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Abstract: Due to their advantages, switched reluctance motors (SRMs) are interesting solutions for
electric vehicle (EV) propulsion. However, they have the main drawback of high torque ripple.
This paper develops a universal torque control (UTC) technique for SRM that can fulfill all vehicle
requirements under a wide range of speeds. The developed UTC involves two different control
techniques. It utilizes the direct instantaneous torque control (DITC) strategy in a low speed region,
and the average torque control (ATC) strategy in high speeds. The selection of DITC and ATC
is made based on their performance regarding torque ripple, torque/current ratio, and efficiency.
Moreover, a novel transition control between the two control techniques is introduced. The results
show the ability of the proposed UTC to achieve vehicle requirements while obtaining all the benefits
of torque control over the possible range of speeds. The proposed UTC provides the best performance
regarding minimum torque ripple, maximum torque/current ratio, and maximum efficiency over the
whole speed range. The transition control achieves a smooth operation without any disturbances.
The transition control helps to simplify the overall control algorithm, aiming to have a feasible and
practical UTC without a complicated control structure.

Keywords: switched reluctance motor; universal torque control; direct instantaneous torque control;
average torque control; firing angles; optimization

MSC: 70Q05; 37N35; 93-10; 13P25; 65K10

1. Introduction

Energy sources, pollution, and noise are currently the key issues facing many countries
as a result of using enormous numbers of fuel-powered vehicles in transportation. Electric
vehicles (EVs), on the other hand, can provide an alternative solution. They are considered
the way for establishing a green transportation system [1,2]. For this purpose, many efforts
have been made to solve the challenges facing EVs, such as saving energy and obtaining
the highest performance at a reasonable cost. Various components of EVs can be optimized
to enhance their performance. The most effective parts within the vehicle are the motors
and their drive circuits. Generally, all types of electric motors can be used for EVs. Each
motor type is associated with a set of benefits and drawbacks [3,4]. The switched reluctance
motors (SRMs) can be considered a perfect choice because they have many features that
are relevant to the requirements of EVs, such as, reasonable manufacturing cost, high fault
resistance, high starting torque, normal operation in a high temperature environment, and
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they can provide high efficiency under high speed operation. Furthermore, SRMs do not
contain permanent magnets nor conductors in the rotor structure, and thus, a robust and
reliable operation exists. However, the SRMs encounter acoustic noise and considerable
torque ripple [5-7]. These drawbacks make less utilization of SRMs in several industrial
applications including the EVs. Therefore, they must be treated. Researchers have recently
been focusing on solving these issues, and many strategies have been introduced. Some
researchers proposed the optimization of SRM design by the modification of its geometrical
dimensions [8-11]. These design modifications can minimize the acoustic noise and torque
ripple only to a small extent [8,10].

On the other hand, other researchers succeeded in significantly reducing the SRM
torque ripple and the associated acoustic noise by implementing innovative control tech-
niques. Generally, the current chopping control (CCC) [12-15], instantaneous torque control
(ITC) [16-20], and average torque control (ATC) [21-25] are the most popular control strate-
gies. Despite the fact that these strategies can reduce torque ripple and improve system
performance, they have disadvantages. For instant, the CCC can provide effective, uncom-
plicated, and low cost drive. It causes some torque ripple because each phase current can
only be controlled in the form of square waveforms [26]. Thus, only the excitation angles
can be optimized for a given reference current [15]. Hence, this paper focuses on the ITC
and ATC as they are the most promising torque control strategies that can provide a better
overall performance [27].

The ITC strategies are able to provide the remarkable suppression of torque ripple
since they control the torque instantaneously at each sample of the rotor position. The
ITC strategies can be categorized into direct ITC (DITC) and indirect ITC (IITC) using the
torque sharing function (TSF). In [17,18], the IITC is achieved based on an improved TSF.
The proposed TSF can impose optimal profiling for the phase current to reach a minimized
torque ripple with reduced copper losses. In [19], a modified firefly algorithm is used
to optimize the PID parameters of the speed regulator to achieve a precise DITC with
an improved speed-change response. In [20], a new DITC is implemented by replacing
the commonly used hysteresis torque controller with a PWM controller. In this way, the
switching frequency can be controlled. Additionally, the commutation region is divided
into many sectors, and by modifying the duty cycle coefficients in these sectors, further
torque ripple enhancement is obtained. In [16], an improved DITC is implemented by
utilizing a real-time commutation methodology for both switching angles. The turn on
angle (0,,) is controlled basically to maximize the torque tracking ability of the hysteresis
torque controller. At the same time, the turn off angle (6,4) is controlled in order to minimize
the generated negative torque to an effective-less value. In [28], an improved DITC method
is introduced. This method uses a torque sharing function (TSF) as well as it introduces an
adaptive turn on angle control to suppress torque ripple and improve efficiency. However,
it has a complex control structure.

In [21], the ATC strategy is investigated for EV applications. Then, an improved ATC
is presented by optimizing both excitation angles, and the objective function is proposed
to increase the performance of the SRM drive. In [22], the ATC is proposed involving
both flux and current controllers. Unlike the conventional ATC, it controls the estimated
average torque only over a complete electrical cycle. The new ATC can control the average
torque through smaller intervals and thus can achieve less torque ripple. In [23], a sharing
look-up table is used to equally divide the torque reference among motor phases, and
thus, a reference value is set for each phase current, and by analytical accumulating
each phase torque, the average torque can be estimated instantaneously. In [24], a multi-
objective constrained optimization problem is created to implement an optimized ATC
strategy. The objective function includes two terms: the efficiency and torque ripple. The
control parameters are the switching angles, the constraints are set mainly to keep high
torque/ampere ratio, and thus, further improvement is attained in order to meet the EVs’
requirements. In [29], after investigations, the ATC is selected over ITC for EV applications.
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The turn on and turn off angles are optimized to enhance driving efficiency and reduce
torque ripple. Despite the simple structure of ATC, it has a high torque ripple at low speeds.

Unfortunately, the majority of the literature includes only a comparison between one
basic torque control strategy and its modification or compares the same type of modified
strategies. Nonetheless, very few have conducted a comparison between different types
of techniques. Therefore, in the authors’ previous work [27], a comprehensive analysis
and comparison between an improved DITC, IITC, and ATC are included regarding the
requirements of EVs. The results showed the superiority of the proposed DITC since it
produced lower torque ripples, highest efficiency, and the highest torque/ampere ratio
at a low speed operation. Furthermore, the comparison also showed an advantage when
using the ATC technique at high speeds. Above the rated speed of the SRM, a higher
back-electromotive force is generated, and thus, the instantaneous torque can be only
partially or poorly tracked. Therefore, the ATC method is proposed to be utilized at a high
speed SRM operation. The study provides a pre-overview to implement a UTC strategy for
the SRMs in EV application.

The literature shows the superior performance of ITC strategies (DITC and IITC)
regarding the torque ripple reduction for low speed operation. It also gives the advantages
of the ATC strategy in high speed regions as it gives a better torque/ampere ratio and
hence better driving efficiency. For the best overall performance, the ITC and the ATC
strategies have to be combined to implement a universal torque control (UTC) that provides
the benefits of both strategies. Hence, it will be the best choice for several applications
including EVs. In [25], the DITC is used below the rated speed of the SRM, while the ATC
is utilized above the base speed. Furthermore, the excitation angles are optimized through
a particle swarm algorithm to decrease the fuel consumption of the EVs (by attaining
higher efficiency) and to guarantee a comfortable ride (by attaining lower torque ripple).
However, the optimization of the excitation angles is only applied to the DITC at a low
speed. No smooth transient is implemented between the DITC and the ATC. In [30], a
unified controller is implemented by combining the DITC with the CCC method to attain
torque ripple reduction in the low, medium, and high speed operation of the SRM. The
unified controller also adopts a phase current demagnetization strategy to prevent negative
torque production, and thus, a higher torque/ampere ratio can be attained.

The novelty of this article is the development of a novel UTC strategy that provides
the best overall performance of SRM over the whole range of speeds while maintaining a
feasible and practical control algorithm that fits several industrial applications including
EVs. The proposed UTC uses DITC for low speed operation and ATC for high speeds
to gather their benefits. The paper helps to overcome the problems and unfeasibility of
developing such control. First, the paper uses modified DITC and ATC strategies to ensure a
simple structure of the overall control algorithm. The modifications are made basically for
performance improvement considering the ability of their integrations. Second, the proposed
control guarantees maximum torque per ampere production via turn on angle optimization. It
optimizes a turn off angle to improve efficiency and reduce torque ripples. Third, the novelty
also includes a proposed smooth transition control (STC) from DITC to ATC and vice versa.
The STC is guaranteed in motoring and generation modes of operation. Hence, this paper
gives a novel UTC strategy that provides the best overall performance of SRM over the whole
range of speeds, while maintaining a feasible and practical control algorithm.

The proposed method suits EV applications as it can fulfill the vehicle requirements
that include minimum torque ripple for better drivability, maximum torque per ampere
(MTPA) and/or maximum efficiency for longer millage per battery charge, wide speed
operation, and high reliability to avoid breakdown on the road.

The rest of this article is outlined as follows: Section 3 describes the conventional
structure of torque control strategies. The proposed UTC is given in Section 4. The STC is
also included in this section. The results and discussions are presented in Section 5. Finally,
Section 7 presents the conclusions.
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2. Modeling of SRM
2.1. Machine Model

The SRM has highly nonlinear magnetic characteristics because of the salient structure
of both stator and rotor poles. Hence, the flux-linkage A(i,0), inductance L(i,0), and torque
T(i,0) are functions of both the current (i) and position (). The voltage equation of k' phase
is given by Equation (1). It also illustrates how the flux is estimated from phase voltage.
Equation (2) gives the electromagnetic torque of kth phase (Ty) and total electromagnetic
torque (T,) with g-phases. Equation (3) shows the mechanical motion.

v = Rig + 26000 (i, 0) = [ (v — Ri)dt M)
9
T, = %aLgk i;%} T.= % Ty @)
k=1
d
T,—T,=Bw+]o 3)

where R, |, B, w, and T}, are the phase resistance, inertia, frictional coefficient, rotor speed,
and load torque.

The simulation of one phase of SRM is shown in Figure 1. The inputs are the rotor
phase position (6,;) and the phase voltage (V). The outputs are the phase current (i)
and phase torque (T,;,). The finite element method (FEM) is employed to generate the
magnetic characteristics of the studied SRM. The studied motor is 4 kW, 1500 r/min, 600 V,
8/6 poles, and 4 phases SRM. The calculated flux linkage and torque characteristics using
FEM are shown in Figure 2a,b, respectively. This figure shows only part of the curves for
simplification, while the complete flux and torque characteristics are calculated for current
[0:0.5:30]A and position of [0:0.5:30]°. Due to the big size of FEM data, the interpolation
and extrapolation within LUTs can ensure sufficient accuracy.

@ + . S, Om)
I Vph—l/./,.R 1/5 A/'"
O > E— '@

L

R < N

T=f{ips, Op)

Flux linkage (Wb)

10 15 20 25 30 0 5 10 15 20 25 30

Current (A) Rotor Position (deg)
(a) (b)

Figure 2. FEM-calculated characteristics: (a) flux linkage for [1:1:30]°; (b) torque for [1:1:30]A.

2.2. Performance Indices

The following indices are used for evaluations. The indices include average torque
(Tav), mechanical output power (Py,), torque ripple (T};,), efficiency (i), switching frequency
(fs) of power converter, average supply current (I;»), RMS supply current (Irpss), and copper
losses (P.;,). The average and RMS values are calculated over one electrical cycle (7).

Too =1 [ Te()dt, Pu=w+*Ta (4)
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where Ty, is the average torque; w is the motor speed; Tyux and T, are the maximum
and minimum instantaneous values of output motor torque (T,) over one electrical cycle
(1); V4 is the dc link voltage; I, is the average supply current; i; is instantaneous supply
current; Nt is the total number of switching of IGBTs over one electric cycle.

3. The Conventional ATC and DITC Techniques for SRMs

As concluded from the literature, the best performance is achieved by DITC for low
speeds and is achieved by ATC for high speeds. Hence, they are chosen and adopted for
this research.

3.1. The Conventional ATC Technique

Figure 3 shows the block diagram of conventional ATC [22,29]. T, is the reference
commanded torque; it is obtained from an outer loop speed controller. In Figure 3a, the
average torque (T;p-est) is estimated online using a torque estimator. The torque error (AT)
is processed through a PI torque controller that produces the reference current (i,.). The
mathematical representation of the PI controller is given generally in Equation (9). Its
output (Plyy) depends on the input error and the constant gains Kp and K. In Figure 3a,
the input error is AT and the output is 7,,+. The closed loop direct current control is essential.
The current controller is a hysteresis controller that outputs three voltage states from the
power converter according to the current error Al and rotor position. If Al is greater than
the current band, positive voltage is obtained. If Al is less than the current band, zero
voltage is obtained. Finally, negative voltage is obtained if Al is less than the current band
and the rotor position is after the turn off angle (6,4). The torque estimator depends on the
machine model as given in Figure 1.

In Figure 3b, the reference torque (T}y) is converted directly to the reference current
(iref) using the torque to current relationship as will be given later in Figure 7b. This helps
to improve the dynamic performance [24]. In addition, the firing angles (6,, and 6,5) must
be optimized for better performance. The optimization is given below.

(%
o —»  Angles e

T.,——| Optimization |92 3| power

. Converter
Torque to |7+ .=~ Ar_| Current | On/off @
Ty —> —»@—» >
current A - [Controller| signals
Z/:hf 0
(a)
917}[ —
w —»  Angles >
T.,——p| Optimization | 04" yf power
. Converter
Torque to | 7.+ =\ Ar_| Current | On/off
Ty — >
current Controller | signals
6

z}hf -

(b)

Figure 3. Block diagram of ATC with (a) torque controller, and (b) torque to current conversion.
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Ployt = Kp * error + Ky * /(error) dt )

Optimization of Firing Angles (6o, and 6,5) for ATC Technique

Due to the great effect of firing angles (6, and 6,4) on SRM performance as they
affect torque production, amount of torque ripple, efficiency, and the range of speed con-
trol [15,31], the firing angles (6o, and 6,f) are optimized based on a multi-objective problem
to achieve the best overall performance. The multi-objective optimization includes the min-
imization of torque ripple (T};,), reduction of copper losses (Pcy), increasing torque/current
ratio, and improvement of motor efficiency (7).

A single-objective optimization problem can be obtained from the multi-objective
problem by a linear combination of torque ripple (T,,-p), copper losses (P.;), and efficiency
(1) as follows [27,29]:

T .
rip i}
ob] (eon/ off) = minimum (wr T + wcu Pcuh + wy 17 ) (10
Wy + Wey + wy =1 (11)
Subject to : O™ < 0oy < 61X 9"”” < Oopr < 05 (12)

where F,; is the objective function; T}y, Py, and 77, are the base values for torque ripple,
copper loss, and efficiency, respectively. w;, w.,, and wy, are the weight factors for torque
ripple, copper loss, and efficiency, respectively. The weight factors can be chosen according
to the desired level of optimization. 87" and 0"* are the minimum and the maximum
limits of the 60,,, respectively.

For every operating point, defined by motor speed and loading torque, the firing
angles (6on and 6,5) are estimated to achieve Equation (10). The speed and torque are the
inputs, and the firing angles (6,, and 60,) are the outputs that fulfill Equation (10). The
inputs, speed, and torque are changed in small steps, and the corresponding optimal firing
angles are estimated.

3.2. The Conventional DITC Technique
Figure 4 shows the block diagram of conventional DITC schemes [28,30,32].

9(’” T BmlT

On O
Hysteresis
Controller
_D_ State .| Power
Signals "|Converter ‘
Torque |e—L
Estimator |« 6
(a)
P Hysteresis
Controller vV
> oltage
- g S Power
—» State
Converter
[l Table
ATJ Z\'
4 9{111
- Y Sector 4_0 .
)] | n| T ; Judjment £
ph-abed
Torque < - N 0
Estimator <
(b)

Figure 4. The block diagram of DITC, (a) conventional DITC, (b) TSF-based DITC.
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Wref

Tef is the reference commanded torque, it comes from an outer loop speed controller.
In Figure 4a, the online torque estimator is essential to estimate the instantaneous motor
torque (Test). The torque error (AT) is processed through a hysteresis torque controller
that outputs the state signals. The current control is included within the torque controller.
Limiting the torque means limiting the maximum current value.

In Figure 4b, a torque sharing function (TSF) is introduced with the DITC algo-
rithm [28]. The TSF is used to distribute T, between motor phases as described by
Equation (13). The reference torque for each phase (Tj.ref, Tp-ref, Te-rer, and Tyrep) is compared
to its actual measured value (T,, Ty, T;, and T;). The torque errors (AT,, ATy, AT, and
ATj) are processed through a hysteresis torque controller that outputs the states. Sector
judgment and voltage state table are employed to provide the proper control pulses. The
sector judgment divides the control period into six sectors. The details are included in [28].
The voltage state table outputs the voltage state (Sp) (p could be phase a, b, ¢, or d) according
to the torque error for each phase. For example, when AT, > hysteresis band (AT), S, = 1;
when AT, < —AT, S; = 1; when phase is turned off, S, = —1.

0, (0 <0 < 0on)
Tef (05— 0.5 cos (7% ), (6un < 0 < O+ 00)
Tphfref(e) = . (13)
Tref, <90n +0p <0< 90ff>

where 0,, is the overlap angle; 0, depicts the rotor pitch angle.

Optimization of Firing Angles (6o, and 6,) for DITC Technique

For DITC, the firing angles (6o, and 6,5) have to be optimized for better motor perfor-
mance. The optimization is similar to that for ATC which is described by Equations (10)—(12).
The difference is the structure of the control algorithm. Different weights can be chosen
according to the required level of optimization.

4. The Proposed Universal Torque Control (UTC) of SRM for EVs

As each control technique provides a unique performance under a certain speed range,
a combination of these techniques is the best solution in order to gain the benefits of each
control technique. The best choice for the low speed range is the DITC. It provides a very
low torque ripple, fast dynamic response, high efficiency, and the lowest RMS current. On
the other hand, ATC is the best choice for high speeds. It provides high efficiency, a fast
dynamic response, and the lowest RMS current. At high speeds, the vehicle inertial can
filter the torque ripples [27].

A proposed universal control of SRM for EVs is given in Figure 5. It employs a DITC and
ATC. The DITC is meant for low speeds and the ATC is meant for high speeds. The transition
between the two techniques should be very smooth without transient or disturbances.

Speed | Try

Controller ' |
|
L

Current |Onoff [ Power
Controller | signals | Converter [
—_— T e — — = I Tm‘l # n
w 4 |-| Torque Estimator |
$ 0
d/dt |

Figure 5. The universal torque control (UTC) of SRM.

For developing such universal control (Figure 5), several problems arise. First, the
conventional structures of ATC and DITC, shown in Figures 3 and 4, are complicated to be
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Torque (Nm)

combined in one control algorithm. The final UTC algorithm will be much more compli-
cated. Second, the direct combination of conventional ATC and DITC seems to be infeasible.
That is mainly because of the big differences between conventional ATC and conventional
DITC regarding structure and operational principles. Third, these big differences could
cause a non-smooth transition that could increase the noise and disturbance in a vehicle.
The disturbance could be large enough to unstable the system operation. For these reasons,
this paper improves the structure of conventional ATC and the structure of conventional
DITC, in order to avoid the aforementioned issues, and aiming to have the best structure
for the UTC strategy.

4.1. The Proposed DITC Technique

Figure 6a shows the block diagram of the modified DITC. The main difference is that
it has a torque to current conversion as seen in Figure 6b. i, is obtained directly from T,.
In addition, the torque error (T, — Test) is compensated after being multiplied by K1.

w . 8011 =

i Angles
"/ —1 Control | 67 _
Tf?f—> Lt

On< 0 < eg[f Power
Converter
Speed e + Current | On/off -
Controller Controller | signals
Estimator |
- 0
(a)
—‘ 1-D T(u)

C— * SNED
T_ref N '/
T_est T_ref to I_ref

(b)

Figure 6. The adopted DITC (a) block diagram; (b) the torque to current conversion.

The torque to current conversion is achieved by the analyses of torque characteristics
(Figure 7). The best torque production is achieved over the period [0, 0 + 6.] [33]. For
each current magnitude, the average torque can be estimated. Then, a polynomial fitting
can be simply applied, which is a very simple formulation as illustrated Figure 7b.

23A

| —

=

| Step=2A
. 1A
3 6

9 12 15 18 21 24
Rotor Position (deg)

(a)

27

30

30

Fitted Curve

Data

[
<
T

Current(A)
=

15 20 25
Average Torque (Nm)

(b)

30 35 40

Figure 7. Torque to current conversion: (a) torque curves over 15°; (b) current versus average torque.
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Wref

Try | Torque to | irs
— >

4.2. The Proposed ATC Technique

Figure 8 shows the block diagram of the simplified ATC (SATC). The reference current
(iref) is obtained directly from the outer loop speed controller. In such a system, there is
no need to estimate the average torque online as the optimization of firing angles at each
operating point can be completed to ensure the motor can produce the required torque.
Hence, the closed loop torque control is no longer needed. As a result, the structure of the
overall system is reduced, which means a less complicated control algorithm [27].

w —» Angles
zref —m= Optimization
Oon Hzﬁ
A \

Speed |y +/=\as | Current | Onoff [ Power
Controller Controller | signals | Converter

Figure 8. Block diagram of SATC.

4.3. The Final Intergrated UTC

Figure 9 shows the proposed UTC. It uses the modified versions of DITC and the
SATC in order to have a feasible integration. The outer loop speed controller feeds the
reference commanded torque to DITC and SATC. A switching unit determines which
control algorithm is employed accordingly with motor speed. The switching value of speed
is chosen to be 2000 r/min. That means below 2000 r/min, the DITC is utilized, while for
higher speeds the ATC is used.

[rzia}~

On/off
current Current o
________ Controller Signals

Controller

Torque
Estimator |

—> Oon Power
| ! ,w Angles [ | Converter
: DIT(‘: 71"<, Control [0«
' | >
! |

Figure 9. The proposed universal torque control (UTC) of SRM for EVs.

In order to have such an integration, a single torque to current conversion is needed.
The firing angles are estimated online to improve the system performance. Furthermore,
they are the keystone to have a smooth transition between the DITC and the ATC. The idea
to guarantee a smooth transition is as follows.

Smooth Transition Control

The control will change from DITC to ATC after a certain speed (2000 r/min). At the
changing instant, a smooth transition should occur. A smart solution without complications
of the control algorithm could be the best. There is no need for cross-over control to transit
from a state to another.

The UTC utilizes both the DITC and ATC. For each control strategy, the best performance
is achieved with certain firing angles that achieve Equation (10). As the operation and structure
of DITC is different from that of ATC, the solutions for the best firing angles that achieve
Equation (10) for DITC and ATC will be large. Hence, the transition from one strategy (DITC)
to the other (ATC), or vice versa, will lead to a large variation for the firing angles. This, in
turn, gives rise to uncertainties and unpredicted performance for the system.
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In this paper, the solution for a smooth transition is completed based on the solution
of optimum excitation angles. A smooth transition from one technique to another can be
guaranteed if small changes in the best firing angles can be achieved. Hence, this is the
idea to achieve now.

Based on the observations, experience, and analysis of SRM behavior, the variations in
the turn on angle (6,,;) with speed and loading torque are very large. The variations are also
different from DITC to ATC. Hence, Equation (10) will not guarantee the best transition.
For that reason, the authors propose the utilization of a single analytical formulation for
the best turn on angle (6,,) over the whole speed range for both the DITC and the ATC.
The analytical solution for the turn on angle (6,,) is given in detail in the previous authors’
work [31]. This solution is illustrated in Equation (14). This equation provides a simple
analytical solution for the optimum turn on angles over the whole range of speeds.

Oon = Om + RLJ(:/ka)w In <1 gy R ke kbw) (14)
where L(i,0) is the phase inductance; Vpc is the supply voltage; and w is the rotor speed.
0 is the angle at which rotor poles start to overlap with stator poles.

The control variables are w and i,r. Hence, the optimum 6,, depends mainly on
the inductance L(i,6) and its slope k; = dL(i,8) /d0. The inductance L(i,0) = L(0) is the only
position dependent over the minimum inductance zone [—0,,, 8,,]. This fact simplifies the
solution and implementation of Equation (4). The inductance can be easily fitted against
the position as in Equation (15). The constants a, b, and c are easily estimated from the
inductance data.

L=ae" +¢, -6, <6<6, (15)

For DITC, as it has an inherited capability for torque ripple reduction, its turn on angle
can be optimized for MTPA using Equation (14). Its optimum turn off angle is estimated
based on an optimization problem as in Equations (16)—(18). Greater importance is given to
the efficiency due to the inherited capability of DITC for torque ripple reduction. Therefore,
the weight factors are wy, = 0.6, w, = 0.2, and w, = 0.2.

For SATC, the turn on angle is optimized for MTPA using Equation (14) too. As SATC
is employed for high speeds, torque ripples are not of great interest as they could be filtered
by inertia. The efficiency becomes of the greatest value. Therefore, the firing angles are
optimized for higher efficiency focusing. A higher efficiency weighting factor of w;, = 0.6 is
chosen, while the other weights are w, = 0.2 and w, = 0.2.

The turn off angle is optimized based on the optimization problem that is described by
Equations (16)—(19). Additional constraint is needed for SATC. It is given by Equation (19).
This constraint guarantees the production of the commanded torque level within the
obtained firing angles. Hence, the SATC has no need for a closed loop torque control.

. Trip Py i)
Fpil 0 = — — 16
0b]< off) minimum (wr Ty + Wey Pt + wy P ) (16)
Wy + Wey + Wy = 1 (17)

, i 0 ) ;
Subject to : Oon = O + RLfkbLln(l - W%) ;e <Gy <OMY (18)

TE < Tmted w/iref (19)

Figure 10 shows the flowchart of the developed searching algorithm. At each operating

point, the turn off angle (6,p) is changed in small steps. The simulation model is employed

to calculate the torque ripple, copper loss, and efficiency at each step. At the end of

the search, the minimum torque ripple, the minimum copper losses, and the maximum

efficiency are defined as the base values (T, Peyp, and 77). The turn off angle (6,¢) is varied
from Oy min = 15° t0 Opprimax = 28° in steps of 0.2°, while the torque step is taken as 2 Nm.
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| Find the base values (7, Pus, and np) |

Enter the desired limits for turn-off
angle (6., motor speed (w) and
reference torque (7)

Toy = T (initial)

[P
+‘

w = w (initial)

Oy = Oy (initial)

| Calculate Fu), and find optimum 6 |

| Trer = Tr+A Ty
% [y
Simulate MATLAB model of SRM,
Calculate and save torque ripple (77 ),

copper losses (P.), and efficiency (n)

o =w+Aw

Ouy = Our+AOyy

Figure 10. Flowchart of searching algorithm.

The optimized turn off angles for DITC and SATC are given in Figure 11. As noted, the
turn off angles lie in a limited band. With firing angles” optimization, a smooth transition
is guaranteed. Both DITC and SATC utilize Equation (14) for the optimum turn on angle,
which means a perfect transition over the turn on. The changing band of the turn off angle
is very limited as seen in Figure 11. Hence, the transition from DITC to SATC will be very
smooth too. As a result, no change will happen over the turn on angle. Furthermore, no
big change will happen over the turn off angle. That means a guaranteed STC.

LT 1250 r/min
o 25°f 250 r/min | B 23
s =
= 24 : =22}
<°23 SN S1l
£
E n % S
E 2l Step~ 250 r/min A E 20
g IRl 4
20 . _ .
19 3000 r/min # } 18 4500 rl/mm ‘ . Step ‘ 250 r/n}ln
9 12 15 18 21 24 27 30 3 6 9 12 15 18
Reference Torque (Nm) Reference Current (A)
(a) (b)

Figure 11. The optimized 0off angles: (a) DITC, (b) ATC.

5. Simulation Results and Discussion

A series of simulation results are conducted to provide a detailed analysis for the
control performance. Hence, it is a powerful tool to validate the performance of a proposed
control. The simulation results include a dynamic performance evaluation under a sudden
change of reference speed and load torque. They also include an investigation of control
behavior under EV loading in acceleration and deceleration regions.

5.1. Sudden Change in Reference Speed and Load Torque

Figure 12 gives the results of sudden changes in reference motor speed and its loading
torque. The changing profiles for reference speed are shown in Figure 12a. The reference
speed (wy) is changed from 1500 r/min to 2500 r/min at the time of 1.5 s. The transition
from DITC to SATC and vice versa is illustrated by signal (Ts;). The positive value of
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Tsig means that UTC uses DITC, and the zero value of Ty, means that UTC uses SATC.
The value of transition speed is 2000 r/min. Hence, the control starts with DITC until the
speed of 2000 r/min, and then it changes to SATC for higher speeds than 2000 r/min. The
loading torque profile is seen in Figure 12b, where a sudden change from 15 Nm to 12 Nm
is observed at the time of 1.0 s. Figure 12c shows the reference current. The transition from
DITC to SATC is obvious. The reference current is compensated under DITC (0-1.63 s) to
reduce the torque ripple. That is why it is a thick line. On the other side, the reference
current has a smooth profile under SATC (1.63-2.5s).

Figure 12d,e illustrate the variation of firing angles, turn on, and turn off angles,
respectively. They are changing accordingly with motor speed and the current level to
provide the best performance. The estimation of firing angles is obtained based on the
optimization problems that are described by Equations (16)-(19). A smooth behavior for
the firing angles at the instant of transition is observed that ensures a smooth transition.

Figure 12f gives the output torque profile of the motor. As seen, the DITC (0-1.63 s)
provides a smooth torque profile. The SATC (1.63-2.5 s) has higher torque ripples. The
value of torque ripples is seen in Figure 12g. The DITC shows the torque ripple value of
about 20%. On the contrary, the torque ripple under SATC reaches 45%. At the instant of
transition at time 1.5 s, the curve of the torque ripple shows a noticeable notch that can
be absolutely ignored. Regularly, the ripples are estimated under steady state conditions
(constant speed and level currents), and the notch appears because of the transition.

Figure 12h illustrates the output mechanical power. In both regions of control, the
motor can provide its rated power (4 kW) even with 50% higher. The switching frequency
is seen by Figure 12i. It is changing with speed but has a limited band. The maximum
frequency is about 10.6 kHz.

The efficiency curve is seen in Figure 12j. As noted, the efficiency increases with the
motor speed. At the transition instant, the efficiency is very clear to be increased as the
SATC provides higher efficiencies than DITC. The DITC provides a very good efficiency of
almost 96.5%. On the other hand, the SATC provides a higher efficiency (almost 97.5%).

5.2. Acceleration with Electric Vehicle Loading

Figure 13 illustrates the results with EV as a loading under acceleration (motoring action).

Figure 13a shows the motor speed. w,s is changing from 1000 to 2000 at the time of
0.6 s, then it changes from 2000 to 3000 at the time of 1.3 s. The transition is illustrated by
Tsig- The motor starts under DITC and converts to SATC at the time of 1.3 s. Figure 13b
gives the load torque profile. As the load torque represents an EV, it increases with speed.

Figure 13c,d show the variation of turn on and turn off angles, respectively. A smooth
and adaptive variation is observed even at the instant of transition that reflects the smooth
transition control. Figure 13e illustrates the output torque profile of the motor. A smooth
transition is obvious over the torque curve. Lower ripples are observed under DITC
compared to SATC. Figure 13f shows the values of the torque ripple. The ripple is about
23% under DITC and reaches 60% under SATC.

T (Nm)

09 12 15 18 21 24 0 03 06 09 12 15 1.8 21 24
time (s) time (s)

@) ()

Figure 12. Cont.
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Figure 12. The simulation results under a sudden change in motor speed. (a) The motor speed; (b) the
load torque; (c) the reference current; (d) the variation of the turn on angle; (e) the variation of the
turn off angle; (f) the total electromagnetic torque; (g) the torque ripple; (h) the mechanical output
power; (i) the switching frequency; (j) the efficiency.

The switching frequency is seen by Figure 13g. It has a maximum value of about
10.6 kHz. The switching frequency decreases with speed as the motor employs single
pulse control under high speeds. Figure 13h shows the efficiency curve. The efficiency is
observed to be around 97.5% under high speeds.

As a conclusion, the proposed UTC provides lower torque ripples at low speeds by
using the DITC in order to reduce the oscillations of the vehicle body and to provide better
drivability. Furthermore, the proposed UTC provides better efficiency at high speeds by
using SATC. The torque ripples at high speeds can be filtered by vehicle inertia. Hence, the
proposed UTC is a superior choice for EVs and several industrial applications.
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Figure 13. The simulation results under EV acceleration. (a) the motor speed; (b) the load torque on
the motor side; (c) the variation of the turn on angle; (d) the variation of the turn off angle; (e) the
total electromagnetic torque; (f) the torque ripple; (g) the switching frequency; (h) the efficiency.

5.3. Acceleration and Deceleration with Electric Vehicle Loading

Figure 14 is the results for the acceleration and deceleration with EV loading. The
speed profile is shown in Figure 14a. From 1.0 s to 1,2 s, the vehicle deaccelerates or
brakes. I, changes to negative at the beginning of the braking operation at 1.0 s as seen
in Figure 14b. The negative I,y means that the motor is in forward generating mode.
Hence, the firing angles are changed from motoring (increasing inductance) to generating
(decreasing inductance) as illustrated by Figure 14c,d. The firing angles are changing
smoothly in motoring and generating modes.

In the generating (braking) region, the motor returns the current back to the supply /battery;
hence, the average current becomes negative as shown in Figure 14e. The mechanical power
and torque become negative in the braking region as seen in Figure 14f,g, respectively.

Zooming on the torque profile in the braking zone is shown in Figure 14h. First, the
motor brakes under DITC, then under SATC, as seen, and a very smooth transition under
generating is observed too. The torque ripple is seen in Figure 14i: it spikes because the
machine torque crosses zero while changing from positive (motoring) to negative (generating)
and vice versa. The switching frequency still has a limited value as seen in Figure 14j.
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Figure 14. The simulation results under starting with EV acceleration and deceleration. (a) The motor

speed; (b) the reference current; (c) the variation of the turn on angle; (d) the variation of the turn off
angle; (e) the average current; (f) the mechanical output power; (g) the total electromagnetic torque;
(h) zoom on electromagnetic torque; (i) the torque ripple; (j) the switching frequency.

Figure 15 shows one phase current and the phase inductance under the instant of
braking. Before the time of 1.0 s, the machine is in motoring action. The current exists in
the increasing inductance zone. Hence, it generates positive torque. On the other hand,
after the instant of 1.0 s, the phase current exists in the decreasing inductance zone. Hence
the generated torque is negative (braking torque). Note that the current is always positive
as the SRM has a current that follows in one direction. The positive and negative torques
are defined by the firing angles accordingly with the inductance profile. The generating
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current profile is seen to be a mirrored shape, with different amplitudes, to the motoring
current profile.

Generating | 120

20 - Motoring N IR Current =
Current ,' \\ 4 \ 490 E
o
9
=
s
9
=
=
=
—0
0.9957 0.9977 0.9997 1.0017 1.0037
time (s)

Figure 15. The phase current in motoring and generating modes.

6. Comparative Analysis

In order to show the effectiveness of the proposed UTC, a comparative analysis is
conducted over a wide speed range. The proposed UTC is compared to two control
techniques. The first is the ATC in [29] (Figure 3). The firing angles (6o, and 6,p) of the
ATC are optimized for the lowest torque ripple and the highest efficiency as in [29]. The
optimization problem in Equations (16)—(19) is employed. The weights are set as w, = 0.4,
and wy, = 0.6. we, is not included in [29]; hence, it is set to zero (wc, = 0).

The second technique for comparison is the DITC-based TSF in [28] (Figure 3b). In [28],
the adaptive turn on angle control is introduced in [28] as seen in Figure 16. The conduction
angle for TSF is constant: it is 15 for tested 8/6 SRM. Hence, the turn off angle is defined by
Ooff = Oon + 15°.

Figure 16. The simulation implementation of turn on and turn off angles of improved DITC of [28].

The comparative study is conducted under the dynamic loading condition, under the
EV loading profile, and under the full load conditions as follows.

6.1. Under Dynamic Loading Conditions

Figure 17 shows the torque profiles, torque ripples, and efficiencies for the proposed
UTC, ATC in [29], and DITC in [28]. The comparison is conducted for two speed levels:
low speed of 1200 r/min, and high speed of 2400 r/min. This is mainly to illustrate the
performance of the UTC in different control regions. The reference torque is changing
between 10 Nm, 15 Nm, and 20 Nm.

Figure 17a shows the speed curve. The speed is changed from 1200 r/min to 2400 r/min
at a time of 0.4 s. Figure 17b,c show the instantaneous motor torque for ATC, DITC, and
UTC, respectively. As noticed, the three control techniques can track properly their refence
torque (T;). The difference is the torque profile and amount of torque ripples.

Figure 17e shows the value of torque ripple. For low speed (0-0.4 s), the UTC shows
the lowest torque ripple, followed by DITC, then SATC. For high speed (0.4-0.6 s), the UTC
shows the lowest torque ripple followed by SATC. At high speeds, the DITC shows very
high torque ripples.

Figure 17f gives the mean value of motor efficiency with a 60 Hz window. For low
speed, the UTC shows the highest efficiency, followed by SATC, then DITC. For high speed,
the UTC and SATC show the highest efficiencies. The DITC shows a lower efficiency.
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Figure 17. Comparative results under dynamic loading conditions. (a) Speed profile; (b) instanta-
neous torque of SATC in [29]; (c) instantaneous torque of DITC in [28]; (d) instantaneous torque of
UTC; (e) torque ripple; (f) efficiency.

6.2. Under EV Loading Profile

The steady state results under the EV load profile, for three control techniques, are
shown in Figure 18. The average torque is seen in Figure 18a, and the UTC and SATC can
track their reference torque. The DITC fails to provide the commanded reference torque
at high speeds (after 2000 r/min). The torque ripples are given in Figure 18b. The UTC
provides the lowest torque ripple over the entire speed range. The SATC shows low ripples
at a high speed, while obtaining high ripples at low speeds. The DITC shows low ripples
under a low speed only.

Figure 18c shows the efficiency. The UTC and SATC show higher efficacies at high speeds
compared to DITC. The average torque to RMS current ratio (Ts,/Irps), in Figure 18d, is a
very important index for electric machines, and the higher the better. As observed, the UTC
shows a high T4, /Irps as the ATC. The DITC is the lowest. The switching frequency in
Figure 18e lies in a limited band (<10 kHz) that fits well for experimental implementations
without any constraints.

6.3. Under Full Load Conditions

The steady state results under the full load for three control techniques are shown in
Figure 19. Figure 19a illustrates the full load average torque. The UTC and SATC can track
their reference torque over the full speed range. The DITC fails tracking at high speeds
(after 2000 r/min). Figure 19b gives the torque ripples. The UTC provides the lowest torque
ripple over the entire speed range. The SATC shows high ripples at low speeds, and the
DITC shows low ripples under low speed only. Figure 19c shows the efficiency. The UTC
shows the highest efficiency over the full speed range.

Figure 19d shows the superior performance of the UTC to provide the highest T,, / Irps
ratio over the full speed range. This in turn proves the MTPA operation and improved
efficiency. The switching frequency, Figure 19, is still lying in a limited band.
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6.4. Summary

Tables 1 and 2 show the detailed conclusion for comparative study. Table 1 shows a
summary of the control performance over speed ranges. As a conclusion, the UTC provides
the best performance regarding average torque production, torque ripples, Tsy/Irms, and
efficiency over the entire speed range. This is basically the contribution of this research;
that is, to gather all the advantages in a single control method by combining two control
strategies together. The proposed control method succeeded in gathering the advantages
of the DITC for low speeds and the advantages of the ATC for high speeds. In addition, the
proposed modification improved the performance of the proposed UTC to provide lower
torque ripples and higher T4, /Irpms compared to the DITC at low speeds.

Table 2 discusses the control structure and its feasibility for real time implementations.
It shows the superior performance of the proposed UTC as it has a moderate complexity
of the control algorithm. Hence, it is a feasible control method with no constrains in
experimental implementations. Furthermore, the proposed UTC has fast dynamics and
does not require a TSE.

Table 1. Summary of comparison results over speed ranges.

Low Speed High Speed
Indices
ATC DITC UTC ATC DITC UTC
Average torque High High High High Low High
Torque ripple High Low Very Low Low High Low
Tav/IrRMsS Medium Low High High Low High
Switching frequency Low Low Low Low Low Low
Efficiency Medium High High High Medium High
Table 2. Summary of comparison results regarding control structure.
Indices ATC [29] DITC [28] UTC
Algorithm complexity Simple Complex Moderate
Dynamic torque response Fast Fast Fast
Requirement of online torque estimation Yes Yes Yes
Requirement of TSF algorithm No Yes No
Required control period Long Short Short

7. Conclusions

This paper presents the development of a UTC of SRM drives for EVs. The proposed
UTC strategy is a combination of the DITC and SATC. The proposed technique utilizes a
DITC for low speed operation and employs an SATC for high speeds. A very smart and
smooth transition between the DITC and SATC is guaranteed within switching angles
optimization. The results show the superior performance of the proposed UTC over the
entire speed range. The proposed UTC can provide low torque ripples, even compared
to conventional DITC, at low speeds. Furthermore, it shows the highest Ty, /Irps, even
compared to the ATC. For high speeds, the proposed UTC shows a similar performance
to the ATC that is the best for SRMs regarding efficiency and torque ripples. The torque
ripples at high speeds can be filtered by vehicle inertia. The very low torque ripples at low
speeds reduce the oscillations of the vehicle body and provide better drivability. The high
efficiency at high speeds increases the milage per charge. Hence, the proposed UTC is a
superior choice for EVs and several industrial applications. Moreover, the proposed UTC
provides a simple structure, high dynamics, extended constant power range, and reduced
torque ripples. This, in turn, makes the proposed UTC feasible for easy implementations
with high reliability. Future works could include the experimental implementations of the
proposed control considering measurement errors and time delays.
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