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Abstract—In this paper, an offline torque sharing function (TSF)
for torque ripple reduction in switched reluctance motor (SRM)
drives over a wide speed range is proposed. The objective function
of an offline TSF is composed of two secondary objectives with a
Tikhonov factor to minimize the square of the phase current (copper loss) and derivatives of current references (rate of change of
flux linkage). The proposed TSFs with different Tikhonov factors
are compared with the conventional TSFs including linear, cubic,
and exponential TSFs in terms of efficiency and torque–speed performance while operating in both magnetic linear and saturation
regions. Then, the Tikhonov factor is selected based on a tradeoff between the copper loss and torque–speed performance. The
maximum torque-ripple-free speed of the selected offline TSF is
validated to be seven times as high as the best case in these conventional TSFs. The performance of the offline TSF is verified
by simulations and experiments with a 2.3-kW, three-phase 12/8
SRM. Results show that the proposed offline TSF can significantly
reduce the torque ripple of SRM without increasing copper loss
over a wide speed range.
Index Terms—Offline torque sharing function (TSF), switched
reluctance motor (SRM) drives, torque ripple reduction.

I. INTRODUCTION
NDIRECT torque control of switched reluctance motors
(SRMs) [1], [2] can be classified as average torque control
and instantaneous torque control. The phase current is controlled
as a square waveform in average torque control, and therefore,
only turn-on angle and turn-off angle can be adjusted for the
given torque reference. Online and offline optimization of turnon and turn-off angles in average torque control are investigated
in recent publications for torque ripple reduction or efficiency
improvements [3]–[6].
Instantaneous torque control is gaining interest in the torque
ripple reduction in SRM drives, since the phase current profile varies at each sampled rotor position. This adds up more
flexibility in torque ripple reduction as well as efficiency enhancement. Defining phase current profiles are widely discussed
in [7] and [8] to reduce commutation torque ripples. In [7], a
novel method combing both machine design and torque control
algorithm is presented to minimize torque ripples of switched
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reluctance machine. The initial linearized phase current profile
is obtained offline, and then, fine-tuned online through torque
feedback. In [8], half sinusoidal phase current profiles are optimized to minimize the torque ripple covariance of an SRM
through simulation.
Torque sharing function (TSF) [9], [10] is a promising solution to reduce torque ripples of an SRM. Several TSFs have
been reported, such as linear, cubic, and exponential TSFs. The
secondary objectives for the selection of TSFs include minimizing the copper loss and enhancing the torque–speed capability.
TSF can be offline or online [11]–[17]. Some TSFs are tuned
online by using estimated torque or speed feedback, and they
require additional parameters. In [11], a nonlinear logical TSF
for torque ripple reduction and efficiency enhancement is introduced. In [12] and [13], an iterative learning controller is
proposed to add a compensation current to the current reference
to reduce the torque ripple resulting from nonlinearity of an
SRM. In [14], turn-on angle of an adaptive TSF is adjusted with
the speed in order to reduce torque ripples. It should be noted
that, the commutation torque ripples of an SRM are known to be
highest when the outgoing phase produces the negative torque
[15]. If the overlapping region of the torque reference is limited to positive torque producing region, the torque produced
by the incoming phase cannot be higher than the peak value
of the torque reference, and the total torque response will be
lower than the reference. This lead to higher torque ripples. In
[17], an extended-speed low-ripple torque control is presented
for the SRM. The PI compensator with total torque tracking
error is added to the torque reference of the phase with better
tracking ability. Therefore, the torque response of the incoming
phase in [17] can be higher than the total torque reference to
compensate the negative torque produced by the outgoing phase
and this TSF demonstrates better performance in torque ripple
reduction.
In the area of offline TSFs, most of the previous research has
focused on optimizing the control parameters of existing TSFs
according to one or two secondary objectives. In [18], several
popular TSFs including linear, cubic, sinusoidal, and exponential TSFs are investigated and evaluated. The turn-on and overlap
angles are optimized in order to minimize both the maximum
absolute value of rate of change of flux linkage (ARCFL) and
copper loss by using the genetic algorithm. In [19], a novel family of TSFs is proposed and an optimal TSF is selected from the
proposed family by making a tradeoff between the copper loss
and the maximum ARCFL. The objective function is higher order of copper loss and does not directly combine two secondary
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objectives. In [20], a piecewise cubic TSF with six degrees of
freedom (DoFs) is optimized to minimize the losses of SRM
drives. However, the overlapping angle in these TSFs [18]–[20]
is defined only at the positive torque production area and torque
ripples due to negative torque of the outgoing phase cannot
be reduced. In [21], a piecewise quadratic TSF with six DoFs
is proposed for torque ripple reduction of switched reluctance
generator over a wide speed range. The ripple component is
intentionally added to the torque reference, and therefore, overlapping region of the proposed TSF is greatly extended. This
lead to better performance in torque ripple reduction compared
to other offline TSFs [18]–[20]. However, the shape of the proposed TSF is limited to quadratic waveform. Different shapes
of TSFs other than linear, quadratic, cubic, and exponential may
still have better torque speed performance.
In this paper, an offline TSF for torque ripple reduction of
SRM drives over a wide speed range is proposed. Unlike offline
TSFs mentioned earlier, the shape of proposed TSF is flexible,
and not limited to a specific type. Also, according to the balance
between torque speed performance and efficiency, the turn-off or
overlapping angle of the proposed TSF can be adjusted and will
not be limited to positive torque production area. The objective
function of the proposed TSFs directly combines the squares
of the phase current (copper loss) and derivatives of current
reference (rate of change of flux linkage) with a Tikhonov factor.
TSF becomes equality constraint of the optimization problem,
while phase current limits become inequality constraints of the
problems. Then, the analytical expression of the proposed TSFs
with different Tikhonov factors can be derived by using method
of Lagrange multipliers. The effect of Tikhonov factors on the
torque–speed performance and the efficiency of an SRM drive
are also investigated in this paper. Performance of conventional
TSFs and the proposed TSFs are compared in terms of efficiency
and torque–speed performance over the wide speed range. By
balancing between the torque speed performance and efficiency,
an offline TSF with a specific Tikhonov factor is selected. The
simulation and experimental results are provided to verify the
performance of the proposed offline TSF both in linear and
saturated magnetic region.
II. TSF

where Te ref (k ) is the reference torque for kth phase, Te ref is
total torque reference; frise (θ) is the rising TSF for the incoming
phase; ffall (θ) is the decreasing TSF for the outgoing phase; θon ,
θoﬀ , θov , and θp are turn-on angle, turn-off angle, overlapping
angle, and rotor pole pitch, respectively.
B. Evaluation Criteria of TSFs
In order to evaluate the torque–speed performance and efficiency of TSFs, two criteria are defined as follows.
1) Rate of Change of Flux Linkage with Respect to Rotor
Position: The rate of change of flux linkage with respect
to the rotor position is an important criterion to evaluate
the torque–speed performance. The maximum ARCFL
Mλ is defined as


dλrise
dλfall
Mλ = max
,−
(2)
dθ
dθ
where λrise is the rising flux linkage for the incoming
phase and λfall is the decreasing flux linkage for the outgoing phase.
The maximum torque-ripple-free speed (TRFS) ωm ax
could be derived as follows, where Vdc is the dc-link
voltage:
Vdc
.
(3)
Mλ
2) Copper Loss of Electric Machine: RMS phase current can
be derived as

θo ff
θo ff
1
Irm s =
i2k dθ +
i2k −1 dθ . (4)
θp
θo n
θo n
ωm ax =

III. PROPOSED OFFLINE TSFS
A. Derivation of the Proposed Offline TSFs
In this section, the derivation of the proposed offline TSFs
will be described, which minimize ARCFL and copper loss of
SRM drives over the wide speed range. If instantaneous squared
currents, shown in (5) and (6), are minimized in each rotor
position, RMS current in (4) can be minimized accordingly.
Pk −1 = i2k −1 (θ)

(5)

Pk = i2k (θ).

(6)

A. Torque Control of SRM
Applying the torque control with TSF, the individual phase
torque reference defined by TSF is converted to the current
reference according to torque–current–position characteristics.
The most common TSFs are linear, cubic, and exponential TSF
and their details can be found in [18]. During the commutation,
the torque reference of kth phase is defined as

Te

ref (k )

⎧
0
⎪
⎪
⎪
⎪
⎪
⎪
⎨ Te
= Te
⎪
⎪
⎪
⎪
Te
⎪
⎪
⎩
0

ref frise (θ)

θon ≤ θ < θon + θov

ref

θon + θov ≤ θ < θoﬀ

ref ffall (θ)

θoﬀ ≤ θ < θoﬀ + θov
θoﬀ + θov ≤ θ ≤ θp

As discussed earlier, ARCFL needs to be minimized in order to maximize the TRFS range. The derivatives of current
reference may be negative; thus absolute value of derivative of
current references should be considered. The derivatives of the
current references of outgoing phase and incoming phase can
be represented as
ik −1 (θ) − ik −1 (θ0 )
(7)
Δθ
i (θ) − ik (θ0 )
dk = k
(8)
Δθ
where ik (θ0 ) and ik (θ) are kth phase currents at previous position θ0 and present position θ. Variation of position is defined
as Δθ = θ − θ0 .
dk −1 =

0 ≤ θ < θon
(1)
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The objective function of an offline TSF combines both
copper loss and square of derivatives of current references
with Tikhonov factors. The objective function J is defined as
(9), where the objective function includes four objectives: the
squared current of outgoing phase, the squared current of incoming phase, square current derivatives of incoming phase and
outgoing phase. The Tikhonov factors are weight factors indicating the importance of each objective.
J = mi2k −1 (θ) + ni2k (θ)
+s

ik −1 (θ) − ik −1 (θ0 )
Δθ

2

+t

ik (θ) − ik (θ0 )
Δθ

2

(9)

where m, n, s, and t are initial Tikhonov factors.
Objective function in (9) is simplified to

2
J = ai2k −1 (θ) + bi2k (θ) + c ik −1 (θ) − ik −1 (θ0 )
+ d [ik (θ) − ik (θ0 )]2

(10)

where a, b, c, and d are all new Tikhonov factors. These parameters are defined as follows:
s
t
a = m; b = n; c =
;d =
.
(11)
Δθ2
Δθ2
According to definition of TSF, the sum of the torque reference of two phases should be equal to the total reference. Thus,
this equality constraint is obtained in the following equation:
1 ∂L(θ, ik −1 ) 2
1 ∂L(θ, ik ) 2
ik −1 (θ) +
ik (θ) = Te ref . (12)
2
∂θ
2
∂θ
The current reference of both phases should not exceed
the maximum current Im ax . Thus, inequality constraints are
obtained as follows:
ik −1 ≤ Im ax

(13)

ik ≤ Im ax .

(14)

Finally, the optimization problem is represented as
min

+ c [ik −1 (θ) − ik −1 (θ0 )]2 + d [ik (θ) − ik (θ0 )]2

2

∂θ

k −1 (θ)

1 ∂ L (θ ,i k ) 2
ik (θ)
2
∂θ

= Te

ref

⎩ ik −1 ≤ Im ax ; ik ≤ Im ax .
Method of Lagrange multipliers [22] is applied to solve
the optimization problem. Lagrange function with optimization
problem in (15) can be represented as
ξ = ai2k −1 (θ) + bi2k (θ) + c [ik −1 (θ) − ik −1 (θ0 )]2
+ d [ik (θ) − ik (θ0 )]2

+ λ1 12 ∂ L (θ∂,iθk −1 ) i2k −1 (θ) +

1 ∂ L (θ ,i k ) 2
ik (θ)
2
∂θ

− Te

(17)

λ3 (ik (θ) − Im ax ) = 0.

(18)

In order to meet the requirement in the aforementioned equations, four possible cases need to be considered, which are
shown in (19)–(22), respectively. The fourth case cannot meet
the equality constraint in (12) since two phase currents are both
equal to the maximum current. Therefore, the fourth case will
not be considered.
λ2 = 0; λ3 = 0; ik −1 (θ) < Im ax ; ik (θ) < Im ax

(19)

λ2 = 0; λ3 = 0; ik −1 (θ) = Im ax ; ik (θ) < Im ax

(20)

λ2 = 0; λ3 = 0; ik −1 (θ) < Im ax ; ik (θ) = Im ax

(21)

λ2 = 0; λ3 = 0; ik −1 (θ) = Im ax ; ik (θ) = Im ax .

(22)

For the first case, according to the theory of Lagrange Multiplier, the minimum point is obtained by solving
∂ζ
∂ζ
∂ξ
= 0;
= 0;
=0
∂ik
∂ik −1
∂λ1

(23)

where (23) stands for partial derivatives of the Lagrange function
with respect to ik , ik −1 , and λ1 .
First, the derivative of the Lagrange function with respect to
the current of incoming phase is set to zero
∂ζ
= 0.
∂ik (θ)

(24)

Solving (24), the following equation can be derived:
(2b + 2d + λ1 )ik (θ) = 2dik (θ0 ).

(25)

Since 2b + 2d + λ1 = 0, (26) can be rewritten as (27). This
will be verified later when λ1 is obtained at the end.
ik (θ) =

ik −1 (θ) =
(15)

+

λ2 (ik −1 (θ) − Im ax ) = 0

2d
ik (θ0 ).
(2b + 2d + λ1 )

(26)

Similarly, the following equation can be derived for the outgoing phase:

J = ai2k −1 (θ) + bi2k (θ)

Subject to
⎧
⎨ 1 ∂ L (θ ,i k −1 ) i2

following equations:

 (16)
ref

+ λ2 [ik −1 (θ) − Im ax ] + λ3 [ik (θ) − Im ax ]
where λ1 , λ2 , and λ3 are Lagrange multipliers.
According to Lagrange multipliers [22], inequality constraints listed in (13) and (14) have to satisfy the

2c
ik −1 (θ0 ).
(2a + 2c + λ1 )

(27)

Finally, substituting (26) and (27) into (12), Lagrange factor λ1 is obtained. By putting λ1 to (26) and (27), the current
references are derived. If these values are no greater than the
maximum current, the first case in (19) is satisfied and the current reference is confirmed. If the current reference of either
phase is calculated greater than the maximum current, the first
case cannot be satisfied, and the second or third case is applied. It
should be noted that, initial value of the current reference should
be set according to (26) and (27). Thus, for the proposed offline
TSF, both turn-on angle and initial value should be predefined,
which is similar to conventional TSFs. However, turn-off angle
of conventional TSFs is defined only at the positive torque production area, which may cause higher torque ripples at higher
speeds. In order to avoid this problem, turn-off (or overlapping)
angle of the proposed TSF is adjusted so that turn-off angle can
be extended to negative torque production areas.
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Fig. 1. Torque reference, current reference, flux linkage, and rate of change
of flux linkage of conventional TSFs. (a) Reference torque. (b) Rate of change
of flux linkage. (c) ARCFL.

Fig. 2.

Finite-element analysis (FEA) inductance profiles of 12/8 SRM.

B. Selection Guide of Tikhonov Factors
In order to solve the optimization problem in (15), the
Tikhonov factors need to be determined. Tikhonov factor indicates the importance of a certain objective. The relative difference between the selected values and the base value defines
the importance of the objective function. For this purpose, the
Tikhonov factor of derivative of incoming phase d is set as 1.
The ratio between maximum ARCFL of outgoing phase and
maximum ARCFL incoming phase is denoted as follows:
r = max −

dλfall
dθ

/ max

dλrise
dθ

.

(28)

Typical waveforms of reference torque, and rate of change
of flux linkage are shown in Fig. 1 for the studied 12/8 SRM.
Inductance profile of the studied motor is shown in Fig. 2. All
angles in this paper are mechanical angles. Torque reference is
set to 1 Nm. After simulations with different turn-on angles and
overlapping angles, θon , θoﬀ , and θov of linear TSF, cubic TSF,
and exponential TSF is set to 5°, 20° and 2.5° considering both
torque–speed performance and copper loss.
The tracking performance of the outgoing phase is usually
much poorer than that of incoming phase. As shown in Fig. 1(c),
r is around 10 in the studied SRM. In order to ensure that incoming phase and outgoing phase have relatively similar ARCFL,
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Fig. 3. Torque reference, current reference, flux linkage, and rate of change
of flux linkage of proposed TSFs. (a) Reference torque. (b) Reference current.
(c) Rate of change of flux linkage.

ARCFL of the outgoing phase should be minimized by r times.
Since ARCFL is represented as the derivative of current reference in the objective function, the squared current reference of
the outgoing phase should be minimized by r2 times. Therefore,
the Tikhonov factor of derivative of outgoing phase current reference is set to r2 times as high as that of the incoming phase
c = r2 × d = r2 . Then, only a and b need to be defined. Since
the Tikhonov factor of derivative of the outgoing phase (c) is
set r2 times as high as that of incoming phase (d), the Tikhonov
factor of the squared current of the outgoing phase (a) should be
relatively higher than that of the incoming phase (b). Otherwise,
relative importance of the square of outgoing phase current reference is decreased compared with derivative of outgoing phase
current reference. This may increase the square of the current of
an outgoing phase. Therefore, the Tikhonov factor of the square
of the current of an outgoing phase can be set h (h > 1) times as
high as that of the incoming phase. The selection of h is dependent on the characteristics of an SRM and subject to changes.
For simplification, h is initially set to r. If b is set to be the
value q, the objective function in (15) is simplified as (29). The
selection of Tikhonov factors is dependent on the characteristics
of an SRM, and therefore, there is no analytical expression.
J = q(ri2k −1 (θ) + i2k (θ)) + r2 (ik −1 (θ) − ik −1 (θ0 ))2
+ (ik (θ) − ik (θ0 ))2 .

(29)

According to (29), q can be adjusted to balance between
copper loss and the square of the current reference derivatives.
If q is selected larger, the copper losses are emphasized. Fig. 3
shows waveforms of reference torque, reference current, and
rate of change of flux linkage.
When q is selected as 0.2, the current reference of the outgoing phase is not zero at the end of commutation, which may
have higher copper loss. When q increases to 0.4, the current
reference of the outgoing phase decreases to zero and an overlapping angle is about 11°. As q increases to 1, the overlapping
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angle decreases to 5° and no significant negative torque is produced, which is similar to conventional TSFs. By decreasing the
value of q, the rate of change of current reference is decreased,
leading to increased overlapping region. Flux linkage of offline
TSFs shown in Fig. 3 changes much more smoothly than those
of conventional TSFs, due to much lower rate of change of the
current reference. Compared with conventional TSFs, the maximum ARCFL of the proposed TSFs is significantly reduced.
C. ARCFL of Conventional and Proposed TSFs
ARCFL of the outgoing phase is much higher than that of the
incoming phase in all three types of conventional TSFs. Thus,
the maximum TRFS is actually determined by the outgoing
phase. As shown in Fig. 1, when the torque reference is set to
1 Nm, the maximum ARCFL of linear TSF, cubic TSF, and
exponential TSF are 18.8, 7.15, and 27.2 Wb/rad, respectively.
According to (3), the maximum TRFS of linear TSF, cubic
TSF, and exponential TSF are calculated as 16, 42, and 11
rad/s, respectively. Therefore, the maximum TRFS of linear
TSF, cubic TSF, and exponential TSF are only 152, 400, and
105 r/min, respectively.
The maximum ARCFL of the proposed family of TSFs increases as the value of q increases. Therefore, the maximum
TRFS will be decreased by increasing the value of q. When
q = 0.4, Mλ is equal to 1 Wb/rad and the maximum TRFS is
2866 r/min. Thus, the maximum TRFS of the proposed offline
TSF is seven times as high as that of cubic TSF, 18 times as
high as that of linear TSF, and 27 times as high as that of the
exponential TSF.
IV. TORQUE PROFILE CONSIDERING MAGNETIC SATURATION
The offline TSF can be derived by solving the optimization
problem in (15); however, the torque equation in (12) is only
working in linear magnetic region. As analyzed in [17], nonlinear torque profile of an SRM can be expressed analytically as
follows:
Tek (θ, i) =

a(θ)i2k (θ)
1

(1 + b(θ)i3k (θ)) 3

(30)

where a (θ) and b (θ) are the position-dependent parameters.
By selecting the parameters a (θ) and b (θ), the calculated profiles using (30) matches closely with ones from finite-element
simulations profiles or the ones from experimental measurements for different rotor positions and current levels as shown
in Fig. 4. By inverting the torque equation in (30), the current
reference can be obtained as follows:
⎛
⎞ 13

3
2
a(θ)
b (θ)
Tek (θ, i) ⎝ b(θ)
⎠ .
+
+
ik (θ) =
a(θ)
2
4
Tek (θ, i)
(31)
Thus, torque reference defined by the offline TSF or other
conventional TSFs applies to an SRM operating either in linear
magnetic region or saturation magnetic region and the applica-

Fig. 4.

Comparison of FEA, calculated and measured torque profile.

tion of the proposed offline TSF can be extended to magnetic
saturation region.
V. SIMULATION RESULTS
The proposed and conventional TSFs are compared in terms
of RMS current and torque ripples by simulation. The current
hysteresis band is set to 0.5 A. In order to verify the performance
of the proposed offline TSF in both linear magnetic region and
magnetic saturation region, torque reference is set to be 1.5 and
3 Nm, respectively.
The torque ripple Trip is defined as
Trip =

Tm ax − Tm in
Tav

(32)

where Tav , Tm ax , and Tm in are the average torque, maximum
torque, and minimum torque, respectively.
There is a sampling time limitation in the digital implementation of current hysteresis controller, which results in higher
current ripples leading to higher torque ripples. Therefore, the
sampling time becomes an important factor determining the
torque ripples of both conventional TSFs and the proposed offline TSF. In simulation, the sampling time tsam ple is set to 0.1
and 5 μs, respectively. When tsam ple is set to 0.1 μs, the torque
ripples are mostly contributed by the tracking performance of
TSFs rather than higher sampling time, and hence, the tracking
performance of the TSFs can be compared more effectively in
terms of torque ripple. Due to the limitation of the digital controller hardware, the sampling time is 5 μs in the experiments.
Therefore, the sampling time in simulation is also set to 5 μs
so that a fair comparison between the experimental results and
simulation results can be conducted. Same operating conditions
have been applied with tsam ple 5 μs, so the effect of sampling
time on torque ripples using different TSFs can be investigated
by simulation.
A. Simulation results (tsam ple = 0.1 μs)
In this section, torque ripples and RMS current are compared
when the sampling time is set to 0.1 μs. Also, torque ripples of
TSFs are influenced by the overlapping angle [18] and current
hysteresis bands. Therefore, comparison between conventional
TSFs and the proposed offline TSF is conducted at different
overlapping angles and current hysteresis bands.
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Fig. 5. Comparison of torque ripples and RMS current of different TSFs
(T re f = 1.5 Nm, θov = 2.5 ◦ , tsa m p le = 0.1 μs). (a) Torque ripples. (b) RMS
current.

The torque ripple and RMS current (θon = 5◦ , θov = 2.5◦ )
are compared in Fig. 5(a) and (b) when the torque reference is
1.5 Nm. The torque ripples of conventional TSFs at 3000 r/min
are almost two times as high as those at 300 r/min. The proposed
TSFs show much lower torque ripple when q is less than 0.6
at 3000 r/min. It should be noted that the proposed TSFs show
slight increase in torque ripple at lower speed, which is caused by
inherent current ripple of the hysteresis controller. By decreasing the current hysteresis band, torque ripple at lower speed
can be further reduced. The RMS currents of the offline TSF
(q = 0.2) and exponential TSF are higher, which are not shown
in Fig. 5(b). When q = 0.4 and 0.6, offline TSFs show similar
RMS current as the linear and cubic TSFs with much lower
commutation torque ripple. Considering torque–speed capability, an offline TSF (q = 0.4) is a promising choice for torque
ripple reduction with relatively lower losses.
Similar comparison can also be applied to magnetic saturation
region (Tref = 3 N m) as shown in Fig. 6. Torque ripples with
different current hysteresis bands are compared in Fig. 6(a) and
(b) to investigate the effect of hysteresis band on torque ripples
of different TSFs. By decreasing the current hysteresis band
from 0.5 to 0.1 A, the offline TSF (q = 0.4) produces only 5%
torque ripples up to 1800 r/min, which is around one-third of the
linear TSF, one-fifth of the exponential TSF, and one-sixth of the
cubic TSF. At the speed less than 600 r/min, torque ripples of the
cubic TSF and the proposed offline TSF (q = 0.4) are 4.2% and
5%, respectively. Therefore, by decreasing the current hysteresis
band, the difference in torque ripples between the cubic TSF and
proposed offline TSF (q = 0.4) at low speed can be neglected.
With 0.5-A current hysteresis band, the torque ripples of the
offline TSF is only 16.6% up to 1800 rpm, while torque ripples
of conventional TSFs are increased significantly. The offline

Fig. 6. Comparison of torque ripples of different TSFs in magnetic saturation
region (T re f = 3 Nm, θov = 2.5 ◦ , tsa m p le = 0.1 μs). (a) Hysteresis band =
0.5 A (b) hysteresis band = 0.1 A.

TSF with a lower current hysteresis band achieves better torque
ripple reduction; however, switching losses are getting higher.
Also, due to higher average torque output, the torque ripples
at magnetic saturation region are lower than that in the linear
magnetic region with the same hysteresis band.
In order to provide a fair comparison between conventional
TSFs and the proposed offline TSF, turn-on angle, turn-off angle, and overlapping angles can be also selected based on minimization of copper loss [9]. In conventional TSFs, the commutation angle θci is the intermediate point of commutation
(θon, θon + θov ). Therefore, θon , θoﬀ , and θov of the linear TSF,
cubic TSF, and exponential TSF are set to 6°, 21° and 1.5°,
respectively.
The torque ripple and RMS current are compared in Fig. 7(a)
and (b) using turn-on angle and overlapping angle (θon = 6◦ ,
θov = 1.5◦ ) when the torque reference is 1.5 Nm. Compared
with torque ripples shown in Fig. 5(a), the torque ripples of the
conventional TSF are increased due to poorer tracking capability. Since the selection of turn-on angle and overlapping angle
(θon = 5◦ , θov = 1.5◦ ) is based on the minimum copper loss,
very slight decrease in the RMS current of conventional TSFs
can be observed compared to the results in Fig. 5(b).
B. Simulation Results (tsam ple = 5 μs)
The sampling time is increased to 5 μs to investigate the effect
of the sampling time on torque ripples. Fig. 8 shows simulation
results at 3000 r/min when the torque reference is 1.5 Nm. As
the sampling time is increased to 5 μs, the torque ripples of the
linear TSF, cubic TSF, exponential TSF, and offline TSF are
increased to 67%, 73%, 67%, and 43%, respectively. According
to simulation results of the offline TSF in Fig. 8(d), the tracking
error of the offline TSF is still close to zero. Therefore, the
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Fig. 7. Comparison of torque ripples and RMS current of different TSFs
(T re f = 1.5 Nm, θov = 1.5 ◦ , tsa m p le = 0.1 μs). (a) Torque ripples. (b) RMS
current.
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maximum TRFS is proven to be around 3000 r/min, which is not
affected by the sampling time. Even though the torque ripples of
an offline TSF are increased, the offline TSF still demonstrates
better performance in torque ripple reduction compared with
conventional TSFs in linear magnetic region.
Fig. 9 shows simulation results of the linear, cubic, exponential, and proposed offline TSF at 1800 r/min when the torque
reference is 3 Nm. According to the simulation results for tsam ple
of 0.1 μs, the torque ripples of linear TSF, cubic TSF, exponential TSF, and offline TSF at 1800 r/min were around 25%, 33%,
33%, and 17%, respectively. As the sampling time is increased
to 5 μs, the torque ripples of the linear TSF, cubic TSF, exponential TSF, and offline TSF are 53%, 57%, 63% and 37%,
respectively. Similarly, as shown in Fig. 9(d), the maximum of
the proposed offline TSF is around 1800 r/min, when the torque
reference is set to 3 Nm. With higher sampling time, the torque
ripple of the offline TSF is still smaller than conventional TSFs
in magnetic saturation region.
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Fig. 8. Simulation results (speed = 3000 r/min, T re f = 1.5 Nm, θov = 2.5 ◦ ).
(a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed TSF(q = 0.4).

VI. EXPERIMENTAL RESULTS
The proposed offline TSF (q = 0.4) is verified in a 2.3-kW,
three-phase 12/8 SRM. A field-programmable gate array (FPGA) EP3C25Q240 is used for digital implementation of
the proposed offline TSFs. In the experiment, current hysteresis
band is set to 0.5 A and dc-link voltage is set to 300 V. The sampling time of the digital controller is set to 5 μs. Torque–current–
position characteristics can be stored as look-up tables in FPGA.

By measuring the phase current and rotor position, instantaneous torque profiles can be estimated. The proposed offline
TSF (q = 0.4) is compared to linear TSF, cubic TSF, and exponential TSF. Similarly, the experimental SRM is operating in
two different operating conditions: 1) Tref = 1.5 Nm, speed =
3000 r/min, tsam ple = 5 μs; and 2) Tref = 3 Nm, speed = 1800
r/min, tsam ple = 5 μs. Experimental results will be compared
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Fig. 10. Experimental results (Speed = 3000 r/min, T re f = 1.5 Nm, θov =
2.5 ◦ ). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Offline TSF
(q = 0.4).
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netic region. According to theoretical analysis and simulation
results, the maximum TRFS of the offline TSF (q = 0.4) is close
to 3000 r/min. As shown in Fig. 10(d), the tracking error of the
proposed offline TSF can be negligible, and therefore, the maximum TRFS of the proposed TSF is verified to be around 3000
r/min by the experiment. Also, the torque ripples of the linear
TSF, cubic TSF, and exponential TSF at 3000 r/min is around
67%, 80%, 67%, and 47%, compared to 67%, 73%, 67%, and
43% torque ripples in simulation results in Fig. 8. Therefore,
the experimental results of TSFs match the simulation results
in terms of torque ripples, torque response, and current waveforms at the same operation condition. At 3000 r/min, the offline
TSF (q = 0.4) achieves much better tracking and output torque
is almost flat ignoring the torque ripple of current hysteresis
controller. Compared with the offline TSF (q = 0.4), the conventional TSFs shows much higher torque ripples, due to current
tracking error. Among three conventional TSFs, the linear TSF
shows slight decreases in torque ripples compared with cubic
TSF and exponential TSF.
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Fig. 9. Simulation results (speed = 1800 r/min, T re f = 3 Nm, θov = 2.5 ◦ ).
(a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Proposed TSF(q = 0.4).

with simulation results at the same torque reference, the same
speed, and the same sampling time.
A. Experimental Results at 3000 r/min (Tref = 1.5 Nm,
θov = 2.5◦ )
Fig. 10 shows experimental at 3000 r/min when the torque
reference is set to 1.5 Nm. The motor is working in linear mag-

B. Experimental results at 1800 r/min (Tref = 3 Nm,
θov = 2.5◦ )
Fig. 11 shows experimental results at 1800 r/min when the
torque reference is set to 3 Nm. The motor is working in magnetic saturation region. As shown in Fig. 11(d), the tracking
error of the proposed offline TSF is close to zero, which experimentally validate that the maximum TRFS of the proposed
TSF is around 1800 r/min. Since the maximum TRFS of the
offline TSF (q = 0.4) is much higher than conventional TSFs,
the offline TSF (q = 0.4) achieves better tracking at 1800 r/min
than conventional TSFs. Therefore, the offline TSF (q = 0.4)
shows lower ripples than conventional TSFs. Experimental results shown in Fig. 11 show that the torque ripples of linear
TSF, cubic TSF, and exponential TSF are around 53%, 60%,
and 40%, which is close to the simulation results in Fig. 9. The
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Fig. 11. Experimental results (Speed = 1800 r/min, T re f = 3 Nm, θov =
2.5 ◦ ). (a) Linear TSF. (b) Cubic TSF. (c) Exponential TSF. (d) Offline TSF(q =
0.4).

application of an offline TSF in magnetic saturation region is
verified by this experiment.
VII. CONCLUSION
In this paper, a novel offline TSF for torque ripple reduction with high efficiency is proposed. The objectives of the offline TSF are composed of both minimization of copper loss
and torque–speed performance with a Tikhonov factor. The
Tikhonov factor (q = 0.4) is selected in this paper considering the torque–speed performance and efficiency of the SRM
drive. Performance of conventional TSFs and the proposed offline TSFs are evaluated in terms of RMS and rate of change
of flux linkage with respect to the rotor position. The maximum TRFS of the offline TSF (q = 0.4) is increased to almost
3000 r/min, which is seven times as high as cubic TSF, 18 times
as high as linear TSF, and 27 times as high as exponential TSF.
The simulation results show that the offline TSF (q = 0.4) has
comparable copper loss as the linear and cubic TSFs, and much
lower commutation torque ripple both in linear and saturation
magnetic region. The performance of the proposed offline TSF
(q = 0.4) is verified with an experimental 2.3-kW, three-phase
12/8 SRM drive.
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