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Abstract: In this paper, by evaluating the extreme value of the gth-power current, a torque sharing
function (TSF) family for reducing the torque ripples in the switched reluctance motor (SRM)
is proposed. The optimization criteria of the TSF has two secondary objectives, including the
maximization of the torque-speed range and the minimization of copper loss. The evaluation indices
in terms of the peak phase current, the rms (root mean square) phase current, and the torque ripple
factor are compared between the proposed TSF family and four conventional TSFs including linear,
sinusoidal, exponential, and cubic TSFs. An optimization objective function that combines the
maximum absolute value of the rate-of-change of the flux linkage (MAV-RCFL) and the gth-power of
current is proposed and a weighting factor is used to balance the influence of the two optimization
objectives. An optimal TSF can be easily obtained by solving the optimization problem from the TSF
family. The proposed TSF is validated by using simulations and experiments with a three-phase
6/4 SRM with 7.5 kW, 3000 rpm, and 270 V DC-link voltage. The dynamic simulation model is
implemented in Matlab/Simulink. The results demonstrate the validity and superiority of the
proposed control method; the optimal TSF provides better torque-speed performance, and a better
reduction in copper loss and torque ripples at high speed, as compared to conventional TSFs.

Keywords: switched reluctance motor (SRM); torque-speed performance; drive efficiency; torque
sharing function (TSF)

1. Introduction

Switched reluctance motors (SRMs) are gaining interest in various applications such as electric
vehicle driving system, starter-generators system, and power supply for aerospace applications,
because of the many advantages that the SRMs have in comparison to other motors, including their
low cost, durability, simple structure and robust construction [1,2]. Due to advances in high speed
digital signal processing and power electronics technology, the controllable performance of the SRM
has been improved greatly. However, one of the main drawbacks of the SRM used in servo-control is
its large torque ripple, which leads to acoustic noise and vibration, thus causing the body vibration,
transmission system parts damage, excessive bearings wear and even accidents involving the axis
breaking [3,4].

There are two main methods to reduce the torque ripple: one is to optimize the structure
and magnetic design of the motor, and the other is to adopt the advanced control algorithm [5].
By optimizing the stator/rotor pole structures and the magnetic design, the torque ripple cannot be
fully reduced, but the cost of the motor increases [6]. The main operating parameters of an SRM
include the supply voltage, the turn-on and turn-off angles, the current level, and the shaft torque.
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And the control algorithm is based on selecting an optimum combination of these parameters [7,8].
Therefore, an appropriate design for achieving a high SRM performance must take these factors into
consideration and make an optimal choice.

As an effective method for torque ripple reduction, direct instantaneous torque control (DITC)
has gained interest in the last few years, due to its simple control structure, which provides greater
flexibility for the torque ripple reduction [9-12]. However, its implementation is not easy because
it requires complex switching rules, uncontrolled switching frequency, and high sampling rates.
In [9,10], an iterative learning method for generating the optimized current waveforms was presented.
In [11,12], an online DITC technique that operates without torque profile functions and auxiliary phase
commutating strategies was demonstrated. The optimal turn-on and turn-off angles for minimizing the
torque ripple or the energy consumption has been described in [13-15]. In [16], a direct torque control
based on the Lyapunov function was selected to minimize the torque ripples. In [17,18], the machine
design was combined with the control algorithms in an innovative method of profiling the phase
currents to reduce the torque ripples of an SRM.

In the latest research, the torque sharing function (TSF) has been investigated as an important
and effective approach for minimizing the torque ripple in an SRM [19-24]. Common TSFs curves
contain linear, sinusoidal, exponential, cubic curves, and so on. In order to reduce the torque ripple,
the phase current product and the individual phase torque harmoniously use the most suitable TSFs
so that the total torque can align with the expected torque. Subsequently, the phase torque reference
can be translated into the phase current reference based on the T-i-6 characteristics. With increasing
speed of the SRM, the phase current cannot ideally follow its reference because of the limited phase
voltage and therefore the torque ripples increase. In addition, because the phase current reference can
be derived from the phase torque reference, the choice of the TSF directly affects the copper loss and
the current tracking performance. The current tracking performance should be improved to enhance
the torque-speed capability. Thus, in order to obtain an optimum TSF, it is necessary to consider a
secondary objective that includes the maximization of the torque-speed range and the minimization of
copper loss. These two evaluation criteria affect the torque-speed performance and the drive efficiency
of the motor. In [19], four conventional common TSFs were studied and evaluated after optimization.
In order to minimize the rms (root mean square) phase current and the maximum absolute value of
the rate-of-change of the flux linkage (MAV-RCFL), the turn-on and the overlap angle were extracted
based on a genetic algorithm optimization method to select the optimal TSF. In [20], for reducing the
losses of the switched reluctance motors, a piecewise cubic TSF was optimized with six degrees of
freedom. In [21], an offline TSF with a wide torque-speed range for reducing torque ripple in an SRM
was studied; the objective function adopted a Tikhonov factor among two objectives to minimize the
maximum absolute value of RCFL and the copper loss. In [22], an extended-speed low-ripple torque
control in two modes using the TSF in an SRM was introduced. Because of the imperfect tracking of the
phase current in high motor speed, a proportional-integral controller with a torque-compensation was
added to the torque reference during the commutation range of two adjacent phases. In [23], a novel
and simple nonlinear logical TSF was proposed to reduce the torque ripple and improve the efficiency.
The logical TSF was used online and was not fixed compared with the other TSFs. The incoming phase
current was controlled in a ladder-like increase, and the current of the outgoing phase was tracked
in the opposite direction. Therefore, torque sharing between the incoming and outgoing phases was
achieved with a minimum current crossover. However, a theoretical analysis of the RCFL was not
provided for this study.

In this paper, taking into account the requirements for the maximization of the torque-speed
range and the minimization of copper loss and balancing these secondary objectives by including a
weighing factor, a family of TSFs deduced by an invertible torque function is proposed. Because the
proposed TSF provides phase currents throughout the whole region, the torque-speed capability is
improved as well. The solution of the TSFs selection becomes a multi-objective optimization problem.
And then, the evaluation indices such as the peak phase current, the rms phase current, and the torque
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ripple factor are compared between the proposed and the classical TSFs by using a simulation. Finally,
the simulation and experimental results show that the proposed control algorithm has advanced
performance in reducing the copper loss and improving torque-speed performance.

2. The Finite Element Method Analysis for the SRM

The SRM only has stator windings, no rotor windings or magnets. The whole or part of each
phase is comprised of two stator windings on diametrically opposite sides of the SRM. A three-phase
6/4 SRM with 7.5 kW, 3000 rpm, and 270 V DC-link voltage is designed (seen Table A1 in Appendix A).
Figure la—d shows the analysis model of the studied motor using the finite element method (FEM)
with the magnetic flux at rotor positions of 0°, 15°, 30°, and 45° respectively. The anti-clockwise is the
positive direction of the rotor angular position § and the alignment position of the stator and rotor
poles is defined as 0°.
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Figure 1. The finite element method (FEM) analysis model of the switched reluctance motor (SRM)
with the magnetic flux (I=8 A): (a) 6 = 0°; (b) 6 = 15°; (c) 6 = 30°; (d) 6 = 45°.

In practical SRM analysis, the non-linear characteristics and the electromagnetic analysis of
the SRM are important. By using ANSOFT /Maxwell software (ANSOFT /Maxwell 14.0, Ansys Inc.,
Canonsburg, PA, USA), the flux linkage, the phase inductance profiles and the torque characteristics of
the studied SRM were analyzed. And the results are shown in Figure 2a—c. Due to the saturation effect,
the maximum value of the phase inductance decreases with the increase of the current. In Figure 2b,
the flux linkage characteristics demonstrate the saturation effects. The lowest curve corresponds to a
0 A phase current and the top of the curve to an 8 A phase current. The torque generated by a constant
current and a +45° in the phase-A winding is shown in Figure 2c and is the same as the other phases.
The phase torque has nonlinear properties which strongly depends on the phase current values and
the rotor position. It is significant that the phase torque decreases when the rotor position is near the
alignment position of the stator and rotor poles. This is caused by the saturation effect, which leads to
a decrease in the derivative of the co-energy to the rotor position. This, in turn, causes the large torque
ripple of the SRM, which requires a complex control strategy to reduce. As shown in Figure 3a,b,
the linear interpolation resulted in a surface fitting and this linear interpolation approach can be used
for other non-test states to obtain the necessary data for the flux linkage and the torque for any given
value (i, 6).
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Figure 2. The phase inductance, the flux linkage profiles and the torque characteristics of the studied

SRM: (a) inductance profiles; (b) flux linkage profiles; (c) torque profiles.
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Figure 3. Linear interpolation results: (a) 3-D relationships of ¥-i-; (b) 3-D relationships of T-i-0.

3. Theoretical Background of the SRM

3.1. Torque Generation

The principle of the torque generation in an SRM is based on the reluctance minimization of the
magnetic flux linkage paths. Each phase, the torque strongly varies with the phase current and rotor
position variation. Generally, the torque phase T} can be calculated from the co-energy as follows:

_ 3 [ . (i, 0)diy p

5 )

Ty (ix, 0) 1,2,---,m
where k is the identifier of the phases, 6 is the rotor position, i is the phase current, and ¥y is the phase
flux linkage. All of the position angles refer to mechanical angles (except where noted). The two basic

equations that describe each phase flux linkage and the machine model of the SRM are as follows:

Wi (i, 0) = L (ix, 0) ¥ ix )
W:R@+%% @)

where Ly is the kth phase inductance, 1 is the kth phase instantaneous voltage, and R is the phase
winding resistance. Because of the highly nonlinear and saturation effects of the electromagnetic
characterization in the SRM, the inductance Ly in Equation (2) varies not only with phase current value
but also with rotor position variation.
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By neglecting the saturated nature, we simplify the formula and assume that the inductance
Ly varies only with the rotor position 6. According to Equations (1) and (2), the torque T can be
expressed as:

Ty (i, 0) = 0.5i% x dL;ée) = 0.5L, (8)i? 4)

where Ly, is denoted as the derivative of Ly. In this case, assuming that Ly, is known, Equation (4)
enables a fast and simple torque calculation.

3.2. TSFs

To minimize the torque ripple, the commonly used TSFs can be classified as linear, sinusoidal,
exponential, and cubic and their details have been reported in [19,24]. Through the torque control with
a TSF in the region where it shares the torque with one or more phases (called the commutation or
overlap region), the total torque reference T, is divided into separate torque reference T,z for each
phase. According to the characteristics of the torque-current-position, the T,y is converted into the
phase current reference i with respect to the rotor position information.

Figure 4 shows an illustration of a TSF. The kth phase torque reference denoted as Ty.f) is
calculated as:

0 0y < 0 < Oon
Tref X frise(0) Oon < 0 < oy + Oov
Tref(k) (0) = Tref Bon + 000 < 6 < eoff — bov 5)
Trer X fran(0) Boff — Ooo < 6 < B¢
0 Goff <0<06y

where 0, 901, 000, Qoﬁc and 6, are the unaligned, turn-on, overlap, turn-off and aligned angles,
respectively; f(f) and represents the ascending area and J?all(G) represents the descending area
in the TSF. In the commutation region, fy;,(f) must increase from 0 to 1 and fg;;(f) must decrease from
1 to 0. For any TSF, the function fz;;() that is relevant to f;s.(6) can be computed as follows:

ffull(e) = 1_frise(9+90n+90v_90ff) (6)

The angle 6, = 2nt/N, denotes the rotor pole pitch, where N; is the number of rotor poles.
And 0, = 27t/ (mN,) denotes the angular displacement between the neighboring phases. In the case of
a normal SRM commutation, these angles have the following relationships:

Qal -0y = Gp/z (7)

Bovzeoff_eon_gdggp/z_gd 8

Thus, we can get 6, = 90°, 6; = 30°, and 0,, < 15° from Equations (7) and (8) in the three-phase
6/4 SRM. For the four-phase 8/6 SRM, we have 0, = 60°, §; = 15°, and 0, < 15°.

7 ref (k1)

1 1 1 1,
T rer (i 1“'—94'—" Ty Do s A b))
N -

Tﬂ‘(lf

G

6.’#!_‘9011 B 0;)/2 - 90/]‘ ! al

Figure 4. Illustration of a torque sharing function (TSF).
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4. Evaluation Criteria

4.1. The MAV-RCFL

The MAV-RCFL is easily obtained from Equation (3). At a steady state of non-zero angular speed
and neglecting the phase resistance, Equation (3) can be represented as follows, where V. is the phase
DC-link voltage:

Wi _ Vae

a0 w ©)

It is evident that the MAV-RCFL depends on the phase DC-link voltage V. and the rotor angular
speed w with respect to the position 6. That means that, for a given V, the flux linkage derivatives
d¥/d0 can estimate the rotor speed range, at which the torque-speed performance theoretically allows
a torque-ripple-free operation. It can be seen from Equation (9) that the maximum absolute value of
d¥y/d limits the maximum speed range wy;ay. The MAV-RCFL denoted as My, is defined as:

Mg = eong})gw{Id‘Pk/ d|} (10)

According to Equations (9) and (10), the maximum speed range w;;sx for operating torque ripple
performance freely must satisfy the following:

1%
Wmax < de

(11)
R
To be specific, the smaller the maximum Mg, the larger the maximum rotor speed w;y is. In other
words, the MAV-RCFL is expected to be as small as possible.

4.2. Copper Loss

Total losses in an SRM include iron loss and copper loss and the latter represent the major
component of the losses. Thus, the copper loss directly influences the torque-speed performance and
the drive efficiency. And the copper loss is in direct proportion to the square value of the rms phase
current I,,,5, which is calculated from:

0off—Bov Bon+600
B = el/ T 2(0)de + el/ TR0 + 7 4(0)] o (12)
p JOon+00v p JOon
Since in the region 0o, + 0oy < 6 < GOﬁr — 840, the kth phase produces the total torque independently
as shown in Figure 4 and minimizing the rms phase current I, can be realized by decreasing the
second part of Equation (12).
Hence, by modifying Equation (12), an optimization objective function can be expressed as follow:

min : J;=i](0) +il_,(6) (13)

where g is a bound variable satisfied g > 2. In Equation (13), the gth-power of the current is a substitute
for the integration of the averaged square value of the current during the commutation.

A torque reference profile can now be generated for a specific TSE. The current profile and
the flux linkage profile are obtained using the given torque and flux-linkage characteristics. Hence,
the MAV-RCFL and the square value of the rms current can be computed. As discussed above,
by optimizing the TSFs, a wide rotor speed range and less copper loss can be obtained by minimizing
the MAV-RCFL and the square value of the rms current. This is the basic principle and direction for
selecting an optimal TSF.
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5. Proposed TSFs

5.1. Evaluation Function for the Choice of Proposed TSF

An evaluation function that combines MAV-RCFL My and the gth-power of current J; with a
weighting factor is proposed as:

min : ] = ZUle + (1 o wf)MR (14)

where wy is the weighting factor satisfied 0 < wr < 1. 71 and My are the normalized values of |; and
MR, respectively and they can be computed from [, = J1/]1 max and Mg = MR/ MR yax, Where J1 jq and
MR max are the maxima of J; and Mg respectively.

When wy =1, the e evaluation function only consists of the square value of the rms current. In this
case, the minimum copper loss is the only optimization objective. When wy = 0, the maximum speed
range is the only optimization objective. When 0 < wy <1, both maximum speed range and minimum
copper loss at different proportions are considered as the optimization objectives in order to obtain the
correct balance.

5.2. A Family of TSFs

According to the definition of a TSF from Equations (5) and (6), the phase torques produced by the
currents ix(6) and ix_1(¢) in Equation (13) share the total torque reference in the commutation region,
which are denoted as Ty (6) and Trepr—1) (0) = Trer — Trefix) (6). Thus, by neglecting the saturated
effects, Equation (13) can be rewritten from Equation (4) as:

/2 /2
. Tepy | | Trer = Trepiy ! (15)
' 05L,(0) 0.5L¢_1,(0)

When d]l/dT,ef(k) = 0 to obtain the extreme value of [;, the desirable TSF calculated from
Equation (15) is depicted as:
1
-
1+ [Lio1,(6)/ Ly (9)]

Tref(k) - Tref . (16)

where 7 = g/(q — 2) is an undetermined constant, satisfied by r > 1. Ty Xfis(6) in Equation (5),
which is defined by the right part of Equation (16) and the other section of TSF can then be easily
obtained from Equation (6).

5.3. Comparison of the Conventional and Proposed TSFs

Figure 5 shows the typical profiles of four common conventional TSFs [25]. The turn-on angle,
turn-off angle, and overlap angle, 6,,, GOﬁ, and 0y, are set to 5°, 40° and 5°, respectively. And the
torque reference Ty is set to 1 Nm. In Figure 5a-d, the profiles (top to bottom) are the torque
reference, the current reference, the flux linkage reference, and the absolute value of RCFL respectively.
From Figure 5d, the values of My for the linear, sinusoidal, exponential, and cubic TSFs are 11.78,
6.75,5.05, and 19.10 Wb/rad, respectively. According to Equation (11), the values of maximum rotor
speed Wy for a torque-ripple-free operation of four common conventional TSFs are 22.9, 40, 53.5,
and 14.1 rad /s, which are equal to only 219, 382, 511, and 135 rpm, respectively.
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Figure 5. Typical profiles of four conventional TSFs. (a) Torque Reference; (b) Current Reference;
(c) Flux Linkage; (d) Absolute Value of RCFL.

Figure 6a shows the change in the MAV-RCFL with the changing torque reference, indicating that
the exponential TSF resulted in the lowest RCFL value. The peak values of the reference currents at
each torque reference are compared in Figure 6b showing an increase in the currents as the torque
reference increases. The peak current is the same for the linear TSF and the cubic TSF and it is lower
than for the other two TSFs. This indicates that the power converter has much smaller pressure and
better insulation for the linear and cubic TSFs. The rms currents at each torque reference are compared
in Figure 6¢, which indicates that the linear and the sinusoidal TSFs have almost the same value of rms
current at the torque reference between 0.5 Nm and 3 Nm. The rms current is lower for cubic TSF than
for the other TSFs.

In summary, if the minimum Mg (when wy = 0 in Equation (14)) is the only optimization target,
the best choice of TSF is the exponential TSF, the second best choice is the sinusoidal TSF, and the worst
choice is the cubic TSE. On the other hand, if the minimum copper loss J; (when wy =1 in Equation (14))
is the only optimization objective, the cubic TSF represents a good choice, and it also has the lowest
value for the peak current.

Figure 7a—d show the typical profiles of several proposed TSFs for different r values. From Figure 7,
when r tends to co, the minimization of the copper loss is achieved theoretically because the torque
reference tends to be zero during the commutation region. By decreasing r, the torque reference
increases during the commutation region, which results in an increase in the rms phase current.
When r tends to 1, Figure 7b shows that the phase current reference of two adjacent excited phases
in the commutation region is equal. And it is clear that the peak value of phase current is also the
smallest when the TSF is defined by r — 1.



Appl. Sci. 2018, 8,720

90f19

I T T T T I 60 T T T T T T
5 35 —=—Linear TSF i i i : ; i
& | |—e—Sinusoidal TSF {|—=— Linear TSF
S 3l —a—Exponential TSF| v 4 =50 —i{—e—Sinusoidal TSF |~ .
ST —cubieTsF < | —a— Exponential TSF
i i : s {[—— Cubic TSF
B | Baol mmopRtE -
3 0 230 _
15 1T
e ®20} .
é 10 -' 4@
0.5 1.0 1.5 20 25 3.0 05 1.0 15 20 25 3.0
largusiEalesnse i) Torque Reference(Nm)
(a) (b)
14 ( ( T T T T
| |—=—Linear TSF : :
12 |-|—e— Sinusoidal TSF |- .
& | ——Exponential TSF
:5 10k —;v—CUbI(f TSF |
(.SJ ,
o 8r T
(%]
A |
=
[ _
[}
E b
4L .
ol i i

0.5 1.0

1.5 20 25 3.0

Torque Reference(Nm)

(©)

Figure 6. Comparison of four conventional TSFs: (a) absolute value of the rate-of-change of the flux
linkage (RCFL); (b) peak phase current; (c) rms phase current.
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Figure 8a shows the relationship between the MAV-RCFL and the exponent r. As My reaches its
minimum at r & 4, it is reasonable to choose r = 4 as the exponent of the optimal TSF in Equation (16).
When Tyer is set to 1 Nm and V. is set to 270 V in the case of r = 4, the maximum speed range w;qy for
operating torque ripple performance freely can be achieved at 30 rad /s, which is equal to 286.6 rpm.
The equivalent level of the linear and the cubic TSFs are also marked with the dash-dotted line in
the Figure 8a—c for comparison. Figure 8b shows the peak phase current reference as a function of
the exponent r. If r is larger than 3.5, the peak phase current exceeds the theoretical minimum value
of 6.65 A by more than 5%. In Figure 6b, the minimum peak current values of the four common
conventional TSFs are about three times higher than the values of the proposed TSFs. The rms phase
current reaches a theoretical minimum value of 3.5 A when r > 3 from Figure 8c. Assuming a torque
reference of 1 Nm, the rms current values are larger for the four common conventional TSFs than for
the proposed TSFs at any value of r (Figure 6¢).

Therefore, the TSF with the minimum My value at r = 4, denoted as TSF1 (r = 4), should be used
as the optimal value at higher speed because it provides smaller peak phase current and lower copper
loss relatively.

A2O T T T T T T T 7.4

el A pa e sl e —=— Proposed TSF| - ;
8 19F ] 7.3k = — Linear TSF .
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o 40r 1
E
- \‘
350 . PR SR N
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(c)
Figure 8. Comparison of the proposed TSFs: (a) absolute value of the RCFL; (b) peak phase currents;
(c) rms phase currents.
6. Nonlinear Mathematical Model of Torque Profile

The optimal TSF is obtained by solving the optimization problem in Equation (14). However,
Equation (4) is utilized to approximate the phase torque based on a linear relationship between the
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phase flux linkage and the current as shown in Equation (3). An analytic invertible torque function
that represents the nonlinear and saturation effects appropriately was used as follows [26]:

Liy (6)i
To(6,1) = ;W (17)

where Ly, (0), f(0) and n are the undetermined parameters that are dependent on the rotor position and
the motor parameters.

As shown in Figure 9, by choosing reasonable parameters for Ly, (6) and f(6), the characteristics of
the torque-current-position obtained from Equation (17) agree well with those using FEM or those
from experimental measurements. After rejecting the improbable solution, the current reference can be
rewritten as Equation (18) by inverting the torque equation in Equation (17) as follows:

1/n

WO = 7ty 2 \/fzie) () (18)

The data of the two angular functions Ly, (0) and f(0) stored in the digital controller can be used to
calculate the current reference according to Equation (18), instead of using the 3-D lookup table of T-i-6.

W77 — 3 - T 1

O P

14

124

104

Torque Profiles(Nm)
[e2]
|

5]

04

2] 0 Dotted Line - - - :Calculated results||
) Solid Line :FEM results

-4 4 Marker o :Measured results

I ! T ! I ! I N I ! I

— :
45 40 35 30 -25 20 -15 10 -5 0
Rotor position(Deg.)

Figure 9. Comparison of the calculated, FEM, and measured static torque characteristics for 0 to 8 A
with an increment of 1 A.

7. Simulation Results and Comparison

Figure 10 shows the block diagram of the torque control using the TSF method for the studied
SRM. The individual phase torque reference is defined from the total torque reference by the TSF
block. In the “Torque-to-Current” block, the phase torque references are converted into phase current
references the rewritten torque-current profile model of the SRM (Equation (18)). A hysteresis current
controller is used for the phase current tracking its reference waveforms.

Matlab/Simulink was used to for the simulation model of the three-phase 6/4 SRM with 7.5 kW,
3000 rpm, and 270 V DC-link voltage by using the static torque characteristic profiles shown in Figure 9
and obtained using Equation (17). For the phase current tracking its reference waveforms accurately,
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it is appropriate to set the hysteresis band of the current controller to £0.1 A through simulation test.
The phase current reference is calculated using Equation (18). The same sampling time fspe = 1 ps is
set in all simulation. Finally, the evaluation indices in terms of peak phase current, rms phase current,
and torque ripple factor are compared between the proposed and the classical TSFs.

The torque ripple factor is defined as follows:

T.R% = [max ~ Tmin

N 100% (19)
Tﬂ‘l]@
where Tyuux, Tiyin, and Ty are the maximum, minimum, and average torque, respectively.
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Figure 10. Block diagram of the torque control using the TSF method.

7.1. Simulation Results

The CCC (current chopping control) method is common in SRM control and was investigated
in [27]. The simulation results for the proposed TSF1 (r = 4) are compared with the CCC and the
conventional TSFs at a torque reference T,,s = 1.5 Nm and a rotor speed of 1000 rpm (Figure 11a—d).
Since the rotor speed 1000 rpm of all TSFs is higher than the maximum rotor speed wj,x, the phase
current cannot track its reference. The torque ripple factors T.R% for the CCC, the linear, sinusoidal,
and the proposed TSFs are 116.7%, 28.7%, 22.0%, 23.5%, respectively. The rms currents are 3.5 A for
the linear and sinusoidal TSFs, and 3 A for the TSF1 (r = 4).

The simulation results for the CCC, the linear, the sinusoidal, and the proposed TSFs at a torque
reference of Ty,r = 1.5 Nm and a speed of 3000 rpm are shown in Figure 12a—d. As the rotor speeds up,
the phase current deviates from its reference significantly during the current rising region. And the
phase current exhibits a tail phenomenon at the same time during the current declining region.
Therefore, the output torque cannot track its reference accurately and the torque ripple increases
obviously. The torque ripple factors T.R% are 182.3%, 61.3%, 60.8%, and 36.6%, respectively. For the
CCC, the linear, the sinusoidal, and the proposed TSF1 (r = 4), the peak phase currents are 8.8 A, 9.4 A,
9.5 A, and 5.5 A, and the rms phase currents are about 5.4 A, 5.4 A, 5.3 A and 3.8 A, respectively. It is
evident that the CCC method results in a comparatively smaller peak phase current compared with the
conventional TSFs. However, the torque ripple is not acceptable, because it is three times higher than
that of the proposed TSF1 (r = 4). The linear and sinusoidal TSFs almost have the same performance
with regard to the torque ripple and the peak phase current, which is approximately twice as high
as those for the proposed TSF1 (r = 4). The proposed TSF1 (r = 4) results in the lowest torque ripple,
which is 1/2 of the torque ripple of the linear TSE. In addition, the required phase current is lower than
for the CCC. The control performance is clearly improved by using the proposed TSF1 (r = 4).



Appl. Sci. 2018, 8,720

|—— phaseA——PhaseB—— PhaseC|
10 T T T T T
Phase ¢ [ N
Curren((A) Vi 3
2 <
< N e N
3 g 0.06 0.07 0.08 0.09 0.10
- T T T T
3.0 3
2.5 -
Phase 20
torque(Nm 3 F 3
05
0.0
g. 0.06 0.07 0.08 0.09 0.10
3. T T T T
3.0 e
Total %S E
torque(Nm).5
1.0 >
05
0.0 L L L L '
0.04 0.05 0.06 0.07 0.08 0.09 0.10
time(s)
(a)
—— PhaseA——PhaseB—— PhaseC
10 T T T T T
Phase 8T
Current(A)8
4
2
0
2 804 0.05 0.06 0.07 0.08 0.09 0.10
! T T T T T
1.5
Phase 10
torque(Nm) *
welNmhs b
0.0 1 1 1
2 g04 0.05 0.06 0.07 0.08 0.09 0.10
: T T T T T
2.0
Total
torque(Nm)1 >
10
05 L L ' L '
0.04 0.05 0.06 0.07 0.08 0.09 0.10

time(s)

(c)

13 of 19
—— PhaseA—— PhaseB—— PhaseC|
10 T T T T
Phase B
Current(A) A
2
0 L
2 8 04 0.05 0.06 0.07 0.08 0.09 0.10
3 T T T T T
15
Phase
1 (NI é
orqua(Nm)'_ |
0.0
23.04 0.05 0.08 0.07 0.08 0.09 0.10
. T T T T T
20 4
Total 415 \em—\ \eomm—
torque(Nm) 3. Y. x ¥.
10 :|
05 L L ' L L
0.04 0.05 0.06 0.07 0.08 0.09 0.10
time(s)
. |—— PhaseA—— PhaseB—— PhaseC]|
T T T T T
4fF ]
Phase 5 [ 1
current(v
|18 s iimm v
0
2 804 0. 05 0. 07 0. 08 0. 09 0.10

15

ase
torque(Nm} 0 [
0.5

0.0
2‘9.04
2.0

Total 15
Torque(Nm) 0

0.5

0.05 0.06 0.07 0.08 0.09 0.10
T T T T

0.04

0.05 0.06 0.07 0.08 0.09 0.10
time(s)

(d)

Figure 11. Simulation results (T},r = 1.5 Nm, 1000 rpm): (a) current chopping control (CCC); (b) Linear

TSF; (c) Sinusoidal TSF; (d) TSF1 (r = 4).
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Figure 12. Simulation results (Tref = 1.5 Nm, 3000 rpm): (a) CCC; (b) Linear TSF; (c) Sinusoidal TSF;

(d) TSF1 (r = 4).
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7.2. Comparison of the Simulation Results

Figure 13a shows the comparison results of the torque ripple between the CCC, the linear,
the sinusoidal, and the proposed TSF1 (r = 4) when the torque reference is set to 1.5 Nm. The CCC
is the worst choice in all methods. For the conventional TSFs, the torque ripples are almost two to
three times higher at 3000 rpm than at 1000 rpm. And at 3000 rpm, the torque ripple of the proposed
TSF1 (r = 4) is nearly one half of the other TSF methods. That means the proposed TSF1 (r = 4) have
a better performance than the other control method. Actually, at a lower rotor speed, the torque
ripple of the proposed TSF is obviously affected by the hysteresis band of the current controller.
Therefore, the torque ripple can be decreased further more by reducing the inherent current ripple of
the hysteresis controller.

Figure 13b shows the comparison results of the rms current for all control methods and the CCC
is also the worst choice. At the rotor speed less than 500 rpm, the proposed and the conventional
TSFs exhibits almost a similar rms current. As the rotor speeds up, due to the poorer current tracking
performance, the rms currents of the linear and sinusoidal TSFs increase significantly. However,
the rms current for the proposed TSF remains relatively as the speed increases.

The peak current is much smaller for the TSF1 (r = 4) than those of the other methods, which have
smaller hardware pressure (Figure 13c). At a higher speed, the peak currents of the conventional
TSFs decrease significantly due to the poorer current tracking performance by the inductance effect.
Therefore, the TSF1 (r = 4) is a better choice for reducing torque ripple and lower copper loss relatively.
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Figure 13. Comparison of CCC and different TSFs: (a) torque ripple; (b) rms phase current;
(c) peak current.
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Figure 14a,b show the values of the evaluation function | for different weight factors wy at speeds
of 1000 rpm and 3000 rpm. It is evident that the linear TSF is the worst choice because its | values are
always much larger than those of the other TSFs at any weighting factor. The sinusoidal and cubic
TSFs have almost the same ] values at a speed of 1000 rpm. However, as the weight factor wy value
increases, the cubic TSF exhibits a better performance. So, the choice of weight factor wf is depended
on the emphasis of reducing the copper loss or increasing the maximum speed range. At any weight
factor wy or any speed, the proposed TSF1 (r = 4) has the best minimum | values when compared to the
sinusoidal or cubic TSFs.

~-LinearTSF I I ' ~-LinearTSF
-+ SinusoidalTSF i +Sinu_soidaITSF
21150 —~CubicTSF 24t : "‘CUbICT?F
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Figure 14. The values of the objective function | at different weight factors wy: (a) 1000 rpm;
(b) 3000 rpm.

8. Experimental Results

The proposed TSF is validated with an experiment using a three-phase 6/4 SRM with 7.5 kW,
3000 rpm, and 270 V DC-link voltage (shown in Figure 15). A Texas Instruments (TI) TMS320F2812
digital signal processor (DSP) is used as a digital controller, and the clock frequency of TMS320F2812
is 150 MHz. The T-i-0 characteristics are stored as look-up tables in the DSP. The SRM is driven by
a three-phase asymmetric inverter and the motor shaft is coupled with a torque-speed sensor and
position sensor. The three-phase asymmetrical inverter uses the six-cell IGBT module of Infineon
Corporation. The type of IGBT is FS450R12KE4 (withstand voltage 1200 V, normal current 450 A).
The driving chip of the three-phase bridge uses the 65D312EI (working frequency is up to 100 kHz)
produced by CONCEPT Corporation in Switzerland. There is one current sensor on each phase line.
A synchronous generator with a resistance box is used as the load.

Figure 16 shows the measured phase current and instantaneous torque at 3000 rpm at a torque
reference of T,y = 1.5 Nm. For the CCC, the linear TSF, the sinusoidal TSF and the proposed TSF1
(r = 4), the torque ripples are around 184%, 67.8%, 66.7%, and 40.4%, respectively compared to the
values of 182.3%, 61.3%, 60.8%, and 36.6% in simulation results shown in Figure 12. And the peak
phase currents are 8.9 A, 9.5 A, 9.5 A, and 5.9 A, and the rms phase currents are about 5.6 A,5.4 A, 5.4 A
and 3.9 A, respectively. This indicates that the experimental results agree well with the results of the
simulation in terms of current waveforms, torque ripple and torque response under the same operating
conditions. Due to a current tracking error, the CCC and the conventional TSFs show much higher
torque ripples compared to the TSF1 (r = 4), which achieves better tracking and has a nearly flat output
torque, ignoring the torque ripple caused by the inherent current ripple of the hysteresis controller.
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Assuming the total electromagnetic torque T is periodic when the actuation current is constant or
position-periodic, the total torque T can be extended using a Fourier series as follows:

T =ty+ Z ty cos (kNwo + ¢x) (20)

k=1
where N = 3 for the three phases of the 6/4 SRM. Figure 17a—d depicts the Fourier analysis of the
experimental results of the total torque shown in Figure 16; the units for the phase and amplitude on
the y-axis are rad and Nm, respectively. It is evident that the harmonic component of the proposed TSF1
(r = 4) is the least. Thus, the results of the simulation and experimental prove that the torque-speed
performance and the drive efficiency are significantly improved by using the proposed TSF.

Linear TSE

1000 T T T T T 1000
wr M
ok -

075 T 4 4 " 4

Phase

Phase
o §

o+

0.300 —

0.60 - B
0.225 .

o
-~
o
T
I
Amplitude
o
g
T
L

Amplitude
o
8
I

0.075 ¢ -

ms-J .
) ) " 0.000 L— : -

A AN R AL
0.00 - {
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Frequency Frequency
(a) (b)

Sinysiodal TSE Proposed TSF1(r=4)

1000 (—

Phase

0.300

0.300

Phase
- 88

+ t r u T T T T
0225 |- - 0.225 } -
] 3
2 2
£ 0150 . = 0.150 .
E E
< <
0.075 . 0.075 M 1
0.000 1L 0.000 T Y T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Frequency Frequency
(0) (d)

Figure 17. Harmonic component and phase of the total torque (T, = 1.5 Nm, speed = 3000 rpm):
(a) CCC; (b) Linear TSF; (c) Sinusoidal TSF; (d) TSF1 (r = 4).

9. Conclusions

In this paper, based on the modified optimal criteria with the torque-speed performance and the
drive efficiency, a computational procedure for the optimization model of a TSF has been described,
including the maximization of the torque-speed range and the minimization of copper loss. In addition,
by modifying the optimization objective of the gth-power current, a TSFs family with regard to
torque capability is presented and the proposed TSF1 (r = 4) is compared with the conventional
TSFs. The torque reference can be directly converted into the current reference using the rewritten
torque-current profile model of the SRM either in the linear or the saturation magnetic region.
The evaluation indices and the performance of the proposed and the classical methods are compared
in terms of peak phase current, rms phase current, and torque ripple factor. The experimental results,
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which match the simulation results very well, show that no matter whether the rotor speed is low
or high, the proposed TSF1 (r = 4) has the lowest peak and rms phase current compared with the
CCC, the linear, and the sinusoidal TSE. Additionally, the proposed TSF1 (r = 4) has a commutation
torque ripple ratio that is one-third less compared to the conventional TSFs in the saturation magnetic
region at a speed of 3000 rpm. Moreover, the proposed TSF1 (r = 4) improves the drive efficiency,
increases the rotor speed range of the torque-ripple-free operation, and reduces the requirements of
the peak and rms phase current. The validity and superiority of the proposed control method have
been experimentally proved.
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Appendix A
Table Al. Parameters of the studied SRM prototype.
6 poles (poles arc: 26°)
Stator Inner diameter: 95 mm
© Outer diameter: 150 mm
Yoke high: 12.2 mm
4 poles (poles arc: 27°)
Rotor Shaft diameter: 40 mm
Yoke high: 14.5 mm
Stack length 40 mm
Turns 150 turns/phase
Air gap 0.3 mm
Winding resistor: 0.65 Q)/phase
Type of silicon steel D25_50
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