19] work, a
control scheme with power balancing phase commutation is
proposed. The magnetic energy is kept within the machine and
used to magnetize the incoming phase, allowing the dc-link
capacitance to be minimized. In Haque et al.’s [20] work, a
closed-loop dc-link current ripple minimization algorithm is
developed. Based on the input dc-link current measurement,
the phase currents are shaped in order to reduce current ripple
and deliver smooth torque. Note, however, that few dc-link
current reduction strategies with torque ripple reduction capa-
bilities have been investigated.

Torque sharing functions (TSFs) are an effective approach
at torque ripple reduction, and can often be optimized in order
to account for a secondary objective [21], [22], [23], [24],
[25]. In Xue et al.’s [21] work, a genetic algorithm is used to
optimize the turn-ON and overlap angles of TSFs to minimize
copper losses while extending the speed range. An analytical
torque-ripple minimization with optimal efficiency. An opti-
mized TSF is described in Ye et al.’s [23] work, where the
square of phase currents and the rate of change of flux linkage
are both considered as secondary metrics for optimization.
Finally, more recent approaches, such as [24] and [25], have
proposed offline optimized TSFs with reduced phase current
while also featuring reduced computational burden and im-
proved current tracking performance, respectively.

Although the above-mentioned presented strategies are able
to effectively reduce phase currents, it should be noted, how-
ever, that this does not guarantee that the dc-link current
is effectively being reduced. In addition, to the best of our
knowledge, no attempt of TSF optimization considering dc-
link related metrics has been observed in literature to date. In
this context, this article presents as a contribution an original
analysis of the capabilities of dc-link current reduction by
means of optimization applied to analytical TSFs. First, the
analytical TSFs are presented, and the effects of adequate
parameter selection are illustrated. Then, unlike what has
been previously reported in the literature, a multiobjective
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optimization procedure is used to optimize the TSFs with
respect to torque rms error (RMSE) and dc-link rms current,
making use of the nondominated sorting genetic algorithm II
(NSGA-II). The pareto fronts along with the optimal firing
angles are presented to demonstrate the effectiveness of the
optimization approach for both hard chopping (HC) and soft
chopping (SC) operation. The cost functions are combined
by using normalization, enabling an optimal result with the
desired tradeoff to be identified. Experimental results are
presented to demonstrate the effectiveness of the proposal,
comparing different optimal solutions with the selected op-
timal result from the pareto front, as well as highlighting the
tradeoff between optimization and performance metrics.

Il. SRM FUNDAMENTALS

This section presents the mathematical modeling of the SRM,
the asymmetric half-bridge converter, and the control funda-
mentals regarding HC, SC, and dc-link current.

A. SRM MODEL

The SRM presents excitation exclusively on its stator, given
the absence of magnets or windings in its rotor [1]. By ne-
glecting phase coupling, the SRM phase voltage is given by

=Ri+ — 1
Uph l+dt (D

where vy, is the phase voltage, R is the winding resistance, i
is the phase current, and X is the flux linkage. As a result of
the double salient structure of the machine, flux linkage is a
nonlinear function of both current and rotor position, 8

A, 0) = L(i, 0)i(t). 2)
Substituting (2) in (1) and rewriting the terms results
. . di
Vph = Ri +1(0,0))— +e 3)
dt
where
oL@, i
16.))=LO,i)+i (a 2 o)
i
. 0L(0,10)
= jw,———. 5
e = ior— @)

The first term, [(0, i), is referred to as incremental induc-
tance [26]. It accounts for the effects of magnetic saturation,
by considering current, self-inductance L(#, i) and the induc-
tance variation caused by current. The term e corresponds to
the machine’s back-EMF, where w, is the rotor speed.

B. ASYMMETRIC HALF-BRIDGE CONVERTER
Due to the switched nature of the machine, the use of a static
converter is required for SRMs. The most commonly used
topology is the asymmetric half-bridge converter [27], where
a four-phase configuration is depicted in Fig. 1.

Assuming that each phase is excited independently, with-
out overlapping, the switching states of the converter can be
analyzed separately, as depicted in Fig. 2. First, when both
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FIGURE 1. Four-phase asymmetric half-bridge converter.
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FIGURE 2. Switching states for the asymmetric half-bridge converter.
(a) Magnetization. (b) Demagnetization. (c) Freewheeling.

of the switched are closed, dc-link voltage is applied to the
phase and current rises, characterizing the state of magneti-
zation, as shown in Fig. 2(a). Note that during this state the
diodes are blocked. Once the switches are opened, negative
dc-link voltage is applied to the phase, causing the diodes to
be forward biased and current to decrease characterizing the
demagnetization state, shown in Fig. 2(b). During this state,
current returns to the dc-link until phase current reaches zero,
when the diodes no longer conduct. Finally, a third switching
state can be used, where one of the switches is closed and the
other is open. This causes the phase current to flow within the
phase, a switch and a diode, characterizing the freewheeling
state, shown in Fig. 2(c). Note that this state is of interest, as
it does not contribute to the dc-link current.

C. SRM CONTROL AND DC-LINK CURRENT
The control of an SRM is dependent on the rotor speed. By
disregarding the phase resistance, (3) can be rewritten as

di
vph — e = 1(0.1) . (©6)

From (6), it can be observed that as long as the excitation
voltage has a greater magnitude than the back-EMF, phase
current can be controlled. The point at which current control
is no longer feasible in SRMs is also often referred to as base
speed [3].

When operating in the current controlled region, a hys-
teresis controller is often used in order to regulate current
during the excitation period. Considering the switching states
of the asymmetric half-bridge converter presented in Fig. 2,
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FIGURE 3. Example waveforms for phase current, phase voltage, and
dc-link current. (a) HC. (b) SC.

the most common topology used to drive an SRM, two dif-
ferent excitation approaches can be employed: HC and SC.
In HC only positive and negative voltage levels [see Fig. 2(a)
and (b)] are applied, while in SC positive and zero voltage
levels [see Fig. 2(a) and (c)] are used during excitation and
negative voltage [see Fig. 2(b)] is only used to demagnetize
the winding toward the end of the excitation period.

In order to demonstrate the effects of both HC and SC in the
dc-link current, example waveforms are presented in Fig. 3. It
can be seen that the use of HC contributes to dc-link current
during both magnetization and demagnetization. When using
SC, however, due to the freewheeling state, current does not
return to the dc-link, effectively reducing rms dc-link current.

I1Il. TORQUE SHARING FUNCTIONS

TSFs are an effective tool for torque ripple reduction in SRM
drives. The technique shares the torque production between
the active phases, ensuring that the total torque produced
equals the desired reference value. During commutation,
torque is shared by gradually increasing torque production
of the incoming phase and reducing torque production of the
outgoing phase [6].

A. ANALYTICAL TSFS
Considering phase & of an SRM, the torque reference is de-
fined as

0 0 <6 <0y
Tref % frise (9) Hon <0< eon + eov
Tret—p = | Tref Oon + Oov < 0 < Oofr (7
Tret X fran (0)  Ootf < 0 < Ooft + Ooy
0 Oott + Oov < 0 < Oofr +9p

where Ti.r—j is the torque reference for phase h, Tif is the
total torque reference, fiise(0) is the rising portion of the TSF,
Jfran(0) is the falling portion of the TSF, 0, is the turn-ON
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FIGURE 4. Analytical TSFs. (a) Linear. (b) Sinusoidal. (c) Cubic.
(d) Exponential.

angle, Oy is the turn-OFFangle, 6,y is the overlap angle, 6, is
the pole pitch, and 6 is the phase position.

Analytical TSFs, also referred to as conventional TSFs,
make use of mathematical expressions to share the torque in
the overlap region [6]. Fig. 4 depicts the linear, sinusoidal,
exponential and cubic TSFs, the most commonly used in lit-
erature.

According to Xue et al. [21], the different rising and falling
portions of the four TSFs shown in Fig. 4 can be computed
according to the following.

1) Linear TSF

. 1
Fite 0) = 2= (0 = bon) (8)

ov

. 1
SR ©) =1~ 5= ©® — borr). )

ov

2) Sinusoidal TSF

cos T (0 — 6on)
ov

fin(9) = (10)

+

= o —
= o —

- b1
i (0) = COSG—(G — Ooff) -

ov

Y
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TABLE 1. Current Metrics for the Different Current Profiles

Oon Oov Oog  Peak current Rms current
Profile Al 3° 5° 18° 23.79 A 8.54 A
Profile A2 4° 5° 19° 18.28 A 7.80 A
Profile A3 5° 5° 20° 14.54 A 7.40 A
Profile A4 6° 5° 21° 14.57 A 725 A
Profile B1 5° 3° 20° 19.21 A 7.67 A
Profile B2 5° 4° 20° 15.70 A 7.50 A
Profile B3 5° 5° 20° 14.54 A 7.40 A
Profile B4 5° 6° 20° 14.54 A 7.34 A
3) Exponential TSF
2
exp _(0 B Qon)
frise (0)=1—exp ( Oov (12)
exp —(0 — orr)? .
Sear (@) = exp ) (13)
4) Cubic TSF
3 2
b 2 3
FE0(0) = (0 — 0on)” — (0 — fon) (14)
00V 90V

3 2
S @)= 1= =50 = Oo)* + (0 — boir)”. (1)
ov ov

Note that for the TSFs presented previously, the overlap
angle must meet [21]

Op
Qov = ? - Qoff- (16)
From Fig. 4, the turn-OFF angle is given by
Oott = Oon + Oshift a7

where Ogpnire 1S the mechanical phase shift between adjacent
phases. In the case of the machine used in this article, a four-
phase 8/6 SRM, a pole pitch of 60° and a shift of 15° are
observed. Hence, (16) can be rewritten as

Oov < 15 — bon. (18)
B. PARAMETER SELECTION

Once the phase torque references are obtained, an inverted
torque lookup table (LUT), i(#, T) LUT, is used in order
to acquire the phase current references. Although different
turn-ON and overlap angle combinations will generate similar
torque references for a given TSF, due to the highly nonlinear
torque—current—position characteristic of SRMs, the reference
currents will vary significantly. In order to illustrate this phe-
nomenon, Fig. 5 shows eight different current references for a
linear TSF using the angle combinations presented in Table 1.
Peak and rms current measurements for every profile are also
provided.

It can be seen that the current profiles are directly affected
by the changes in the turn-ON and overlap angles. In ad-
dition, it is observed that the peak and rms current values
are also impacted by the excitation interval. Note, however,

359



SCALCON ET AL.: OPTIMIZATION OF ANALYTICAL TSFS FOR DC-LINK CURRENT REDUCTION IN SWITCHED RELUCTANCE MOTORS

: PfAL |-~
| —— pra2
PfA3
PfA4 |

=20

10

Current (A

30

=920t [—— prBI]
= | —— pPrB2
3 PfB3
) | —— PB4
E 10+ : - .
O

0 i i

0 5 10 15 20 25 30

6 (°)
(b)

FIGURE 5. Phase current profiles generated by TSFs with different angle
combinations. (a) Different 6,, values. (b) Different 6,, values.

that different profiles may present different advantages when
compared to one another. Hence, the adequate choice of the
TSF parameters is key for optimal performance.

In the following subsection, a multiobjective optimization
algorithm for analytical TSFs will be proposed.

IV. TSF OPTIMIZATION PROCEDURE

The optimization procedure proposed in this section aims to
determine the optimal turn-ON and overlap angles for analyti-
cal TSFs seeking to reduce dc-link current and torque RMSE.
A case study for an 8/6 SRM illustrates the use of the proce-
dure.

A. OPTIMIZATION PROCEDURE

The algorithm chosen for this proposal is NSGA-II [28]. Two
cost functions are defined to guide such algorithm, where the
objective of the optimization procedure is to minimize both
of the cost functions as much as possible, yielding a pareto
front of optimal solutions. The first function, f|(Gon, Gov), is
a measure of the torque RMSE, Trmsg, while the second
function, f>(6on, Oov), is a measure of the rms value of the
dc-link current, ige.jink. Both functions are shown in (19) and
(20), respectively

I N 2
fi (Bon. o) = \/ 2y (Teitr = Tew)”™  (19)

1 N
f2 (on, Ooy) = \/ N Zk: | (idc—link(k))z

where T, is the total electromagnetic torque and N is
the number of data points. Moreover, note that the opti-
mization algorithm is subject to the linear constraint given
in (16).

A simulation model is built in MATLAB/Simulink soft-
ware. The control structure used is depicted in Fig. 6. A
torque reference is used along with a TSF to generate the

(20)
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FIGURE 6. Block diagram of the SRM control structure.
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FIGURE 7. Flowchart of the proposed TSF optimization procedure.

individual phase torque references. Then, the inverted torque
LUT, i(0, T) LUT, is used in order to obtain the phase current
references. Finally, a hysteresis controller is used to track
the current references. Based on the output of the hysteresis
controller, adequate switching signals are generated and sent
to the asymmetric half-bridge converter.

The proposed optimization procedure is shown in Fig. 7. It
is performed entirely offline, and it starts by loading the SRM
simulation model in Simulink. Next, the optimization param-
eters are loaded, such as the parameter bounds, inequality
constraints and the population size. Then, the execution of the
NSGA-II starts. At the end of each simulation, the cost func-
tions are calculated, and the population of the GA is updated.
The steps of the NSGA-II algorithm are depicted in Fig. 7,
and for a detailed explanation, please refer to Deb et al.’s [28]
work. The algorithm is executed until the stopping criterion is
met, which in this case is determined by the average change
in the spread of the pareto solutions over a number of max-
imum stall generations. From the pareto front, a solution
that suits the desired balance between cost functions can be
selected.
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TABLE 2. Parameters of the Studied SRM

Parameter Value
Rated speed 6000 r/min
Rated power 5.1 kW
Rated voltage 300 V
Number of phases 4
Stator poles 8
Rotor poles 6

— FEA ---- Measured

Wh)
o
no

0.15

Flux linkage (
o
=

0.05
0 0=
0 10 20 30 0 10 20 30
Current (A) Position (°)
(@ (b)

FIGURE 8. Characteristics of the 8/6 SRM. (a) Flux linkage. (b) Torque.

First, the vectors containing the cost function values for the
optimal results from the pareto front can be defined as

F = [fl(]) fl(z) fl(n)]T
= [f2(1) f2(2) fz(n)]T

where 7 is the number of solutions in the pareto front.

Then, F; and F> can be combined into a single metric by
means of normalization, where both of the cost functions are
normalized with respect to their maximum observed value, as
shown in the following:

2y

(22)

F ny 2
o
max [F] ]

where Fyorm 1S the normalized cost function vector, and o and
B are weights.

The firing angles that yielded the minimal value of Fjorm
are saved, and the procedure is repeated for different operating
conditions.

(23)

F =
rorm max [F]

B. CASE STUDY
This subsection presents a case study for the optimized ana-
Iytical TSFs with reduced dc-link current.

The characteristics of the SRM used in this article are given
in Table 2. The flux linkage and torque profiles of the machine
are presented in Fig. 8. The first set of characteristics is ob-
tained by means of finite element analysis data, using JMAG
software. The second set, labeled measured, is obtained using
the dc excitation method [29], with the rotor locked mechani-
cally.

The optimization parameters used are given in Table 3.
The linear constraint is set based on the condition presented
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TABLE 3. Parameters of the NSGA Il Implementation

Parameter Value
Population size 30
fon bounds [0°,15°]
6ov bounds [0°,15°]
Function tolerance 10—4
Maximum stall generations 100

in (18), ensuring that 6,y + 6oy < 15. Furthermore, the initial
population of the NSGA-II is initialized randomly. The stop-
ping criteria of the optimization procedure is determined by
the average relative change in the best fitness function value
over a maximum number of stall generations. If this value is
less than or equal to the “function tolerance” parameter over
a number of “maximum stall generations,” the algorithm will
be stopped.

Simulation results are obtained using MATLAB/Simulink
software. The sampling frequency of the control algorithm is
set to 200 kHz to ensure the hysteresis controller has superior
current tracking performance. In addition, results consider-
ing a 60 kHz sampling frequency are also presented as a
means to investigate the effects of the sampling rate in the
torque RMSE and dc-link current. Regardless of the control
frequency, the simulation frequency for the model is set to
10 MHz, as depicted in Fig. 6. For real-world applications, an
advanced PWM current controller could be used as an alter-
native. The hysteresis band is set to 0.5 A and both HC and
SC operations are investigated. For HC, only the positive and
negative voltage levels are used, while SC uses the positive,
zero and negative voltage levels. Note that, in this article, SC
operation is implemented as proposed in Scalcon et al.’s [30]
work, where positive and zero voltage levels are applied while
0 < 6y, while positive and negative voltage levels are applied
after 6 > O.

The algorithm is executed for the four different TSFs pre-
sented in Fig. 4. The optimization results for a speed of
1000 r/min at a 3 Nm load, composed of the pareto sets and
the optimal firing angles, are presented in Fig. 9. The results
consider both HC and SC, as well as 200 and 60 kHz sampling
frequencies. Similarly, Figs. 10 and 11 present results for the
operating conditions of 3000 r/min at 3 Nm and 6000 r/min at
1.5 Nm, respectively.

First, a tradeoff between both cost functions is observed.
Moreover, it can be seen that the dc-link current can be re-
duced to a certain extent while exhibiting reasonable torque
tracking error. Furthermore, a similar behavior can be ob-
served for the results using HC, despite of the different
operating conditions. When considering SC, however, a big-
ger discrepancy between the different TSFs is observed. This
is made evident in Fig. 10(b) and (d), as well as in Fig. 11(b)
and (d). It should be noted, however, that the exponential TSF
tends to perform worse when compared to the remaining three
TSFs. When comparing both HC and SC, it can be observed
that SC is able to significantly reduce dc-link current. This
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FIGURE 10. Optimization results for a speed of 3000 r/min at a 3 Nm load. (a) Pareto fronts for 200 kHz and HC. (b) Pareto fronts for 200 kHz and SC.
(c) Pareto fronts for 60 kHz and HC. (d) Pareto fronts for 60 kHz and SC. (e) Optimal angles for 200 kHz and HC. (f) Optimal angles for 200 kHz and SC.

(g) Optimal angles for 60 kHz and HC. (h) Optimal angles for 60 kHz and SC.

is attributed to the fact that the hysteresis current controller
switches between positive and zero voltage levels for most of
the excitation period, which causes no contribution to the dc-
link current during the freewheeling state. On the other hand,
HC uses both positive and negative voltage levels, constantly
contributing to dc-link current. Regarding the torque tracking
performance, it can be observed that at lower speeds, HC
enables superior tracking, while SC exhibits different tracking
capability along the pareto front. With the increase in speed,
however, HC also presents a larger tradeoff on its pareto
fronts. It should be noted that, even though reasonable results
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are also observed at higher speed conditions, TSFs progres-
sively lose current tracking capabilities with the increase of
speed, and, consequently, torque tracking capability. Hence,
this technique is not suitable for high-speed conditions, with
typically single pulse control being used above base speed.
Regarding sampling frequency, it can be seen that a lower
sampling rate leads to worse torque tracking performance.
This is demonstrated by the higher torque RMSE values ob-
served in the results with 60 kHz when compared to the
200 kHz counterpart. This is expected, as the current tracking
performance of the hysteresis controller is directly related to
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(g) optimal angles for 60 kHz and HC. (h) Optimal angles for 60 kHz and SC.

the sampling rate. For the high-speed results, at 6000 r/min, it
is observed that the gap in performance between the different
frequencies is much smaller. This can be attributed to the fact
that, with the increase in speed, the back-EMF of the machine
is also increased, generally deteriorating the tracking capabil-
ity of the controller at higher speeds. Furthermore, the ratio
between sampling and electrical frequencies is much closer
than it is at lower speeds, justifying the similar performance.

Finally, it can be seen that solutions that yielded lower
torque RMSE typically present a larger overlap angle, while
solutions that more effectively minimize the dc-link current
tend to have a smaller overlap angle. In addition, with the
increase in speed, the turn-ON angle is advanced in solutions
with good torque tracking performance. This is an expected
behavior in SRMs, that can be seen replicated here in the
results of the optimization procedure.

Based on these solutions, a point from the pareto front
which satisfies the desired dc-link current reduction, while
still presenting an acceptable torque RMSE value, can be
selected as the optimal firing angles by means of (23). For
this article, authors opted to use @« = 1 and g = 2, due to
the normalized variation in torque RMSE being much greater
than the variation in dc-link current. Please note, however, that
the weights should be adjusted according to the studied SRM,
application and targeted dc-link current reduction.

Experimental results will be presented in the following
section as a means to compare the performance of different
solutions from the pareto front.

V. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed opti-
mization procedure, experimental results are presented in this
section. The machine used is the 8/6 SRM described in Sec-
tion IV-B. The experimental setup is presented in Fig. 12,
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FIGURE 12. Experimental setup containing the SRM, IM, and their
respective drives.

being mainly composed of an SRM coupled to an induction
machine (IM), a four-phase AHB converter and a commercial
three-phase IM drive. The IM is used as a means to provide
a mechanical load to the SRM by operating as a generator.
A TS2225N13E102 resolver, built-in to the SRM housing, is
used to measure the rotor position.

Fig. 6 depicts the block diagram of the proposed control
structure. A digital signal processor (DSP) TMS320F28335
is used for digital implementation. The hysteresis current
controller uses a hysteresis band of 1 A with a 55 kHz sam-
pling frequency, the highest achievable value considering the
limited performance of this DSP [24]. Due to digital imple-
mentation, the hysteresis controller presents a one sample
delay. Both HC and SC operation are evaluated experimen-
tally. For SC, positive and zero voltage levels are applied
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FIGURE 13. Experimental results for HC at a speed of 1000 r/min under a 3 Nm load. (a) Case 1. (b) Case 2. (c) Case 3.

while 6 < 6y, while positive and negative voltage levels are
applied after 6 > 6o. For HC, only positive and negative
voltage levels are used.

In addition, for each operation mode, three cases are con-
sidered as follows.

1) Case 1: result from the pareto front that yielded the

smallest f1(6on, Oov) (torque RMSE) value.

2) Case 2: result from the pareto front that yielded the de-
sired tradeoff between torque RMSE and dc-link current
according to (23).

3) Case 3: result from the pareto front that yielded the
smallest f>(Oon, Oov) (dc-link current) value.

For the results presented in this article, the torque to current
conversion is performed offline using Simulink, by means of
an inverted torque LUT. Hence, the current references are
loaded directly to the DSP’s memory, and no online conver-
sion is performed. The instantaneous torque waveforms, on
the other hand, are estimated inside of the DSP by means
of a torque LUT and measured using a 12-bit digital-to-
analog converter. This LUT is obtained as described in Bilgin
et al.’s [31] work, using characteristics of the studied SRM. It
has as inputs the phase current and position measurements,
while outputting the instantaneous phase torque value. The
total torque is obtained by repeating the procedure for each
phase and adding the individual results.

Fig. 13 shows the experimental results for the sinusoidal
TSF for the three different cases considering HC operation at
a speed of 1000 r/min under a 3 Nm load. Similarly, Fig. 14
shows experimental results for the sinusoidal TSF for the
same cases and operating condition considering SC operation.
In order to evaluate the proposal for a different operating
speed, experimental results at 3000 r/min under a 3 Nm load
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TABLE 4. Excitation Parameters for the Experimental Results

o 1000 r/min 3000 r/min
Excitation | Case
90n (90\, eon eov
1 9.02°  5.88° 2.23° 12.67°
HC 2 8.99°  5.80° 6.14° 7.41°
3 8.32°  5.69° | 11.55° 1.81°
1 6.38° 5.11° 1.75° 12.91°
SC 2 577°  1.66° 7.16° 7.34°
3 5.88°  0.99° 8.96° 3.80°

considering hard and SC operation are presented in Figs. 15
and 16, respectively. The turn-ON and overlap angles used in
the experimental results are extracted from Figs. 9 and 10, and
given in Table 4.

From the results, it can be observed that SC is able to
achieve significant dc-link current reduction when compared
to HC. Moreover, a tradeoff between objectives is observed,
with case 1 generally showing a lower torque RMSE value,
while case 3 shows the most reduction in dc-link current.
A quantitative analysis is shown in Tables 5 and 6, where
measurements of TRMsE, dc-link, torque ripple, efficiency and
torque per ampere ratio are presented for the results shown in
Figs. 13-16.

The torque ripple, Tiipple, is given by

Tmin
Tavg

Tmax -

Tripple = (24)

where Ty is the maximum estimated torque value, T, is
the minimum estimated torque value, and T,y is the average
torque value.

VOLUME 5, 2024



IEEE Open Journal of

Industry Applications

= 30

[V
(=]

Phase current (A
S

~N o

ot

Torque (Nm)
e

[y

=N
o O

DC-link current (A)

Time (ms

(a)

)

=30 =30
+~ +~
g 20 g 20
5 5
;10 o 10
3 z
) E 0
7 7
El El
&5 Z5
Q Q
= =
£ <
= =
1 1
= =
+~ +
g g
£ £
g g
O O
a a

Time (ms) Time (ms)
(b) ©

FIGURE 14. Experimental results for SC at a speed of 1000 r/min under a 3 Nm load. (a) Case 1. (b) Case 2. (c) Case 3.

Phase current (A)

Torque (Nm)

DC-link current (A)

= =
5 20 2

2 z

- -

g 10 3

2 %

= =

a0 a9}

B E

& &

g ]

o o

< 3

& =

= =

= k|

=} =

o o

) o :

A ) 1 2 3 4

Time (ms) Time (ms)

(b) (©
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The efficiency, n, is calculated as

where P, is the input power and Py is the output power.

POllt
P

The input power is defined as

VOLUME 5, 2024

Pin = Vqe iavg

where V. is the dc-link voltage and i,y is the average dc bus

current.
(25) The output power is defined as

Pout = @, Tayg. 27

The torque per ampere ratio, another metric often used to
evaluate efficiency [31], is calculated as Tuyg/irms, Where iyms
(26) 1is the rms value of the phase current.
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TABLE 5. Performance Comparison for the Experimental Results at a Speed of 1000 r/min Under a 3 Nm Load

Excitation | Case Trvse (Nm) % de-link (A) Trippte (%) 1 (%) Tavg /irms (NM/A)
1 0.7386 14.3055 147.76 50.18 0.3835
HC 2 0.7400 14.2417 158.50 49.51 0.3768
3 0.7859 14.1596 161.89 49.62 0.3837
1 0.6212 6.4607 128.38 56.47 0.4039
SC 2 1.0290 5.5479 170.23 56.97 0.4004
3 1.0862 5.0718 166.39 55.93 0.4086

TABLE 6. Performance Comparison for the Experimental Results at a Speed of 3000 r/min Under a 3 Nm Load

Excitation | Case Trmse (Nm) % de-link (A) Thipple (%) n (%) Tavg /trms (NM/A)
1 0.7562 13.3802 176.27 64.83 0.3999
HC 2 0.7808 12.8836 219.56 62.57 0.3736
3 1.1976 11.8778 308.14 57.01 0.2981
1 0.6090 10.1593 201.38 68.21 0.3655
SC 2 0.5685 9.1485 215.41 68.52 0.3905
3 0.6045 8.8370 179.73 66.18 0.3709

As seen in Table 5, the expected tradeoff is observed be-
tween the three cases at 1000 r/min. For HC, it can be seen
that the difference is rather small between each case; however,
note that this is expected as the pareto front shown in Fig. 9
also presents a small amplitude variation for both metrics.
Regarding the results for SC, a similar tradeoff is observed.
Note, however, that the dc-link current is significantly sup-
pressed at the cost of increased torque tracking error. From
Table 6, it can be seen that at 3000 r/min the tradeoff is more
evident for HC, as expected from the pareto front in Fig. 10.
Once more, dc-link current reduction is achieved at the cost
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of higher Tr\mse. Furthermore, it is observed that the absolute
values for Trysg from the experimental results are higher
than the ones presented in the pareto fronts. This is justified
by the limitations in sampling frequency and hysteresis band
of the experiment, which are respectively smaller and greater
than the simulation results, in turn leading to a worse tracking
performance. A similar trend to the Trysg metric is observed
for the torque ripple measurements. It should be pointed out,
however, that the torque ripple metric is often avoided. Given
that the metric uses maximum and minimum values, it can be
significantly affected by noise or varying peak values in the
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measurements, not truly reflecting the characteristics of the
output torque, as seen in both speeds for case 2 with SC, for
example.

From the efficiency metric, it can be seen that all three cases
present a negligible difference between measurements at 1000
r/min. Similarly, at 1000 r/min minimal difference can be seen
between the three cases with regards the torque per ampere
ratio. Nonetheless, it is observed that SC presents a superior
torque per ampere ratio when compared to HC. Similar ef-
ficiency levels are also observed between the different cases
at 3000 r/min with SC. Note that each case presents different
characteristics regarding copper, iron and switching losses, for
example, making it reasonable for similar efficiency values to
be reached even under different operating conditions. For the
results at 3000 r/min with HC, however, note that efficiency
is significantly lower for case 3. This is justified by the lower
average torque value, also made evident by the much lower
torque per ampere ratio. Finally, when comparing HC and
SC, it is observed that the latter presents higher efficiency
at both speeds. This is expected due to the lower switching
frequency, reduced dc-link current and use of the freewheeling
state, among other factors.

VI. CONCLUSION

This article investigates the optimization of analytical TSFs
aiming to reduce the dc-link current of SRMs. First, a de-
scription of the four analytical TSFs is presented, as well as
the impact of the excitation parameters in the current pro-
files. Then, a multiobjective optimization problem taking into
account torque rms error and dc-link rms current metrics is
solved by means of the NSGA-II algorithm. Next, an approach
for selecting a solution with the desired tradeoff from within
the pareto front is described. The effectiveness of the proposal
is demonstrated by a case study, and further verified by the
experimental results, which show the tradeoff between the
objectives under three different cases in both hard and SC
operation. The combination of parameters selected by the
optimization procedure is capable of delivering a performance
with adequate balance between both metrics. Furthermore, it
can be seen that dc-link current can be effectively reduced
with the use of optimized analytical TSFs. Finally, the ben-
efits of dc-link current reduction when using SC over HC are
also highlighted. This can consequently enable other drive
improvements, such as the increase in capacitor lifetime or
capacitor size reduction, two key issues of SRM drives due
to the large exchange of energy between the dc-link and the
machine. One limitation of the proposal is the fact that it is
restricted to the analysis of analytical TSFs. In this context,
future work should be carried out in evaluating the dc-link cur-
rent reduction capabilities of more sophisticated TSFs, such as
the ones generated by offline optimization procedures.
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