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Abstract—Switched reluctance motors (SRMs) have recently 

attracted researchers’ attention owing to their robust mechanical 

construction, high thermal tolerance, and strong cost-

effectiveness, which are promising for vehicle propulsion. 

However, they tend to generate large ripples in the torque and 

input currents to the inverter; this deteriorates the driving 

comfort, and damages the battery lifetime. Preceding studies have 

investigated using the phase currents of SRMs to eliminate these 

ripples. However, these studies had difficulties in sufficiently 

eliminating these ripples in operations under magnetic saturation. 

This study further evolves one of these preceding studies, and 

proposes a derivation method for the phase-current waveform for 

improving the elimination of the torque and input-current ripples 

in operation under magnetic saturation. The proposed method 

analytically determines the phase-current waveform based on a 

nonlinear behavior model of the SRM while considering the 

magnetic saturation. A finite-element-method-based simulation 

and experiment are performed to evaluate the proposed method. 

These results reveal the successful reduction of the torque and 

input-current ripples under the magnetic saturation relative to a 

preceding study, supporting the appropriateness of the proposed 

method. 

 
Index Terms—Input-current ripple, magnetic saturation, 

phase-current waveform, switched reluctance motors, torque 

ripple. 

I. INTRODUCTION 

LECTRIC vehicles (EVs) have recently emerged and are 

becoming widespread as one of the most promising 

remedies for reducing fossil fuel consumption. Many of 

the commercially available EVs currently utilize an interior 

permanent magnet synchronous motor (IPMSM) as a 

propulsion motor. The IPMSM is known to have a high power 

density and to exhibit high efficiency over a wide range of 

torques and rotation speeds. However, the IPMSM contains 

permanent magnets, resulting in a low thermal tolerance and a 
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complicated mechanical construction of the motor. 

Furthermore, the permanent magnets require significant 

amounts of rare-earth materials, making the IPMSM suffer 

from unstable material supplies and high costs. These 

drawbacks of the IPMSM may cause difficulty in the 

application of the EV systems to low-price vehicles, as such 

vehicles tend to have limited cooling environments and severe 

requirements for stable material supply and low manufacturing 

costs. Thus, these drawbacks hinder the further spread of EVs. 

Adopting a reluctance motor for the propulsion of low-price 

vehicles (instead of the IPMSM) may be an effective approach 

to overcoming this difficulty. Reluctance motors contain no 

permanent magnet, and are therefore free from the 

aforementioned drawbacks. Certainly, many of the reluctance 

motors suffer from a relatively small torque/power density. 

However, the switched reluctance motor (SRM) has recently 

emerged as a promising motor with a large torque/power 

density, and has motivated a number of researchers to 

investigate applying the SRM for vehicle propulsion [1][2]. 

Despite the attractive features of the SRM, the SRM 

nevertheless generates large ripples in the torque and input 

currents to the inverter driving the motor. The torque ripple 

generates a noise vibration and deteriorates the driving comfort, 

whereas the input-current ripple damages the battery lifetime. 

Certainly, the input-current ripple can be decoupled by a DC 

link capacitor attached at the input of the inverter, particularly 

at a high rotation speed. However, the input-current ripple has 

a low frequency in low-speed operation, causing difficulty in 

decoupling the ripple using the DC link capacitor. Therefore, 

both the torque and input-current ripples are severe drawbacks, 

and should be solved for vehicle application.  

A number of studies have been dedicated to the reduction of 

these two ripples in the SRM [3]–[40]. The SRM has abundant 

harmonics in the electrical angle dependence of the phase 
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inductance, i.e., in the phase inductance profile, as well as the 

strong non-linearity caused by the magnetic saturation. 

Therefore, the reduction of these ripples should consider both 

the harmonics and the non-linearity. 

Many preceding studies have focused only on the reduction 

of the torque ripples [3]–[30]. The simple approach is to 

consider the harmonics in the phase inductance profile while 

neglecting the magnetic saturation. For example, [3]–[5] 

optimized the phase-current waveforms based on the phase 

inductance profile below the magnetic saturation level. 

Furthermore, [6]–[8] optimized both the phase-current 

waveform and pole shape to reduce the torque ripple with the 

minimum copper loss. A more complicated approach is to 

consider the harmonics in both the phase inductance profile and 

the magnetic saturation. For example, [9]–[27] optimized 

phase-current waveforms while further considering the 

nonlinear relation between the torque and phase current. These 

studies can be classified into two major approaches: [9], [11], 

and [13]–[16] took the numerical approach, and determined the 

phase-current waveform using a numerical search based on a 

database of the relationships among the torque, phase-current, 

and electrical angle, as obtained using a finite-element method 

(FEM) analysis or an experimentally determined phase 

inductance profile; [10], [12], and [17]–[27] took the analytical 

approach, and determined the phase current waveform based on 

analytically derived requirement conditions for eliminating the 

torque ripple by using an analytical model of the output torque. 

Additionally, [28]–[30] optimized both the phase-current 

waveform and the pole shape to reduce the torque ripple with 

the minimum copper loss: [30] took a numerical approach based 

on the FEM analysis to numerically search for both the pole 

shape and phase-current waveform; [28][29] took a semi-

analytical approach, in which the phase-current waveform was 

determined analytically, whereas the pole shape was 

numerically optimized based on the FEM analysis.  

Meanwhile, other preceding studies have targeted only the 

input-current ripple. For example, [31]–[35] reduced the input-

current ripple, considering the magnetic saturation; [31] and 

[32] optimized the phase-current waveforms; and [33]–[35] 

proposed the new inverter topology and corresponding control 

method for the SRM. 

The aforementioned studies have targeted either the torque 

ripple or the input-current ripple. However, a few studies have 

investigated the simultaneous reduction of the torque and input-

current ripples: [36] optimized the phase-current waveform; 

[37] optimized both the phase-current waveform and the rotor 

shape for the simultaneous reduction of these two ripples with 

the minimum copper loss. These studies have proven the 

successful reduction of both the torque and input-current ripples 

in their experiments. However, the application of these studies 

is limited to operation with a low output torque, because these 

studies did not consider magnetic saturation. In fact, [36] and 

[37] indicated that both the torque and input-current ripples 

increased in the large magnetization of the SRM. Consequently, 

the simultaneous reduction of the torque and input-current 

ripples considering the magnetic saturation remains a 

challenging issue. 

The purpose of this study is to propose a derivation method 

for a phase-current waveform for the simultaneous reduction of 

these two ripples, considering the magnetic saturation. The 

proposed method is based on a preceding study [36], as the 

phase-current waveform of this study is derived by modifying 

the phase-current waveform derived by [36] to compensate for 

the effect of the magnetic saturation. 

The proposed method derives the phase-current waveform 

through a theoretical analysis of the behavior model of an SRM 

including the effect of the magnetic saturation. This study 

adopted the analytical approach rather than the numerical 

calculation to search for the phase-current waveform. 

According to the preceding studies [36] [37], an infinitely large 

number of phase-current waveforms were found to eliminate 

both the torque and input-current ripples. Therefore, the 

analytical formulation may be convenient for systematically 

deriving various waveforms from the same SRM model rather 

than a numerical calculation, which determines one phase-

current waveform after a massive number of trial-and-errors. 

This paper is an updated version of a conference paper [38]. 

Based on the conference paper, this paper further incorporates 

a detailed description of the derivation process of the phase-

current waveform. Additionally, this study evaluated the 

proposed method with an FEM-based simulation along with the 

experiment. In the simulation and experiment, the phase-current 

waveform of the proposed method was compared with two 

phase-current waveforms: one was the traditional square-shape 

phase-current waveform; the other was the phase-current 

waveform of the previous method [36]. 

This paper comprises six sections. Section I (above) 

presented an overview of preceding studies addressing the 

reduction of the torque and input-current ripples for SRMs. This 

section discussed the difficulties of these preceding studies, and 

described the approach of this study to overcoming these 

difficulties. Section II briefly reviews the preceding method 

[36]. Section III analytically derives the proposed method. 

Sections IV and V present the FEM-based simulation and 

experiment for the commercially available SRM, respectively, 

aiming to evaluate the reduction effect on the torque and input-

current ripples from the proposed method. Finally, Section VI 

provides the conclusions. 

II. REVIEW OF PREVIOUS METHOD 

The preceding study [36] derived a phase-current waveform 

for eliminating the torque and input-current ripples for an 

arbitrary inductance profile without considering the magnetic 

saturation. The derivation method was based on the analytical 

formulation of the torque and input currents contributed by each 

phase of the motor. Hereafter, this section reviews the method 

using a three-phase concentrated-windings SRM, as shown in 

Fig. 1. The following discussion is focused on the phase U. 

However, the same discussion also stands for the other phases, 

owing to the symmetry among the phases. 

In the concentrated-winding SRM, the total magnetic co-

energy Etotal can be approximated as the sum of the co-energy 
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contributed by each phase while neglecting the magnetic 

coupling among the phases, as follows: 

 

       ,,,,,,, WEWVEVUEUWVUEtotal iEiEiEiiiE 

 (1) 

 

where EU, EV, and EW are the magnetic co-energy contributed 

by the phases U, V, and W, respectively. In addition, iU, iV, and 

iW are the phase currents of phases U, V, and W, respectively; 

and θE is the electrical angle. Owing to the symmetry among the 

phases, EV and EW can be expressed as follows: 

 

   
   .,32,

,,34,

WEUWEW

VEUVEV

iEiE

iEiE




 (2) 

 

The magnetic co-energy of each phase is proportional to the 

square of the phase current of the phase, because the magnetic 

saturation is not considered. Therefore, the magnetic co-energy 

of phase U has a form as follows: 

 

    ,,
2

2 UEUEU iKiE   (3) 

 

where K2(θE) is a given coefficient of the SRM under 

consideration. This coefficient is closely related to the phase 

inductance, owing to the relation as follows: 

 

     .2, 22

2

EUEU

U

EU KiE
i

L 



 , (4) 

 

where LU(θE) is the inductance of the phase U. 

The torque is the partial derivative of the total magnetic co-

energy Etotal with respect to the mechanical angle [39]. Because 

of the linearity of the differential operator, the torque can be 

expressed as the sum of the torque contributed by each phase, 

similarly to Etotal. Hence, the torque  is expressed as follows: 

 

       ,,,,,,, WEWVEVUEUWVUE iiiiii   (5) 

 

where U, V, and W are the torque contributed by phases U, V, 

and W, respectively. The torque contributed by phase U, i.e., U, 

can be formulated as follows: 

 

       
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





 (6) 

 

where θM is the mechanical angle, and Pr is the number of rotor 

poles. 

Meanwhile, the DC input current to the inverter equals the 

sum of the electric power supplied to each phase of the SRM 

divided by the DC bus voltage VDC, if the power loss at the 

inverter is neglected and the high-frequency ripples caused by 

the switching are eliminated from the input current. Therefore, 

the input current can also be expressed as follows:  

 

,EWEVEU
DC

WW

DC

VV

DC

UU
E iii

V

vi

V

vi

V

vi
i   (7) 

 

where vU, vV, and vW are the voltages applied to the phase 

windings of phases U, V, and W, respectively; iEU, iEV, and iEW 

are the input currents contributed by phases U, V, and W, 

respectively. The high-frequency ripples from the switching are 

assumed to be eliminated from vU, vV, and vW. Equation (7) 

indicates that the input current can also be expressed as the sum 

of the input current contributed by each phase. The input current 

contributed by phase U, i.e., iEU, can be formulated as follows: 
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where λU is the magnetic flux linkage of the phase U, and t is 

the time. Equation (8) can be further developed as follows: 
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where  is the angular velocity of the rotor. By utilizing (6) and 

a relation as follows: 
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iEU can be rewritten as follows: 
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Consequently, by substituting (3) into (11), iEU can be 

formulated as follows: 

 
Fig. 1.  Structure of three-phase concentrated-winding switched reluctance 

motor (SRM).  
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Because of the symmetry among the three phases, the torque 

and the input current contributed by phases V and W must have 

the same waveforms as U and iEU with the phase shifts of 4/3 

and 2/3, respectively. Therefore, both U and iEU should not 

contain harmonics of multiples of three to avoid ripples in the 

torque and input currents. However, the phase-current 

waveform causing such values of U and iEU is difficult to be 

directly derived based on the nonlinear relations between the 

phase current and U, and between the phase current and iEU. 

For the practical derivation of the phase-current waveform, the 

phase-current waveform is regarded as a function of the 

electrical angle E. Then, two functions g(θE) and p(θE) are 

introduced to express U and iEU as linear equations of g(θE) and 

p(θE), as follows: 

 

    ,2
2 UEE iKg   (13) 
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ln 2

E

E
EE
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
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Using g(θE) and p(θE), U and iEU can be expressed as follows: 

 

   ,ErEU pP   (15) 
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Because the phase current is regarded as a function of E, U 

and iEU are also regarded as functions of E. According to (15) 

and (16), the necessary condition for no ripples in the torque 

and the input current is that both g(θE) and p(θE) do not contain 

the harmonics of the multiples of three. Once such a pair of 

g(θE) and p(θE) is found, the phase current iU that does not 

generate ripples in both the torque and the input current can be 

readily derived as follows: 

 

   
 .2 E

E
EU

K

g
i




  (17) 

 

To derive the condition for no harmonics of the multiples of 

three in both g(θE) and p(θE), the origin of the electrical angle 

E is taken at the aligned position of phase U, where the stator 

poles of phase U and rotor poles are aligned, and g(θE) and 

lnK2(θE) are assumed to have the forms as follows: 
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where A0–A5 and B1–B5 are the coefficients characterizing g(θE), 

and k0–k5 are coefficients characterizing lnK2(θE). Because the 

phase inductance is an even function with respect to θE in many 

SRMs, K2(θE) is assumed to be an even function of θE. The 

coefficients k0–k5 are given according to the SRM under 

consideration, and can be determined by calculating the 

Fourier’s coefficients of ln{LU(θE)/2} according to (4). 

 The necessary conditions of the coefficients for no ripples in 

the torque and input currents can be determined by substituting 

(18) and (19) into (14) and seeking for the solution in which 

p(θE) does not have harmonic of multiples of three. As a result, 

the conditions are obtained as follows:  

 

  
  

4 2 1 5 5 4 1

4 2

1 5 2 4 1 5 4 1 2 5 4

,
k k k k k k A

A
k k k k k k k k k k k

   


   
 (20) 

   2

2 5 4 1 2 4 1 5 4 4 ,A k k A k k k k k A     (21) 

  
  

3 0 4 2 1 5 5 4 1

4 2

1 5 2 4 1 5 4 1 2 5 4

2
,

k A k k k k k k B
B

k k k k k k k k k k k

   


   
 (22) 

   2

2 5 4 1 2 4 1 5 4 4 ,B k k B k k k k k B     (23) 

   5 5 4 4 5 5 4 4
, ,A k k A B k k B   　 . (24) 

 

Among the parameters A0–A5 and B1–B5, A0, A1, and B1 can 

be chosen freely as far as g(θE) remains positive at any θE, 

whereas the others are determined according to (20)–(24). 

Therefore, this solution can derive various phase-current 

waveforms for achieving the simultaneous elimination of the 

torque and input-current ripples. This indicates that a preferable 

phase-current waveform can be chosen by optimizing a set of 

A0, A1, and B1 according to a design requirement, e.g., the 

minimum root-mean-square value of the phase current for a 

given average output torque ave_prev, which can be calculated as 

follows:  

 

 .
2

3
55442211_ AkAkAkAk

Pr
prevave   (25) 

 

Because (20)–(24) are linear relations among A0–A5 and B1–

B5, an arbitrary attenuation or magnification of a solution of 

g(θE) and p(θE) is also a solution. Therefore, once a waveform 

of iU(θE) that can eliminate both the torque and input-current 

ripples is derived according to (17), this waveform can be 

attenuated or magnified to adjust the average output torque 

without generating torque or input-current ripples. 
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III. PROPOSED METHOD 

A. Overview of Proposed Method 

The proposed method derives the phase-current waveform 

for eliminating the torque and input-current ripples by further 

considering the effect of the magnetic saturation. Similarly, as 

in the previous section, this section describes the proposed 

method based on the three-phase concentrated winding SRM, 

neglecting the magnetic coupling among the phases. However, 

in the proposed method (and similarly to [39] [40]), the 

magnetic co-energy is assumed to have a form for modeling the 

nonlinear flux-current relation owing to the magnetic saturation 

as follows:  

 

        ,, 1
1

3
3

2
2


  m

UEmUEUEUEU iKiKiKiE ⋯

 (26) 

 

where K2(θE), K3(θE), …, Km+1(θE) are the coefficients 

according to the SRM under consideration. These coefficients 

characterize the dependence of the phase inductance on the 

phase current as follows: 
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i

L

⋯

 (27) 

 

Based on this modified co-energy, U and iEU, i.e., the torque 

and input current contributed by phase U, can be derived as 

follows: 
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Because of the symmetry among the phases, the harmonics 

of the multiples of three in U and iEU, defined in (28) and (29), 

cause the torque and input-current ripples. Consequently, the 

purpose of the proposed method is to find an iU that can 

eliminate the harmonics of the multiples of three from both (28) 

and (29). However, according to (28) and (29), U and iEU are 

not linear functions of iU nor iU
2, making direct calculation of 

the solution difficult. Therefore, the proposed method adopts an 

asymptotic approach to the solution instead. 

Fig. 2 depicts the phase-current waveform derivation 

procedure of the proposed method. This procedure starts from 

deriving the phase-current waveform for the predetermined 

average output torque according to the previous method [36] 

reviewed in the previous section (which indicates that the 

magnetic saturation is provisionally neglected). As reviewed in 

the previous section, the derivation of the phase current 

waveform of the previous method determines parameters A0–A5 

and B1–B5 in (18) for the predetermined average output torque, 

and then derives the phase current iU(θE) using these parameters 

according to (17). However, as reviewed in the previous section, 

this waveform can eliminate the torque and input-current 

ripples only under the condition of lacking the magnetic 

nonlinearity caused by the magnetic saturation. Therefore, 

despite this waveform, the harmonics of the multiples of three 

in U and iEU remain under the condition with the magnetic 

saturation, thereby generating the torque and input-current 

ripples. Therefore, based on this waveform, the next step 

searches for a slightly modified phase-current waveform that 

can further eliminate the harmonics of the multiples of three 

from U and iEU without affecting the average output torque. 

This slightly modified waveform is derived by considering the 

magnetic saturation based on the magnetic co-energy model of 

(26), according to the analytical method described in the next 

subsection. This step can be repeated to further slightly modify 

the input phase-current waveform in each time of repetition. 

This can furthre reduce the remaining harmonics of the 

multiples of three from U and iEU, thus finally obtaining the 

phase-current waveform for sufficiently eliminating the torque 

and input-current ripples under the magnetic saturation. 

The following subsection describes the detailed analytical 

calculation method of this step, and derives the slightly 

modified phase-current waveform iMU(θE) from the input phase-

current waveform iBU(θE). As this method needs the modeling 

parameters for the nonlinear magnetic co-energy, i.e., of K2(θE), 

K3(θE), …, and Km+1(θE), the determination method of these 

 
Fig. 2.  Procedure of proposed phase-current derivation method.  

 

Phase-current waveform is derived by determining 

A0–A5 and B1–B5 using (13) –(25) according to 

previous method described in section II.

Modified phase-current waveform iMU

is derived from the input phase-current waveform 

iBU by calculating ΔiU based on X0–X5 and Y1–Y5

determined using (30) –(49) according to the 

procedure described in subsection III.B.

Is number of repeat

below preset number?
Yes

No

START

FINISH

Modified phase-

current waveform

Previous phase-

current waveform

Proposed phase-

current waveform

Modified phase-

current waveform
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parameters for an actual SRM is described in subsection III.C.  

B. Derivation of Modified Phase-Current Waveform 

Let iBU and iMU be the input phase-current waveform to this 

step and the resultant slightly modified phase-current waveform 

derived by this step, respectively. The relation between iBU and 

iMU can be expressed as follows: 

 

     ,EUEBUEMU iii   (30) 

 

where ∆iU(θE) is the small deviation of iMU from iBU. In this 

discussion, ∆iU is assumed to have a far smaller amplitude than 

iMU and iBU. By substituting iMU into iU in (28) and (29), and 

ignoring the terms of order higher than the second in ∆iU, U and 

iEU can be expressed as the linear equations of ∆iU as follows: 

 

        ,EUEErEU ifqP   (31) 
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where q(θE), f(θE), e(θE), and h(θE) are given functions of θE, 

and are defined as follows: 
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Let s(θE) and l(θE) be functions of θE defined as follows: 

 

       ,EUEEE ifqs   (37) 

       .EUEEE ihel   (38) 

 

Then, the sufficient condition for simultaneous elimination 

of the torque and input-current ripples can be expressed as that 

both s(θE) and l(θE) must not contain the harmonics of the 

multiples of three. Consequently, ∆iU(θE) should be determined 

such that it eliminates the harmonics of multiples of three from 

s(θE) and l(θE).  

To search for such ∆iU(θE), an equation is obtained by 

eliminating ∆iU(θE) from (37) and (38), as follows: 

 

       ,EEEE klgs   (39) 

 

where g(θE) and k(θE) are functions of θE defined as follows: 
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Notably, g(θE) and k(θE) are given functions, because these 

functions can be readily calculated from the given magnetic co-

energy model of (26), and the original phase-current waveform 

iBU(θE) according to (33)–(36). Therefore, a pair of s(θE) and 

l(θE) should be determined such that they do not contain the 

harmonics of multiples of three under the given functions of 

g(θE) and k(θE). Once such a pair of s(θE) and l(θE) is found, the 

desired ∆iU(θE) can be readily calculated as follows: 
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For simplifying the calculation for determining ∆iU(θE), g(θE) 

and k(θE) can approximated to have the following forms by 

neglecting the harmonics of θE higher than six, as follows: 
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where C0–C6, D1–D6, T0–T6, and U1–U6 are the Fourier 

coefficients extracted by applying the Fourier series expansion 

to g(θE) and k(θE). Furthermore, remembering that l(θE) should 

not contain the harmonics of multiples of three, l(θE) is simply 

assumed to have a form as follows: 
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In the above, X0–X5 and Y1–Y5 are the Fourier coefficients to be 

determined. 

Substituting (42)–(44) into (39) yields the required 

conditions of the coefficients X0–X5 and Y1–Y5 for eliminating 

the harmonics of multiples of three from s(θE). Consequently, 

the required conditions of these coefficients are obtained as 

follows: 
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These requirement conditions (45)–(48) can determine a pair 

of s(θE) and l(θE) by choosing an arbitrary set of five parameters 

X0–X2, Y1, and Y2. Then, ∆iU can be readily determined 

according to (41), finally obtaining the slightly modified phase-

current waveform iMU according to (30). Therefore, there are a 

variety of values for iMU, owing to the variety of possible sets 

of X0–X2, Y1, and Y2. Nonetheless, a set X0–X2, Y1, and Y2 should 

be chosen such that the resultant waveform iMU generates the 

same output torque as the previous waveform iBU. The average 

torque ave_modi generated by iMU can be calculated as follows: 

 


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There still remains a variety of possible sets for X0–X2, Y1, 

and Y2. Choosing a preferable set is dependent on the design 

strategy. For example, in this study, the parameter set was 

chosen such that the root-mean-square ratio of ∆iU to iBU is at a 

minimum to have a small ∆iU compared to iBU, which is 

assumed for deriving (31) and (32). 

Notably, significant approximation is contained in this 

derivation method of the slightly modified phase-current 

waveform iMU. Therefore, in a case where the resultant phase-

current waveform does not sufficiently eliminate the torque and 

input-current ripples, this process can be repeated to improve 

the reduction of the ripples. 

C. Parameter Extraction for Nonlinear Co-Energy Model 

For performing the proposed method of deriving the phase-

current waveform, the parameters K2(θE)–Km+1(θE) must be 

determined for the SRM under consideration. This subsection 

describes the practical determination method for these 

parameters, based on the SRM modeling method proposed in 

[39]. 

First, the relation between the phase flux linkage λU and the 

phase current iU was measured at various electrical angles. For 

this purpose, the square voltage waveform vU(t) was applied to 

the winding of phase U while the rotor was mechanically fixed 

at a predetermined electrical angle and the other phase windings 

were kept open, as shown in Fig. 3. Simultaneously, the phase 

current waveform iU(t) and voltage waveform vU(t) were 

measured. By utilizing the measurement result, the phase flux 

linkage waveform λU(t) was obtained, as follows: 

 

  ,dtiRvt UUUU    (50) 

 

where RU is the parasitic resistance of the winding of phase U. 

Based on λU(t) and iU(t), the phase flux linkage was obtained as 

the function of the phase current; it was the relation between the 

phase flux linkage λU and phase current iU at this electrical angle. 

Therefore, by repeating this experiment at various electrical 

angles, the full database of the relations between λU and iU was 

obtained. 

Second, the magnetic co-energy contributed by phase U, i.e., 

 
Fig. 3.  Measurement method of relation between phase flux linkage and phase 

current. 
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(a) Measurement set-up

(b) Voltage and current waveforms during measurement
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EU(θE, iU), was determined as a function of the electrical angle 

θE and phase current iU. The magnetic co-energy was calculated 

based on the measured relation between the phase flux linkage 

λU and phase current iU, as follows: 

 

      .,,,   UUEUUEUUUEU diiiiiE  (51) 

 

Third, the parameters of K2(θE), K3(θE), …, Km+1(θE) were 

extracted from EU(θE, iU). The parameters were obtained by 

applying a multiple regression analysis to expand the magnetic 

co-energy into a form as follows: 

 

        ., 1
1

3
3

2
2


  m

UEmUEUEUEU iKiKiKiE ⋯  (52) 

 

The resultant parameters K2(θE), K3(θE), …, Km+1(θE) 

contained the high-order harmonics caused by the measurement 

error of vU and iU, as well as the estimation error in the multiple 

regression analysis. For filtering out these high-order 

harmonics, the resultant parameters K2(θE), K3(θE), …, Km+1(θE) 

were further applied with a Fourier series expansion, and by 

neglecting the terms of order higher than six, were fit into the 

form as follows: 

 

 
,6cos

2coscos
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210

En

EnEnnEn
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KKKK
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

⋯

 (53) 

 

where Kn0, Kn1, Kn2, …, Kn6 are the Fourier series coefficients, 

and n is a natural number ranging from 2 to m+1. Because the 

phase inductance is an even function with respect to θE in many 

SRMs, K2(θE), K3(θE), …, Km+1(θE) were assumed to be even 

functions. 

IV. SIMULATION 

A simulation was performed to evaluate the effectiveness of 

the phase current waveform derived by the proposed method. 

In this simulation, a two-dimensional FEM-based 

electromagnetic analysis was conducted using a commercial 

simulator JMAG-Designer 18.1 (JSOL Corp.) for evaluating 

the operation of the SRM under magnetic saturation.  

The SRM simulation model was constructed based on a 

commercially available SRM, whose specifications are listed in 

Table I. The materials used in the model are listed in Table II. 

This model incorporated the magnetic saturation property of the 

material, although the model did not incorporate the copper loss 

and iron loss. The reason for not incorporating the copper loss 

and the iron loss was that the purpose of this simulation was to 

examine the theoretical appropriateness of the proposed method, 

which derives the phase current waveform under the 

approximation that these losses are negligible. 

Fig. 4(a) and Fig. 4(b) present the geometry of the SRM 

model and computational mesh generated for the FEM 

simulation, respectively. The mesh size was particularly small 

near the gap between the stator and the rotor. The typical mesh 

was 0.15 mm near the gap, and 2.0 mm in the back yoke of the 

stator.  

In this simulation, the three types of phase-current 

waveforms were applied to the phase windings using the current 

source to evaluate and compare the torque and input-current 

ripples. The first one was the phase-current waveform derived 

by the proposed method. The second one was the phase-current 

waveform derived by the previous method [36], which does not 

consider the magnetic saturation. The third one was a traditional 

square-shape phase-current waveform, whose firing and 

extinction angles were tuned to minimize the torque ripple 

considering the magnetic saturation as well as the root-mean-

square of the phase current, as described in Subsection IV.A. 

Unlike the actual motor driving system, which utilizes the 

inverter to magnetize the motor, this simulation utilized the 

TABLE I 

SPECIFICATIONS OF SRM USED FOR SIMULATION AND EXPERIMENT  

 
 

TABLE II 

MATERIALS UTILIZED IN SIMULATION MODEL 

 
 

 
(a) Geometry of simulation model 

 

 
(b) Computational mesh 

Fig. 4.  Two-dimensional simulation model of SRM. 

 

Model number RB165SR-96CSRM

(Motion System Tech. Inc.)

Rated value 1.2 kW, 96 V, 6000 r/min

Structure Stator: 12 poles, Rotor: 8 poles,

Number of turns: 14 tunes/pole

Outer diameter of stator: 136 mm

Outer diameter of rotor: 83 mm

Gap between stator and rotor: 0.3 mm

Diameter of shaft: 25 mm

Stack length: 40 mm

Material 35H300 (Nippon Steel Corp.)

Characteristics Maximum reluctance Rmax: 4.1×106 A/Wb

(Minimum inductance: 0.2 mH)

Minimum reluctance Rmin: 0.5×106 A/Wb

(Maximum inductance: 1.5 mH)

Component Material name or relative magnetic permeability

Stator Material name: 35H300 (Nippon Steel Corp.)

Rotor Material name: 35H300 (Nippon Steel Corp.)

Winding Relative magnetic permeability: 1

Shaft Relative magnetic permeability: 1
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current source to magnetize the motor. Therefore, the phase 

current waveforms of this simulation did not contain the 

switching ripple of the inverter, thus enabling evaluation of the 

torque and input-current ripples without contamination of the 

switching ripple. The simulation was executed for every degree 

of the electrical angle. 

Hereafter, the torque and input-current ripples were 

compared using the ripple ratios, defined as their peak-to-peak 

values normalized by their average values, as follows: 

 

,,
_

_

_
aveE

ppE

rippleE
ave

pp

ripple
i

i
i 




  (54) 

 

where τripple and iE_ripple are the ripple ratios of the torque and 

input current, respectively; τpp and iE_pp are the peak-to-peak 

values of the torque and input current, respectively; and τave and 

iE_ave are the average values of the torque and input current, 

respectively. 

The torque and input-current ripples were evaluated at the 

rotational speeds 250 r/min and 2000 r/min, respectively, under 

an output torque of 5 N·m. This output torque was chosen as a 

representative torque of the SRM under consideration where the 

magnetic saturation severely affected the operation under the 

phase-current waveform of the previous method [36], as 

reported in [37]. The rotational speeds of 250 r/min and 2000 

r/min were chosen as representative speeds for EV propulsion 

motors. 

A. Derivation of Phase-Current Waveforms 

The phase-current waveform of the previous method [36] 

was derived by adopting the incremental inductance at the 

phase current of 5 A as 2K2(θE) in (3). As discussed in Section 

II, there are a variety of possible phase-current waveforms. 

Therefore, the preferable waveform was chosen such that the 

waveform had the minimum root-mean-square value for a given 

output torque. This waveform was then magnified to adjust the 

average torque, because the actual output torque became 

smaller than the theoretically predicted average torque ave_prev 

owing to the magnetic saturation.  

Next, the phase-current waveform of the proposed method 

was derived. For the derivation of the phase current waveform, 

K2(θE), K3(θE), …, Km+1(θE) of the SRM under consideration 

were extracted according to the method described in Subsection 

III.C, i.e., by simulating the phase-current waveform when the 

phase winding was applied with the square voltage waveform 

as shown in Fig. 3. The integer m in (26) was set to 6. Then, the 

phase current was derived by adopting the phase-current 

waveform of the previous method [36] as iBU. As discussed in 

Subsection III.B, there are a variety of modified phase-current 

waveforms iMU. Therefore, the preferable waveform was chosen 

such that the root-mean-square of ∆iU was minimum. The 

modification process was passed twice before obtaining the 

final phase-current waveform.  

The square-shape phase-current waveform was derived by 

adjusting the firing angle θon, extinction angle θoff, and peak 

value Ipeak to output the desired torque while minimizing an 

evaluation function ζ. The evaluation function ζ represented the 

root-mean-square of the phase current and torque ripple, as 

follows: 

 

 
_ min _ min

, , 0.5 0.5 ,
ripplerms

on off peak

rms ripple

I
I

I


  


   (55) 

 

where Irms is the root-mean-square value of the phase current; 

and Irms_min and ripple_min are the minimum possible values of Irms 

and ripple, respectively, that can be achieved by adjusting θon, 

θoff, and Ipeak at the desired torque output. Additionally, θon and 

θoff were chosen so that the electrical angle difference between 

θon and θoff was equal or greater than 120 degrees, so as not to 

have excessively large sharp spikes in the input current during 

the commutation between the phases. 

In an actual motor driving system, the rising and falling 

transient of the phase current is restricted by the DC voltage of 

the inverter, and deforms the actual phase current waveform 

depending on the rotational speed. Therefore, the evaluation 

function ζ was calculated under the restriction that the 

maximum time derivative of the magnetic flux linkage of each 

phase was 96 V, i.e., the rated voltage of the SRM under 

consideration. Consequently, θon, θoff, and Ipeak were determined 

as 215 degrees, 360 degrees, and 51 A for 250 r/min, 

respectively; they were determined as 215 degrees, 360 degrees, 

and 52 A for 2000 r/min, respectively.  

Consequently, the three phase-current waveforms to be 

tested were determined as shown in Fig. 5(a). The phase-current 

waveforms of the proposed method and the previous method 

[36] each had a root-mean-square value approximately 1.45 

times as large as the square-shape phase-current waveform if 

compared at the rotation speed of 250 r/min. This large root-

 
(a) Phase-current waveform 

 
(b) Flux linkage waveform 

Fig. 5.  Phase-current and flux linkage waveforms derived for simulation. 
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mean-square value was not preferable because of large copper 

loss. However, this drawback was partly caused by adopting the 

commercially available SRM for the application of the 

proposed method and previous method [36]. The commercially 

available SRM was generally designed to be driven with the 

square-shape phase-current waveform, and therefore was not 

optimized for the proposed method and previous method [36]. 

Actually, as for the previous method, [36] and [37] revealed the 

effectiveness of tuning the rotor geometry for reduction of the 

root-mean-square value of the phase-current waveform, without 

deteriorating the ripple reduction effect of the torque and input 

currents. Therefore, this drawback of the proposed method, i.e., 

the large root-mean-square of the phase-current, can be 

expected to be mitigated by developing an optimization method 

for the physical SRM structure. 

Fig. 5(b) shows the flux linkage waveforms calculated based 

on Fig. 5(a). As can be seen in the figure, the phase current 

waveform of the proposed method has a similar peak flux 

linkage value as that of the previous method and the square-

shaped phase-current waveform. As a result, these three phase-

current waveforms cause similar levels of magnetic saturation, 

as can be inferred from the magnetic flux density distribution at 

the electrical angles of the peak flux linkage, as shown in Fig. 

6. 

B. Torque and Input-Current Ripples 

Fig. 7 presents the simulation results at the rotation speed of 

250 r/min. The ripple ratios of the torque ripple and input-

current ripple are also presented in Fig. 7(a) and Fig. 7(b), 

respectively. The torque ripple ratios of the proposed method, 

previous method [36], and square-shape phase current are 35%, 

54%, and 28%, respectively. Meanwhile, the input-current 

ripple ratios of the proposed method, previous method [36], and 

square-shape phase-current are 103 %, 206 %, and 3609 %, 

respectively. These results indicate that the proposed method 

exhibits excellent suppression of both the torque and input-

current ripples at this rotation speed, as is expected from the 

theory.  

The effectiveness of the proposed method was also shown in 

the simulation results at the rotation speed of 2000 r/min, which 

are presented in Fig. 8. The ripple ratios of the torque ripple and 

the input-current ripple are also presented in Fig. 8(a) and Fig. 

8(b), respectively. The torque ripple ratios of the proposed 

method, previous method [36], and square-shape phase-current 

are 35%, 54%, and 38%, respectively. Meanwhile, the input-

current ripple ratios of the proposed method, previous method 

[36], and square-shape phase-current are 103%, 206%, and 

730%, respectively. Consequently, the simulation supports the 

effectiveness of the proposed method in deriving a phase-

current waveform with smaller torque and input-current ripples 

under the magnetic saturation. 

As can be seen in Fig. 7 and Fig. 8, the phase-current 

waveform of the proposed method still generates small ripples 

in both the torque and input current. The reason for the 

remaining ripples is not clarified herein. Nonetheless, these 

ripples might be caused by a modeling error caused by 

approximating the nonlinear characteristic of the magnetic co-

energy using a limited number of parameters, i.e., K2(θE), K3(θE), 

…, K7(θE), and approximating these parameters in the form of 

(53). The ripples might also be caused by the limited order of 

the Fourier series expansion of g(θE) and k(θE). Besides, the 

limited repetition of the derivation process of the modified 

phase-current waveform iMU may have resulted in the 

insufficient optimization of the phase-current waveform. 

Therefore, the remaining ripples may be further reduced by 

considering higher orders for approximating the magnetic co-

energy as well as the parameters K2(θE), …, Km+1(θE), g(θE), and 

k(θE), and by additional repetitions of the derivation process of 

iMU for better optimization of the phase-current waveform. 

 
Fig. 6.  Magnetic flux density distribution at the electrical angle where the 

maximum flux linkage was generated. 

 

 

 
(a) Torque 

 

 
(b) Input current  

Fig. 7.  Simulation results at 250 r/min. 
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C. Radial Force Ripple 

Fig. 9 presents the simulation results for the radial force 

based on the phase current waveforms presented in Fig. 5. The 

radial force was calculated according to the method described 

in [41]. This figure also presents the ripple ratios of the radial 

force. The results reveal that the proposed method exhibits the 

smallest radial force ripple among the proposed method, 

previous method [36], and square-shape phase-current for both 

250 r/min and 2000 r/min. As pointed out in [4][5], the ripple 

in the radial force is a major cause of the acoustic noise in a 

motor propulsion system. Therefore, this result implies that the 

proposed method is also effective for mitigating acoustic noise 

in addition to the torque and input-current ripples. 

V. EXPERIMENT 

An experiment was performed to evaluate the torque and 

input-current ripple reduction effect by the proposed method. 

This experiment employed the commercial SRM used in the 

simulation, whose specifications are listed in Table I. In this 

experiment, the torque and input-current ripples were compared 

among the three phase-current waveforms, i.e., the phase-

current waveform of the proposed method, that of the previous 

method [36], and the square-shape phase current. 

 
(a) Torque 

 

 
(b) Input current 

Fig. 8.  Simulation results at 2000 r/min. 

 

 
Fig. 9.  Simulation results of radial force. 
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(a) Motor test bench 

 

 
(b) Schematic diagram of three-phase H-bridge inverter for SRM drive 

 

 
(c) Control diagram of inverter for experiment 

Fig. 10.  Experimental set-up. 

TABLE III 

SPECIFICATIONS OF MOTOR TEST BENCH 

 
 

 

DC power supply (Vdc): GPO250-20R (Takasago)

Power MOS-FETs: IRFP4668PBF (International Rectifier)

C1: LQR2W562MSEJ (5.6 mF, Nichicon)

C2, C3, C4: C4AEGBW6100A3NJ (100 μF, KEMET)

CKG57NX7T2W225M500JH (TDK)×2

SRM

Input-current sensor Phase-current sensor

Phase U Phase V Phase W

Vdc
C1

C2 C3 C4

Inverter

&

Motor

Observed phase-current iU

Phase-current
command

Gate
signal

Phase-
current

controller
(Hysteresis
comparator)

Gate
signal

generator

Electrical angle θE

Look-Up-Table

iU(θE)6N·m

Instrument Specifications

SRM Model: RB165SR-96CSRM

(Motion System Tech. Inc.)

Rate: 1.2 kW, 96 V, 6000 r/min

Structure: Stator: 12 poles, Rotor: 8 poles,

Number of turns: 14 turns/pole

Resolver TS2224N1114E102

(Tamagawa Seiki Co., Ltd.)

Precision: ±0.5 deg.

Torque meter T40B 50Nm (HBM Corp.)

Sensitivity Tolerance: ±0.1 %

Shaft Coupling SFF-060SS-T059N (Miki Pulley co., LTD.)

SFF-060SS-T060N (Miki Pulley co., LTD.)

Induction motor TFO-K 3.7kW 2P 200V (Hitachi Industrial 

Equipment Systems Co., LTD.)
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Fig. 10 shows the experimental setup employed for this 

experiment. Fig. 10(a) is the photograph of the motor test bench, 

whose specifications are listed in Table III. The SRM was 

mechanically connected to an induction motor used as a 

mechanical load via shaft couplings and a torque meter. A 

resolver was attached to the end of the rotor of the SRM to 

detect the mechanical angle.  

The SRM was driven by the three-phase full-bridge inverter, 

whose schematic diagram is shown in Fig. 10(b). This inverter 

was supplied with the DC power with the voltage of 96 V. The 

phase current was controlled by the inverter using hysteresis 

control. Fig. 10(c) shows the control diagram. This control was 

implemented in the commercial digital signal processor-based 

control system PE-Expert3 (Myway Plus Corp.). The reference 

phase-current waveforms were stored in look-up-tables as 

functions of the electrical angle. The hysteresis width was set at 

7 A.  

The maximum possible switching frequency was restricted 

by the sampling frequency of the phase current, which was 

approximately 2.8 MHz. However, the average switching 

frequency in the experiment at the rotation speed of 250 r/min 

was observed as 12.2 kHz for the phase-current waveform of 

the proposed method, 11.8 kHz for the phase-current waveform 

of the previous method [36], and 10.7 kHz for the square-shape 

phase-current waveform; that at the rotation speed of 2000 

r/min was observed to be 10.8 kHz for the phase-current 

waveform of the proposed method, 10.5 kHz for the phase-

current waveform of the previous method [36], and 9.7 kHz for 

the square-shape phase-current waveform. Therefore, the 

switching frequency was far higher than in a normal motor 

drive application. This experimental setting for the switching 

frequency deteriorated the efficiency of the experimental motor 

driving system. However, the reason for this high switching 

frequency was to accurately generate the phase-current 

waveforms to be tested, as the scope of this experiment was to 

evaluate the torque and input-current ripple reduction by the 

proposed method rather than to achieve the highest efficiency. 

The SRM was operated at the output torque of 6 N·m and the 

rotation speeds of 250 r/min and 2000 r/min. The torque ripple 

was evaluated only at 250 r/min to avoid the mechanical 

resonance frequency of the test bench, which occurred at 

approximately 300 Hz, although the measurement frequency 

range of the instantaneous torque meter covered up to 6 kHz. 

The motor test bench of this experiment utilized the leaf spring 

in the shaft couplings to cope with the misalignment of the 

shafts. Therefore, the shaft couplings had small torsional 

stiffness, reducing the torsional resonance frequency of the 

shaft. This is the reason why 250 r/min was chosen for the 

measurement of the torque ripple. 

The output signal of the instantaneous torque meter 

contained small fluctuations; these were independent of the 

electrical angle and therefore could be attributed to the 

mechanical resonance of the test bench, as well as the load 

fluctuations. Therefore, the instantaneous torque waveform was 

determined by measuring the output signal of the instantaneous 

torque meter 16 times, and then averaging these 16 measured 

signals. 

 The three phase-current waveforms to be tested were derived 

according to the same derivation procedure as described in the 

previous section. The only difference was that the magnetic co-

energy was modeled based on the experimentally measured 

relation between the phase flux linkage and phase current. For 

the square-shape phase-current waveform, the firing angle, 

extinction angle, and peak value were determined as 205 

degrees, 360 degrees, and 59 A for 250 r/min, respectively, and 

200 degrees, 360 degrees, and 60 A for 2000 r/min, respectively. 

Finally, the derived phase-current waveforms were stored in the 

look-up table as shown in Fig. 11. This look-up table contained 

the data of the phase-current value for every degree of the 

electrical angle. 

Fig. 12 shows the operating waveforms as observed at the 

rotation speed of 250 r/min. The ripple ratios of the torque and 

input-current ripples are also presented in Fig. 12(b) and Fig. 

12(c), respectively. The torque ripple ratios of the proposed 

method, previous method [36], and square-shape phase-current 

are 31%, 51%, and 38%, respectively. The input-current ripple 

ratios of the proposed method, previous method [36], and 

square-shape phase-current are 49%, 53%, and 274%, 

respectively. These experimental results indicate that the 

proposed method exhibits suppression of both the torque and 

input-current ripples, consistent with the simulation results. 

Fig. 13 shows the operating waveforms as observed at the 

rotation speed of 2000 r/min. The ripple ratio of the input 

current ripple is also presented in Fig. 13(b).  The input-

current ripple ratios of the proposed method, previous method 

[36], and square-shape phase-current are 63%, 81%, and 158%, 

respectively. Although the torque ripple cannot be measured at 

this high rotation speed, the input current ripple is successfully 

reduced by the proposed method. Consequently, the experiment 

also supports the reduction of the torque and input-current 

ripples by the proposed method. 

The experimental results exhibit a smaller suppression effect 

of the input-current ripple than the simulation results 

particularly in 250 r/min, although the experimental results 

exhibit a similar suppression effect of the torque ripple. The 

main reason may lie in the power loss generated in the 

experimental system. In particular, the input current was 

derived in the theory while neglecting the power loss at the 

inverter and motor, whereas the torque was only dependent on 

the phase current. The proposed method is based on the 

theoretical analysis of the SRM drive without considering the 

copper and iron losses of the motor, as well as the switching 

and conduction losses of the inverter. The simulation of the 

previous section did not include the power loss, as is the same 

as with the theory. However, the experimental results may have 

been significantly affected by the power loss. Particularly, the 

operation at low rotation speed as 250 r/min has small 

efficiency, which might have significantly affected the input-

current ripple reduction effect by the phase-current waveform 

of the propose method. Therefore, further reduction of the 

input-current ripple could be obtained by further including the 

power loss in the theoretical analysis for deriving the phase-
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current waveform.  

Meanwhile, because the experiment and simulation exhibited 

similar torque ripple ratios from the proposed method, the 

remaining torque ripple in the proposed method may have the 

same reasons as that in the simulation. These reasons include 

the limited order of approximation for the nonlinear magnetic 

model of the motor, limited order for the Fourier expansion to 

determine g(θE) and k(θE) in the derivation process of the phase-

current waveform, and the limited repetition of the derivation 

process for iMU. Therefore, a further torque ripple reduction may 

be obtained by increasing the order of approximation of the 

magnetic model as well as g(θE) and k(θE), and by increasing 

the number of repetitions for the derivation of iMU. 

VI. CONCLUSIONS 

The application of SRMs to vehicular propulsion has been 

hindered by their comparatively large torque and input-current 

ripples. A previous study [36] proposed a method for deriving 

the phase-current waveform that can eliminate both of these 

ripples. However, this previous method [36] did not consider 

the magnetic nonlinearity of the magnetic saturation. 

Consequently, the elimination of these ripples greatly 

deteriorated at high torque output, and the magnetic saturation 

significantly affected the torque and the input current. 

This study addresses this issue by proposing an improved 

method that further incorporates the effects of the magnetic 

saturation on the torque and input-current ripples. The proposed 

method is based on a nonlinear magnetic model considering the 

magnetic saturation. Therefore, the proposed method can derive 

the phase-current waveform for reducing the torque and input-

current ripples for various operating conditions, including in 

high-output-torque operation, in which the magnetic saturation 

cannot be neglected. The experiment and simulation verify the 

reductions in both the torque and input-current ripples, 

supporting the effectiveness of the proposed method. 

Nonetheless, the experimental results exhibit a smaller 

reduction effect on the input-current ripple than the simulation. 

This discrepancy may be attributed to the power loss at the 

motor and the inverter, which were not considered in the theory, 

 
Fig. 11.  Phase current command value stored in look-up-table. 

 

 
(a) Phase current 

 

 
(b) Torque  

 

 
(c) Input current 

Fig. 12.  Experiment results at 250 r/min. 
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(a) Phase current 

 

 
(b) Input current 

Fig. 13.  Experiment results at 2000 r/min. 
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as well as in the simulation. This implies that a further input-

current ripple reduction can be obtained by developing the 

phase-current waveform derivation method based on a motor 

driving model incorporating both the nonlinear magnetic 

property and power loss, which should be ad dressed in future 

research.  

Furthermore, the experimental results, as well as the 

simulation results, still contain approximately 30% of the 

torque ripple. This remaining torque ripple may be attributed by 

the insufficient optimization of the phase-current waveform by 

the proposed method. Therefore, a further torque ripple 

reduction can be obtained by improving the calculation method 

according to the proposed method; this should also be addressed 

in future research.  
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