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KEYWORDS Abstract An online torque sharing function (TSF) with instantaneous torque error compensation
Sorlichedl melicimnes method for switched reluctance machines is proposed to maintain a minimized ripple operation.
machine; The proposed method adjusts the shared torque between the phases based on instantaneous torque
Instantaneous torque error error different than the existing TSF methods formulated with a mathematical expression. The
compensation; objective of this approach is to benefit from the outgoing phase torque as it has slow current
Online torque sharing; dynamics due to the high inductance. Also, the incoming phase is turned on as soon as it can gen-
Torque ripple minimization erate positive torque. During this process, the total torque is estimated instantaneously using

lookup tables, and a correction current is calculated and injected into the incoming phase reference
current as the inductance is low and current dynamics are fast. This way, the torque ripple is
reduced for a wide speed range. Compared to the conventional linear, sinusoidal, exponential,

and cubic TSFs, better torque ripple performance is obtained.
© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0)).

1. Introduction attention worldwide [1,2]. The control of these machines, how-
ever, is more challenging than the DC and AC machines as
each phase of the SRM excited consequently with square cur-
rent waveforms in an independent manner. The main short-
comings of the SRMs are high torque ripple, vibration, and
acoustic noise as they have double salient pole structures [3,4].

There is extensive research in the literature for reducing the
torque ripple using various control methods. Considering that
the major attribution of the torque ripple is due to the commu-
tation between the phases. Compared to the torque production
when only one phase is excited, the torque varies abruptly dur-
ing the commutation region where both two consecutive
phases are excited. A well-known strategy is to control the fir-
ing angles to obtain a minimum torque ripple[5,6]. Various

Switched reluctance machine (SRM) is a simple electrical
machine as the stator and rotor consist of salient poles where
only the stator has windings. Since there is no excitation with
magnets and windings in the rotor, these machines are cost-
effective, environmental-friendly, and more reliable compared
to other motor types. Therefore, it attracts researchers’
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optimization techniques are employed to determine the
optimal firing angles that result in minimum torque ripple
[7]. Torque control methods are also favored as they make it
possible to control the torque during the commutation instants
[5]. Torque control methods include direct torque control [§],
direct instantaneous torque control [9], current profiling [10],
direct flux control [I1],and torque sharing function (TSF)
[12-22].

TSF is a method where the torque command is shared with
the commutating phases in a complementary manner. In this
method, the torques generated by consecutive phases are shared
in a way that the total torque is equal to the desired value. Usu-
ally, the reference torques are generated based on an analytical
expression such as sinusoidal, cubic, exponential, etc. The TSF
can be obtained or calculated in real-time or in an offline manner.

In [12], an optimization algorithm called the ant colony is
used to obtain the optimum firing angles of a cubic TSF
through simulations. The turn-off angle and overlapping angle
were estimated with respect to the turn-on angle to minimize
the computational cost. In [13], the genetic algorithm (GA)
is used to calculate the optimal commutation control angles
for the linear, cubic, sinusoidal, and exponential TSF. Here,
how the copper loss and the torque ripple are varied with
respect to the cost weighting factor is investigated. The expo-
nential TSF was determined to be the best method in terms
of torque ripple minimization. In [14], an offline TSF that
takes phase currents and their derivatives into account during
the commutation period is presented. A factor called the
Tikhonov factor is calculated for reducing copper loss and
the derivation of the flux. In [15], the optimal current profile
is determined using the static flux linkage characteristics. In
[16], another type of TSF is reported which minimizes the total
current during the commutation period. In [17], torque ripple
was reduced by introducing a nonlinear modulation that regu-
lates consecutive phases based on the position and outgoing
phase current. These phases of regulation are separated in
three different ways and selected linear and non-linear func-
tions depending on the saturation, hence, the current tracking
error is eliminated. In [18], a dynamic model of the SRM is
used to achieve better current tracking. However, a negative
torque is generated at each commutation that is compensated
by additional positive torque produced by the incoming phase.
Although the torque ripple is reduced, the input current is
increased as a result of the negative torque compensation,
which in turn, causes a higher copper loss. In [19], the Switch-
ing period which changes torque error is introduced which is
based on a non-linear logical TSF. Here, the base torque gen-
erating phase is selected as the incoming phase and the outgo-
ing phase current is adjusted accordingly. However, the
incoming phase that has a low inductance cannot produce ade-
quate torque in the extended speed range, which results in an
increased torque ripple. In [20], a non-linear TSF with flux
linkage controller is reported that takes the saturation into
account. In [21], two operation modes are presented with the
flux linkage variation of the commutating phases. The torque
ripple is reduced, and the SRM can operate at an extended
speed range. In [22], two-mode the current control algorithm
introduced in [19] is developed by applying the parameters
obtained by optimization to an online TSF.

This article presents a TSF method to mitigate the torque
ripple in an extended operating range. Unlike the conventional
methods, torque sharing is done by cascading the TSF with a

dynamic torque error compensator. This way, the torque shar-
ing strategy can be operated beyond the base speed with a sig-
nificantly reduced torque ripple. Based on the speed and
reference steady-state current, the turn-off angle is determined
for it to produce the maximum phase torque until it reaches
the negative torque region. The incoming phase is energized
whenever it can produce a positive torque. The controller
instantaneously estimates the output torque using lookup
tables (LUT) and compensates the torque error by adjusting
the incoming phase current. As the cubic TSF performance
superior to the other conventional TSF methods [1], the cubic
TSF and the proposed method are compared at various speed
conditions. For the low-speed region, a similar performance is
observed with the proposed and cubic TSF methods. However,
the torque ripple at base speed and above base speed decreased
significantly with the proposed method. Torque ripple at the
base speed is observed as 27% with the cubic TSF while it is
9% with the proposed method. At above the base speed, the
torque ripple reaches 32% with the cubic TSF, while it is
11% with the proposed method.

This paper is organized as follows: Torque control methods
and TSF are explained in section 2. In section 3, the proposed
TSF method is explained in detail. Simulation and experimen-
tal results and discussion are provided in section 4. The paper
is finalized in Section 5 with concluding remarks.

2. skm Control and TsF

2.1. Torque control methods

Torque control methods are categorized as direct and indirect
ones based on the feedback data. In the direct torque control,
the torque is controlled based on the direct torque estimation
feedback, while in the indirect method, it is done by phase cur-
rent feedback. Direct control methods are classified as direct
and direct instantaneous torque control methods. Direct tor-
que control needs two reference inputs torque and flux linkage
where the flux linkage is calculated with the voltage and cur-
rent feedbacks; the torque is calculated with the current and
rotor position feedbacks. These two flux-linkage and torque
estimations are used to calculate the reference voltage vector
to regulate the flux-linkage and torque. However, this method
can work at a limited speed. The direct instantaneous torque
control method [23] is classified as the current profiling and
TSF methods. The current profiling technique essentially
determines the reference currents to control the torque. These
reference phase currents are determined without using the cur-
rent vs. position and torque LUT. Hence, TSF is a favorable
indirect torque control method as it is simple and has low com-
putational burden. The total torque is shared between the
commutating phases.

2.2. Torque sharing function

TSF is the more useful and simple indirect torque control
method among others [2]. Due to the nature of the SRM,
the total reference torque must be shared with adjacent phases,
therefore torque ripple occurs during the commutation period.
Fig. 1 illustrates the block diagram of the TSF torque control
method for a three-phase SRM.
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Fig. 1  The block diagram of the TSF torque control method.

To produce ripple-free torque, the reference torque is split
into each phase using various distribution functions. The refer-
ence torque values for each phase are expressed as follows

0 0 <0< 0,
Tretf e (0) Oon < 0 < 00y + 0,
Top= T Oon + 00y < 0 < O,y (1)
Tretfan(6) O < 0 < Opgy + 0,
Tre/' an +0, <0< (‘)1,

here, T, frise» and fy,; represent the reference torque, ris-
ing, and decreasing functions for consecutively triggered
phases. 0,,, 0,,, and 0, are represented as turn on, overlap,
and turn off-angles, and 0, is the pole pitch which is defined
as follows.

2n
0= @)

Here, N, represents the rotor number of pole.

Reference phase currents are formed using torque to cur-
rent LUT determined using Finite Element Analysis (FEA).
Hysteresis current control is considered as conventional and
most preferred in the SRM due to its simplicity.

Conventional TSFs are classified as linear and nonlinear
TSF. Non-linear TSFs are classified as cubic, sinusoidal, and
exponential TSFs. Conventional methods can be effectively
used at low speeds with a minimized torque ripple. However,
the torque ripple increases because of the current tracking
error at high speeds. Fig. 2.a and 2.b show linear and cubic
TSF curves, respectively. Region I and Region III are called
the commutation regions where both two consecutive phases
are active. In these regions, the reference torque is shared
equally between the incoming and outgoing phases. On the
other hand, single-phase conduction occurs in Region II.

The linear TSF distributes the torque linearly with the ris-
ing and falling functions that can be formulated as

<«Region I «Region IP-| <Region I
7,

ref b
Commutation
Region

f/all(g) = 1- frixe(g + 90}1 - 90]]')
where, the f,;, has to ascend from 0 to 1, while the f;,; has to
descend from 1 to 0 during the commutation. Although the lin-
ear TSF is practical, it has a higher torque error because the
SRM has a higher nonlinear inductance slope beginning and
end of the commutation.

The rising and falling functions of the cubic TSF are
expressed as follows.

f;ixe(e) = % (0 - 9071)2 - é(e - 60}1)3 (4)
J‘}a//(g) = 1- fie (0 + Opn — 9011)

The torque generated by the adjacent phases are shared
with a cubic function according to the rotor position. This
method is better than linear TSF, but cubic TSF will not be
sufficient when the SRM inductance characteristic has high
nonlinearity.

The rising and falling functions of the sinusoidal TSF [24]
are defined as follows.

.f;‘ixe(()) = % - % COS& (0 - 00")
.f_/'nz/(()) =1- f;'i.wz (0 + Oon — Oojf’)

Here the torque is distributed to the adjacent phases with a
sinusoidal function.

In the exponential TSF, the rising and falling function of
exponential TSF is defined as

()

f;‘ixe(g) = (1 — CXP(M))

Oy

: : (6)
Jan(0) = 1= fl (9 + 000 — 901/')

Similar to the other TSF methods, the torque is distributed
with an exponential function between the phases based on the
rotor position.
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Fig. 2 (a) Linear and cubic TSF functions.
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Among the conventional linear, sinusoidal, cubic, and
exponential TSF methods, the cubic TSF performs the best
[2]. Hence, in this study, the performance comparison is made
with conventional cubic TSF.

3. Proposed Adaptive TSF

The proposed TSF method is an online method where the tor-
que sharing is done by cascading the TSF with a dynamic tor-
que error compensator. This way, the torque sharing strategy
can be operated beyond the base speed with a significantly
reduced torque ripple. Here, the turn-off angle is calculated
based on the speed and reference steady-state current. Consid-
ering that most of the total torque is produced by the outgoing
phase and the rate of change of the current is low due to the
high inductance values, it is aimed to benefit from this fact.
Hence, it is calculated in a way that when the outgoing phase
current reaches to zero, it should not generate a negative tor-
que. However, if the outgoing phase current is brought down
to zero using full negative bus voltage, the torque dips down
rapidly and the torque produced by the incoming phase cur-
rent is not enough to track the reference torque. Hence, the
outgoing phase current is brought down zero with a second-
order filter to provide a smooth current trace. The frequency
of the filter is optimized for the minimum torque ripple perfor-
mance using the parameter sweeping technique. The incoming
phase is energized whenever it can produce a positive torque
and has the lowest phase inductance. The controller instanta-
neously estimates the output torque using LUTs and measured
phase currents; hence, adjusts the incoming phase current to
compensate for the torque error. The details of the control
are explained below.

3.1. Control of the outgoing phase

The torque generated in an SRM is expressed as
1 dL(i,0) ,
- 7
27 do ! @
In an SRM, the polarity and value of the torque produced

are the functions of the rate of change of inductance. In Fig. 3,
current and inductance waveforms of an SRM are presented

s e e
3
~
N
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together; where, L,, L, 0,4, 0,5 and 0,, are unaligned and
aligned inductances, the turn-on/off firing angles, and the max-
imum angle for generating the positive torque for the longest
duration, respectively. In the saturation region, the inductance
is at its maximum levels, so the torque control is constrained in
this region. However, the torque generated from the outgoing
phase is higher than it is from the incoming phase in the unsat-
urated region. Therefore, the turn-off angle of the outgoing
phase should be adjusted for producing the maximum torque.
But the phase current should not exceed the saturated region
as the phase current goes beyond the saturated region, it gen-
erates negative torque. Therefore, the angle that the outgoing
phase current starts decreasing should be determined carefully.
Moreover, when the active phase is turned off at 0, if a full
negative bus voltage is applied, the torque dips down rapidly,
and compensating such torque ripple with the incoming phase
current becomes challenging. To avoid instantaneously hap-
pening torque dip, the outgoing phase reference current is
brought down to zero using a 2nd order low-pass filter (LPF).

The 2nd order LPF has a dynamic response that smoothly
varies and brings down the reference current to zero. The nat-
ural frequency and the damping values of the 2nd order LPF
have to be determined as these values define how the current
reference varies from its initial value to zero. Also, these values
need to be updated based on the speed and initial phase cur-
rent values.

Fig. 4.a presents the block diagram of the proposed TSF
algorithm. Here, steady-state reference currents are obtained
via the 7-i-0 LUT. This reference current is the value that
the current can reach while in single-phase conduction and is
represented as 555

In the commutation block, phase currents are set as a
square wave. These phase currents are called raw currents
and are represented as I, ,aw, Ip_raws and I, ... The reference
raw phase currents obtained in the output of the filter are sym-
bolized as Iff-_/,:,,w, I}"f-_/,',,w, I';"jaw. Fig. 4.b shows the reference raw
phase current. In this figure, the turn-off angles at different
speeds, H(I,ﬂ-, 05_][7; and the settling time of the 2nd order LPF,
T, T are shown. The settling time, T}, of the filter is calcu-
lated as

o —In(tolerance fraction) (8)
2nlf,

6{111 9‘ off

Fig. 3
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Inductance and current profile of an SRM.
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where, { and f,, represent the filter’s damping ratio and nat-
ural frequency, respectively. The tolerance fraction is a factor
that indicates the error band of the filter. For most under-
damped second order filters this value is selected as 0.02. Here,
the T, should be varying based on the speed and the steady-
state current; therefore, the natural frequency of the filter will
be varying accordingly. The damping ratio and the natural fre-
quency are the parameters that are affecting the turn-off cur-
rent reference dynamics. To obtain the desired torque ripple
performance, these values are optimized for various speed
and steady-state current conditions using the parameter sweep-
ing technique. Here the damping ratio is found to be optimal
at 0.5 as this value provides a smoother current reference at
the beginning of the commutation. After determining the opti-

mal natural frequency values versus the steady state current, Izgr

S5 and speed, w, the optimal natural frequency values are

curve fit to a second-order polynomial function as
Jo = Poo +Pro X T + Dot X @+ pyy X Tyjp X ©
0 \2
+ a0 % (Igr)” + Py X @ )

where, poo, P10, Poi» P11, P20, and py> are the polynomial
coefficients which are 13.08, 0.5827, 0.8788, —0.002949, —3.5
94 x 107, and —0.8147 x 107, respectively.

Once the settling time, which is how long the current takes
to go down to zero, is calculated, the settling time is converted
to the settling angle by multiplying the speed. Then the turn-
off angle is calculated by subtracting the settling angle from
the maximum operating angle, 0,,,,. Here, the maximum oper-
ating angle is the point where the phase inductance derivative
with respect to the rotor position becomes significantly high in
the negative direction. In other words, it is the point where the
torque generation grows in the negative direction if a current
exists in the phase windings. Since the settling time is calcu-
lated with speed and steady-state current values, various oper-
ating points result in different turn-off angles, which makes the
operation adaptive. The tolerance fraction of the LPF and the
inductance profile of the SRM are considered when determin-
ing the maximum operating angle. Thanks to this method, the
negative torque generation at the end of the turned-off phase is
eliminated, and better current tracking is achieved.

3.2. Torque error compensator

In the unsaturated region, as the phase inductance is low, the
current control dynamics are faster compared to the saturated

Lube

Theta Off Region.”1 4

w t »
B Encoder Vi /i
0 G 01"1 047/'/ 0:7/" O/m ix

(a) Block diagram and (b) filtered raw current reference waveform in the proposed method.

one. Hence, it is possible to achieve instantaneous torque con-
trol by adjusting the incoming phase current dynamically. In
the proposed method, the incoming phase filtered raw current
reference, I*,.p... raw 15 set to the desired steady-state value to
rise the current as soon as it can produce positive torque. How-
ever, this raw current reference will not be producing the tor-
que that is complimentary to the outgoing phase torque.
Hence, an additional torque compensator is used to compen-
sate for the torque error. For compensation, the instantaneous
torque should be either measured or estimated. It is not possi-
ble to measure such torques coming from each phase, using an
estimator is the viable option. The estimator can be realized
through either a mathematical model or LUTs. Considering
that the SRM has a highly nonlinear nature, estimating the
torque could be a tiresome process with the mathematical
model. Hence, a LUT-based torque estimation method is
employed to estimate the torques produced by each individual
phase and calculate the error. To simulate the SRM in
MATLAB / Simulink, two LUTs are generated using the
FEA model of the SRM, which are the flux linkage versus
the rotor position and current, A(0,i) (46-by-81), and torque
versus the position and current, 7(0,i) (46-by-81). In addition
to these two LUTs, there is another LUT generated for calcu-
lating the current from the given torque and position inputs, i
(0,7) (109-by-126). The i(0,7) LUT has a higher resolution
than the other LUTs as the current is highly nonlinear and
requires higher resolution for accurate calculation. All esti-
mated torque values are summed and the total estimated tor-
que, T is determined. The torque error is calculated
using the estimated and reference torques. The torque error
compensator block converted this error value into the compen-
sation currents, Ly.cpp, Lp-cmps Le-cmp» With the help of the i(T,0)
LUT. Later these currents are added to the filtered raw refer-
ence current waveform and the torque error is eliminated.

In summary, during the commutation, the phase currents
are split into two separate torque-sharing control methods.
Firstly, the turn-off angle is adjusted adaptively based on the
instantaneous speed and reference steady-state current to have
the best current tracking performance for the outgoing phase.
Secondly, the incoming phase current is adjusted based on the
instantaneous torque estimation and torque error. Since the
incoming phase inductance value is small, a good current con-
trol performance is achieved; hence, the torque ripple is elimi-
nated successfully. Moreover, torque ripple minimization
performance at high speed is superior compared to the classical
techniques.
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4. Result and Discussion

4.1. Simulation results

The SRM parameters considered in this work are presented in
Table 1.

FEA of the considered SRM is used to generate the torque-
phase current-rotor position (7-i-0), inductance-phase
current-rotor position (L-i-0), and flux linkage-current-rotor
position (2-i-0) LUTs. Also, the inverse LUTs are generated
to be used for estimating the reference currents in the cubic
TSF and compensation currents in the torque error
compensator.

The simulations are carried out using Matlab© Simulink.
The performance of the proposed method and the classical
cubic TSF are compared for low speed, base speed, and above
base speed. The hysteresis current regulation having a hystere-
sis band of £ 0.2 A is used with a conventional asymmetric
half-bridge converter. The torque waveforms are recorded
and torque ripple, T}, is calculated as

Tmax — Thi
Tripple = mdiXng o (10)
where T4, Tinin, and T, are the maximum, minimum, and
average values of the SRM torque. The sampling time is an
important aspect of the hysteresis control as longer control
periods cause a bigger hysteresis band that causes a higher tor-
que ripple.

Considering the computational speed of the microcon-
troller, the control period is selected as 12 ps in the experimen-
tal studies; hence, the simulation is also operated at 12 ps. In
the simulations, using the proposed and conventional cubic
TSF methods, the torque ripple, and peak currents are com-
pared. In Fig. S.a, Fig. 5.b, Fig. 5.c, Fig. 5.d, Fig. 5.e, and
Fig. 5.f, the waveforms of the conventional cubic TSF and
the proposed method when the motor operates at 400, 1000,
and 1200 rpm are shown, respectively. These waveforms indi-
cate phase currents, phase torques, and total torque,
respectively.

For the Cubic TSF, firing and overlap, angles are selected
as 7.5°, 15°, and 2.5° for all speed levels by manually sweeping
their values to eliminate the torque ripple and minimize the
RMS input current in the commutation period. In the pro-
posed method, the turn-on angle is set to 7.1° as this angle is
the minimum inductance angle where a positive torque can
be generated. The turn-off angle is calculated as 15.61°,
15.13°, and 15.05° for 400, 1000, and 1200 rpm speeds, respec-
tively. These values are calculated based on the rotor speed
and steady-state phase current values. Fig. 5.a presents the
waveforms of the cubic TSF when the motor runs at
400 rpm. The phase currents can track the reference phase cur-

Table 1 SRM Specifications.

Nominal power 1.25 kW
Nominal torque 12 Nm
Stator/Rotor pole configuration 24 /16
Number of phases 3

Base speed 1000 rpm
Rated Voltage 200 Vdc

rents due to the low absolute Flux derivation values at low
speeds; hence, the ripple is observed as 5%. Fig. 5.b presents
the simulation result with the proposed TSF at 400 rpm. Com-
pared to the cubic TSF, a similar torque ripple is obtained;
however, the cubic TSF phase current is exceeding 20 A, while
it reaches 20 A with the proposed method. Hence, despite hav-
ing a similar torque ripple, the copper loss is higher in the cubic
TSF.

The waveforms of the cubic TSF at the base speed,
1000 rpm, are provided in Fig. 5.c. The absolute Flux deriva-
tion value increases with the speed, as a result, the phase cur-
rent tracking performance decreases. Hence, the error and the
torque ripple increase as illustrated in Fig. 5.d. The ripple at
the base speed is observed as 27% while the maximum phase
current is recorded as 28 A. The proposed control method var-
ies the turn-off angle with the speed and steady-state phase
current to improve the current tracking and torque ripple per-
formance. Hence, the current tracking error is minimized, the
torque ripple is brought down to 9%, while the peak phase
current is reaching to 22 A.

Simulations are also performed above the base speed at
1200 rpm. The cubic TSF results in 32% torque ripple with
a high current tracking error and high peak phase current as
shown in Fig. 5.e. However, the torque ripple kept under
11% using the proposed method while having a 23 A phase
current which was 28 A in cubic TSF as shown in Fig. 5.d.
The current tracking performance is also superior to the cubic
TSF when operating at high speed.

According to the simulation results, the proposed method
successfully tracks the currents with a small tracking error
and acceptable peak currents; hence, the torque error and tor-
que ripple are minimized. It should be noted that eliminating
the torque ripple improves the accuracy of the average torque
and make it close to the reference value. Higher the ripple dur-
ing the commutation, the larger the deviation on the average
torque value from the reference value. While operating at high
speeds, the current tracking error increases; however, keeping
it at its minimum level is possible thanks to the adaptive
turn-off angle is adjustment. As a result, with the proposed
method performed better than the cubic TSF above the base
speed.

4.2. Experimental results

To validate the proposed method, a series of experiments are
carried out. The specifications of the SRM under test are pro-
vided in Table I. The test system includes a dynamometer sys-
tem that has a loading machine that is driven with a
commercial regenerative motor drive unit in speed control
mode, a torque transducer, an oscilloscope, current probes,
the SRM under test, and its drive unit. The connection dia-
gram of the test system and a photograph of the experimental
setup is provided in Fig. 6.a and Fig. 6.b.

The SRM used in this study is designed by one of the
authors and reported in previous work [25]. The LUTs used
in this work are obtained from the FEA model of the SRM.
In the SRM drive unit, an asymmetric bridge converter having
SiC MOSFETs is used with the hysteresis current controller. A
Texas Instruments TMS320F28379D microcontroller is used
to implement the controls with a 12 ps control period. Similar
to the simulation studies, a hysteresis current band of 0.2 A is



Instantaneous torque error compensation based online torque sharing function for Switched reluctance Machines 267

< ; - I ‘ - - ‘ - ‘
= -
220+ 1 $20
i / - i
Nﬁ. 0 | | . L L N& 0 L L L L
0 0.001 0.002  0.003 0.004  0.005 0.006  0.007 0 0.001 0.002  0.003 0.004  0.005 0.006 0.007
552 [ T T T ] Eig [ T T T T T ]
A W sl [t AR e AW e
S 10F j ‘ | i i ] ] S 10 j j ; j j ‘ i
0 0.001 0.002  0.003 0.004  0.005 0.006  0.007 0 0.001 0.002  0.003 0.004  0.005 0.006 0.007
-~ -~
§ 5 ?5) " T T T e T T ] § 5_{5) n T T T T —— T ]
\N 5k >< e / \_u 5t ><f N 3
_§ 0 i T - T T T T __:;: 0= T T T T T
B &
~ N

0 0.001  0.002 0.003 0.004 0.005 0.006 0.007 0 0.001  0.002 0.003 0.004 0.005 0.006 0.007
Time [ms] Time [ms]

(a) (b)

; /> Referance Current ‘:\ __—> Ref Current
\3 20 -__%/" Actual Current f PN /" Current Tracking E""“’%j \3 20k Actual Current Y
g g 7 . -
£ g ‘ | 7~ ‘ & g ) 7
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
E 20 T E 20 T T
SISE iy, S5} )
~10F ‘ ‘ ‘W . " 0] ‘ ‘ ! . . ]
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
~ ~
§ % C , ‘ TV e S y § 55 T ‘ ‘ T r—
5t >< st X Dy :
3 ‘ | I~ — X —— v
~ 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 ~ 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Time [ms] Time [ms]
(c) (d)
.‘? /_> Referance Currem V:\ /’—> Referance Current
~ 'Current Tracking Error ~ I Actual Current
| /
E 20 L > Actua Currem /' i 220 w /ﬂ’ 'WWW
= 5 I~ ~ | g, /]
0 0.0005 0.001 0.0015 0.002 0.0025 0 0.0005 0. 001 0.0015 0.002
-g 20 T T T T 'g 20 T T T T
S st A S5t :
: 10 ,\_/M ‘ ‘ \_/’W"‘“‘ V‘I““\/MW i : 10 WWWWM
0 0.0005 0.001 0.0015 0.002 0.0025 0 0.0005 0.001 0.0015 0.002
3 p ‘ — 5 ‘ ‘ —
F v N, 4 = AW ,,IM
0 ‘ : : A £ — : : e
& 0 0.0005 0.001 0.0015 0.002 0.0025 =0 0.0005 0.001 0.0015 0.002
Time [ms] Time [ms]

(e) (H

Fig. 5 Simulation results at (a) 400 rpm with Cubic TSF and (b) the proposed method; (c) 1000 rpm with Cubic TSF and (d) proposed
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used in the experimental studies. During the tests, the torque
control method is used while the dynamometer is rotating at
various constant speeds. A 1000-pulse quadrature encoder is
used for speed and position feedback. The phase currents are
measured with Tektronix A622 current probes, and the torque
transducer signal is captured with the voltage probes. These
signals are observed in a Tektronix MDO 3014 100 MHz
oscilloscope.

Experiments are conducted for the maximum current con-
dition at low, the base, and high speeds. The torque ripple
and current waveforms are observed to validate the simulation
results. In Fig. 7.a, the currents and torque curves are given
when the machine is operated with 16 A at 400 rpm speed. It
is observed from the plot that the torque ripple is 8%, the peak
current is 16 A, and the average torque is 12 Nm for this con-
dition. Later the experiments are conducted at the base speed,
1000 rpm while commanding the maximum torque. The aver-
age torque and the torque ripple are measured as 12 Nm, and
15%, while the peak current is measured as 18.5 A as presented
in Fig. 7.b. The experiments are also conducted above the base
speed to evaluate the performance at high speeds. The results
at 1200 rpm and 1400 rpm are given in Fig. 7.c and Fig. 7.d,
respectively. When the machine operates at 1200 rpm, the
average torque, the torque ripple, and the peak phase currents
are observed as 11.5 Nm, 21%, and 18A; and when it operates
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Fig. 7 Experimental result of the proposed method at (a) 400, (b) 1000, (c)1200, and 1400 rpm.

at 1400 rpm, these values are measured as 9.5 Nm, 29 % and
17.5 A, respectively.

As the motor speed exceeds the base speed, the outgoing
phase current is set to a backward position to prevent the gen-
eration of negative torque, which is demanding a faster
dynamic response from the current regulator. However, the
current regulator bandwidth is limited with the control period,
which degrades the current tracking performance on the out-
going phase current as the speed increases. Hence, the instan-
taneous torque error compensation block increases the torque
required from the incoming phase and the current is increased
accordingly. This results in an overshoot on the incoming
phase current.

The simulation results of the conventional cubic, proposed
methods, in addition to the experimental result of the proposed
method are compared and presented in Fig. 8.

A similar performance is achieved for both the cubic and
proposed TSF methods at low speeds due to the low flux link-
age derivation values; however, at higher speeds, the proposed
method achieves lower torque ripple. The common problem of
all the TSF methods is that the torque sharing gets harder as
the speed increases; at some point, it becomes impossible to
share the torque between consecutive phases with a mathemat-
ical expression after a certain speed limit. Here, the torque
sharing in Cubic TSF can be performed up to 400 rpm within
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Fig. 8 Torque ripple versus speed comparison.
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a 10% torque ripple limit while it can be performed up to
1000 rpm with the proposed method. Moreover, even after
1000 rpm, the torque ripple is significantly reduced thanks to
the instantaneous torque estimation.

5. Conclusion

A torque sharing method based on instantaneous torque error
compensation is presented. The aim is to benefit the torque
generation from the outgoing phase as long as it is possible
as its inductance is high and current dynamics are slow. A
second-order LPF is used to determine the trajectory of the
outgoing phase current. The LPF‘s cutoff frequency and
turn-off angle are optimized to avoid negative torque genera-
tion and circulating currents while having the minimum torque
ripple. The incoming phase is turned on at the earliest position
where a positive torque can be produced. During this process,
the torque is estimated instantaneously, and a correction cur-
rent is calculated using LUTs and injected into the incoming
phase current. This way, torque ripple is reduced for an
extended speed range. Compared to the conventional TSF
methods, torque sharing is not formulated with a mathemati-
cal expression. Instead, it is formed based on instantaneous
torque error. As a result, the proposed TSF method can work
at higher speed levels thanks to the adaptive commutation
technique. The proposed method is simulated and experimen-
tally verified. Compared to the conventional cubic TSF, the
proposed controller performed similarly up to the base speed.
However, the proposed method can operate at a higher speed
level with a lower torque ripple.
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