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Abstract 

Automobiles are regarded as a major source of greenhouse gases which cause a serious 

environmental problem, hence researchers are oriented towards transportation electrification. 

Different types of electrical machines are available for electric vehicle (EV) applications mainly; 

the permanent magnet synchronous motor, squirrel cage induction motor, and switched reluctance 

motor (SRM).  

The SRM can be a suitable candidate for this function. However, high torque ripple and relatively 

low power density have been the justification for its non-adoption in EVs. This thesis focuses on 

tackling these challenges to pave the way for the SRM to penetrate the electrified transportation 

sector. The thesis considers the machine, the converter, and the control when facing these adoption 

challenges 

In simplistic terms, the current into and out of an SRM (at phase current turn-on and turn-off) can 

be expressed by ὠ ὒὨὭὨὸ. The objective is to force the current into and out of the machine as 

quickly as possible, that is, through maximizing the ὨὭὨὸ term, thereby increasing the base-speed, 

whence output power. The inductive term L is related to the machine design and specifically low 

L is required (for V fixed) at only phase turn-on (higher L is required at the turn-off to maximize 

the machine co-energy). This task is accomplished by deploying rotor conducting screens which 

are basically non-magnetic electrically conducting materials such as aluminium and copper. The 

screens fill the rotor inter-polar air gaps. When the rotor rotates flux passes through the screen 

inducing voltage, whence current, which in turn generates flux opposing the original stator flux. 

As a result, the unaligned inductance is minimised which increases the conversion area and 

therefore more torque is developed. The material, thickness and shape of the screen are studied to 

select the optimal design that results in torque improvement. The effect on efficiency is 

highlighted, being an important factor in EVs. A procedure for calculating the effective value of 

unaligned inductance for screened motors using the flux tube method is presented. Finite element 

analysis results for different cases are given to validate the claims. 

Another torque improvement approach is to increase ὨὭ
Ὠὸ (at both phase turn-on and turn-off) by 

effectively increasing the term V, in ὠ ὒὨὭὨὸ, which is a converter parameter. A brief review 



 

 

of available power converters is presented A new asymmetric neutral-point diode-clamped 

converter (NPC) with inherent voltage boosting is presented. The inbuilt NPC clamping capacitors 

are used for both voltage level clamping and also as dc rail voltage-boosting capacitors to increase 

motor output power. A detailed design procedure for sizing the boost-capacitors is outlined. 

Simulation along with experimental results validate the proposed converter.  

Different torque ripple (TR) minimization strategies including direct instantaneous torque control, 

torque sharing function, and current profiling using artificial neural networks are assessed using 

MATLAB/Simulink. The effect of voltage-boosting on minimizing TR is investigated. A new 

torque control function (TCF) which fully utilizes the dc link voltage is proposed. It will be 

substantiated that the new TCF dramatically extends the zero TR speed range, reduces switching 

losses, and is applicable to any SRM with overlapping phase torques. 
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Chapter 1  

Introduction 

 

This chapter presents a brief overview to the thesis, highlighting the motivation behind the 

research. An introduction to electric vehicles points out the requirements to be satisfied when 

selecting an electric motor for propulsion. Based on this specification, the switched reluctance 

machine is selected. The last section summaries the structure of the thesis. 

1.1 Background and motivation 

The global climate change crisis has caused researchers to explore cleaner energy systems. The 

transportation sector is second placed in carbon emission. Hence, researchers are oriented towards 

transportation electrification. The penetration of electric vehicles (EVs) could drastically reduce 

the greenhouse emissions resulting in a greener environment [1-1]. Fig. 1.1 shows the expected 

reduction in greenhouse gas emissions between 2020 and 2030 by electrification of transportation 

system. More than 500 Megatons CO2 equivalent is anticipated to be removed [1-2].  

 

 
Fig. 1.1 Avoided greenhouse gases emissions forecast 
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An EV could solely depend on a battery as a power source, whence it is termed a battery electric 

vehicle (BEV). Alternatively, and predominately, the EV could be equipped with an internal 

combustion engine (ICE) and a battery source, termed a hybrid electric vehicle (HEV). In BEV, 

the vehicle range covered depends on the storage magnitude of the battery which limits the range 

to about 500km [1-3]. The absence of ICE in BEVs offers lower noise with much lower pollution, 

as opposed to HEV. Hence, BEVs are better suited for urban cycles. Fig. 1.2 shows the main 

components comprising a BEV. In simplistic form, BEV consists mainly of a battery, an on/off-

board battery charger, a power converter, and the propulsion motor. 

 

Charger

Battery
Power 

conver ter

Propulsion 

motor

WheelGear

box

 
Fig. 1.2 Main components in BEV 

 

 
Fig. 1.3 BEV utilization worldwide between 2013 and 2018 

 

Fig. 1.3 shows the penetration of BEVs worldwide over five years between 2013 and 2018. The 

deployment of BEV in 2018 is almost 13 times that in 2013. These results show that BEVs are 
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gaining much interest in the market. Moreover, it is expected that passenger low-duty BEVs will 

reach about 150 million by 2030 as illustrated in Fig. 1.4. 

 

 
Fig. 1.4 Passenger low-duty BEV forecast 

 

A merit aiding the penetration of EVs is that they could be integrated into smart grids (SGs), thus 

representing a portable storage system. EVs could be charged during off peak periods and then 

used as a power source during peak periods.  

Apart from using batteries as the main power source, fuel cells could be used to provide the 

required power [1-4]. The chemical reaction between hydrogen and oxygen generates electricity 

to drive the propulsion motor. Any excess energy is stored in batteries or ultra-capacitors. Water, 

which is the by-product of the chemical reaction, is ejected through tailpipes. 

Generally, three levels of charging are available for charging EVs [1-5]. Level 1 charging, which 

represents the slow mode, is available from single-phase 230V outlets (usually takes place in 

private garages overnight). However, no special power outlets are needed and an on-board charger 

is sufficient. A three-phase 400V ac power supply is used for the level 2 charging mode, which 

provides a faster and shorter charging time. For rapid EV charging (level 3 - about half an hour), 

600V DC is deployed. Both level 2 and 3 charging require an off-board battery charger. Fig. 1.5 

shows battery charger installations in the world between 2013 and 2018, where more than 5 million 
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battery chargers were installed by 2018. Although private slow chargers hold the lions share, slow 

and fast public chargers are gaining interest. 

 

 
Fig. 1.5 Battery charger installations worldwide between 2013 and 2018 

 

1.2 Electric motor for vehicle propulsion 

The electric motor is the core of the EV, hence it should satisfy certain specifications, namely; 

¶ High power density (W/kg and W/ά ). 

¶ High torque density (N.m/kg and N.m/ά ).  

¶ High torque to inertia ratio. 

¶ High efficiency. 

¶ Compact size and low weight. 

¶ Low cost. 

¶ Robust and fault-tolerant. 

¶ Wide constant torque/speed range. 

¶ Low vibration and acoustic noise.  

Different types of electrical machines are available for EV applications [1-6]. In the following 

subsections the merits and limitations of each machine are highlighted. 
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1.2.1 DC motor 

DC motor, which is one of the old members in the family of electrical machines, could perform 

the EV task due to its torque-speed profile that fits with the traction requirements in addition to its 

simple speed control. Citroen Berlingo is an EV which utilizes the DC machine. However, it has 

a large heavy structure, low efficiency and reliability. The need for brush maintenance reduces its 

competitiveness in the EV market. 

 

1.2.2 Squirrel cage induction motor (SCIM) 

Power electronics breakthroughs paved the way for AC machines to set foot in industry and hence 

propulsion applications. The squirrel cage induction motor (SCIM) has a rugged, simple 

construction, with low cost and low maintenance and is one of the most developed competitors in 

EV market. Nevertheless, it has a narrow torque-speed characteristics due to its breakdown torque 

characteristics. Its cooling process is complicated as heat is generated in the rotor copper bars. 

Also, the IM has low fault tolerance due to magnetic coupling between distributed stator windings. 

Low efficiency and low power factor especially at light loads, along with low inverter utilization 

are major shortcomings that are yet to be resolved. Renault Kangoo, Chevrolet Silverado, Dodge 

Durango and BMW X5 are examples of IM-based EVs [1-7]. 

 

1.2.3 Permanent magnet synchronous motor (PMSM) 

One salient feature of the permanent magnet synchronous motor (PMSM) is its high power density 

due to the inherent PM excitation which is not present in the SCIM. The PMSM offers a wide 

torque-speed range with high efficiency. Hence, it is considered the first-choice traction motor [1-

8]. The PMSM is adopted as the propulsion motor in the Nisan leaf, Hyundai Sonata, Honda 

Accord and Toyota Prius which is one of the best-selling EVs. However, PMs are prone to 

demagnetization, thereby it has low fault tolerance. Supply limitations and escalating rare-earth 

material prices for the PMSM has forced the market to search for suitable electrical machine 

alternatives. Ferrite permanent magnets do not represent an alternative to rare-earth magnets. They 

only offer one third of the residual flux, can be easily demagnetized, and have a lower torque 

density than rare earth PMs [1-9]. Consequently, research is focusing on magnet-free machines.  
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1.2.4 Synchronous reluctance motor (SynRel) 

Using the synchronous reluctance motor (SynRel) as the main drivetrain is possible as this type of 

motor, generally, does not contain permanent magnets (PM) in its construction [1-10]. However, 

this motor is characterized by low pf (which increases the converter VA), high core loss, high 

torque ripple, low efficiency, and low torque density [1-11]. Improving torque density of SynRel 

machines is possible with the aid of PM as in BMW i3 and the tesla model 3. 

 

1.2.5 Switched reluctance motor (SRM) 

The switched reluctance motor (SRM) is a dark horse in this arena [1-12]. It has advantages of a 

stable, robust and simple structure with low cost. Its fault-tolerant capability, high torque, and wide 

constant power range are some SRM merits. The absence of PMs (which do not result in a 

mechanically, thermally, and environmentally stable rotor) and rotor windings simplifies the motor 

geometry; thus, facilitating the cooling process as most heat is generated in the stator. Moreover, 

this allows the motor to operate in harsh environments and at high rotor temperatures [1-13]. The 

Holden Commodore is an example of EVs utilizing SRM.  

Recent developments in the design of high power SRM for EV are promising [1-14]. Using a low-

loss super core significantly improves the efficiency of the SRM to be equal, if not better than, an 

equivalent sized PMSM. However, the low-loss material has lower saturation flux density which 

reduces the torque density implying some geometrical optimization to improve the efficiency 

without sacrificing the torque density. The new designs are competitive with the PMSM with 

respect to power density, efficiency and torque-speed range [1-15].  

Fig. 1.6 shows some commercial EVs, while Table 1.1 gives a brief comparison between the 

SCIM, PMSM and SRM. 
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(a) Citroen (DC) (b) Dodge (SCIM) (c) Toyota (PMSM) (d) BMW (SynRel) (e) Holden (SRM) 

 

Fig. 1.6 Commercial EVs 

 

Table 1.1 COMPARISON BETWEEN DIFFERENT PROPULSION MOTORS 

 SCIM PMSM SRM 

Size Moderate Moderate Compact 

Weight Moderate Moderate Low 

Cost Low High Low 

Ruggedness High Low High 

Power density Moderate High Moderate 

Constant torque speed range Moderate Wide Wide 

Efficiency Low High Moderate 

Permanent magnets No Yes No 

Power factor Low High Low 

Cooling Complicated Moderate Simple 

Fault tolerance Low Low High 

Torque ripple Low Low High 

Noise and vibration Low Low High 

Power converter Modular Modular Specific 

 

Despite the merits of the SRM, there are still some limitations which hamper the rapid penetration 

of SRMs in the EV market. The main drawbacks are lower power density when compared with 

equivalent sized PMSM and highly non-linear characteristics, resulting in high torque ripple (TR) 

which in turn generates undesirable vibration [1-16]. All EVs need a power converter but that for 

the SRM differs from the conventional EV converter, whether SCIM or PMSM based. 

 

1.3 Objectives of the thesis 

The aim of the thesis is to develop an SRM drive, as illustrated in Fig. 1.6, to be competitive with 

an equivalent PMSM drive, for EV applications. The proposed drive should satisfy the mentioned 

specifications where the SRM drawbacks must be alleviated. 
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Fig. 1.7 SRM drive 

 

The main components of an SRM drive are: the electrical machine (motor/generator) for 

electromechanical energy conversion, a reversible power converter to appropriately energize the 

phase windings, and finally a torque controller (incorporating ripple minimization). The thesis 

covers all the major parts of the drive. The motor design aspect is studied, where rotor conducting 

screens are employed to improve the torque density of the motor. A power converter is proposed 

which increases the base speed of the SRM, and hence extends the constant power region and 

increases the SRM power density. Also, the problem of torque ripple is studied. A new torque 

control function (TCF) is proposed to extend the zero TR speed range. 

 

1.4 Outlines of the thesis 

The thesis is composed of nine chapters, which are briefly summarized as follows: 

ü Chapter 1 gives a brief introduction on EVs and the available motors used for propulsion. 

Justification of why this SRM research needs to be conducted is presented. 

ü Chapter 2 highlights the construction and salient electromagnetic features of the SRM. A 

guide on designing SRMs is presented. Control methods below and above base speed are 

demonstrated. 

ü Chapter 3 reviews available SRM power converters. The merits and drawbacks of each 

converter are given. Emphasis is given to power converters which can enhance the power 

capability of the SRM by increasing the base speed. 
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ü Chapter 4 proposes a new asymmetric neutral-point diode-clamped converter with inherent 

dc link voltage-boosting for SRM drives. Analysis of different modes of converter 

operation, along with design equations for sizing the voltage-boosting capacitors, are 

detailed. Simulation and experimental results will validate the effectiveness of the 

proposed converter. 

ü Chapter 5 studies the concept of rotor conducting screens for torque density improvement 

of the SRM. A procedure for calculating the unaligned inductance for screened SRM using 

the flux tube method is detailed. Finite element analysis (FEA) results confirm the validity 

of the proposed method. 

ü Chapter 6 explores the effect of thickness, material, and shape of rotor conducting screens 

on SRM performance. A multi-objective optimization (MOO) problem based on the 

concept of non-dominated sorting is formulated to elicit the optimal screen with respect to 

the developed torque, efficiency and weight of added material. FEA results for different 

screens are presented. Finally, a section is devoted to investigate SRM performance with 

rotor conducting screens fed by the dc link voltage-boost converter. 

ü Chapter 7 represents analysis and a survey of the different approaches and methods for 

reducing SRM torque ripple. Two main categories are highlighted namely; the machine 

design approach and the control approach. Some control methods are selected, discussed 

and assessed using simulations. 

ü Chapter 8 presents a new TR minimization approach for SRM drives. The new approach 

is based on maximum utilization of available dc link voltage (either with or without 

voltage-boosting). The new method extends significantly the zero TR speed range. 

Moreover, the concept is generalized to allow more than two phases conducting 

simultaneously. 

ü Chapter 9 highlights the main conclusions, contribution, and gives insight into possible 

future SRM research for EV applications. 
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Chapter 2  

SRM Fundamentals 

 

This chapter introduces the construction and theory of operation of the SRM. The principle of 

torque production is discussed along with the machine equivalent circuit. SRM control methods 

are demonstrated over the entire speed range. Finally, SRM design steps are detailed. 

2.1 Construction 

The SRM is one of the oldest members in the family of electrical machines. The first SRM can be 

traced back in Glasgow, Scotland in 1838. Simply, it is a double salient machine (both the stator 

and rotor have salient poles usually made of laminated silicon steel) with a concentrated winding 

on the stator poles, and neither windings nor permanent magnets on the rotor poles. Each two 

opposite stator poles are connected either in series or in parallel forming a phase. When the proper 

stator poles are excited, rotor poles tend to rotate (align with stator poles) to minimize the 

reluctance of the flux path. Proper, and sequential excitation of stator poles allows continuous 

rotation of the rotor. 

Different combinations for the number of stator and rotor poles (ὔ, and ὔ  respectively) are 

available, some of the researched combinations are summarized as follows [2-1], where m is 

number of phases: 

¶ Single-phase (m=1ű) SRM: 2/2 

¶ Two-phase (m=2ű) SRM: 4/2 

¶ Three-phase (m=3ű) SRM: 6/4, 6/8, 12/8, 18/12, 24/16 

¶ Four-phase (m=4ű) SRM: 8/6, 8/10, 16/12, 24/18 

¶ Five-phase (m=5ű) SRM: 10/8, 10/12 

¶ Six-phase (m=6ű) SRM: 12/10, 12/14 

Fig. 2.1 shows a cross section of a 4ű 8/6 SRM having a stack length ὒ. Ὀ , d, D are the shaft 

diameter, rotor diameter, and outer stator diameter respectively. Ὤ, Ὤ are the stator and rotor pole 
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heights respectively. ὦ , ὦ  are the stator and rotor back iron respectively. ‍, ‍ are the stator 

and rotor pole arcs respectively. ὰ is the air gap length. Number of turns per stator pole is N. 
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Fig. 2.1 Cross section of 4 8/6 SRM 

 

2.2 SRM Torque production  

Since SRM is a double salient machine, then phase winding inductance is dependent on rotor 

position and current excitation level. Torque is produced by the tendency of a rotor pole to align 

with the excited stator pole so that the reluctance of the magnetic flux path is minimum. The basics 

of electromechanical energy conversion are sufficient to explain the process of SRM torque 

production [2-2]. Fig. 2.2 shows the flux linkage ï current, ɚïi, characteristics for two rotor 

positions namely; the aligned and unaligned positions. The reluctance of air gap dominates the 

unaligned reluctance; thus, the ɚ-i characteristic is linear, but the reluctance of the core cannot be 

neglected for the aligned position and therefore the ɚ-i characteristic becomes non-linear. 
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Fig. 2.2 Flux linkage - current (ɚ-i) characteristics 

 

The energy balance equation for the electromechanical system is given by (2.1). 

 

Electrical i/p = mechanical o/p + increase in stored field energy + losses (2.1) 

 

Considering a differential time Ὠὸ and ignoring system losses, (2.2) holds. 

 

Ὠὡ  Ὠὡ  Ὠὡ (2.2) 
 

where 

Ὠὡ represents the incremental increase in input electrical energy in time interval Ὠὸ 

Ὠὡ represents the part of energy converted into mechanical energy in time interval Ὠὸ 

Ὠὡ represents the change in stored field energy in time interval Ὠὸ 

When the rotor moves from the unaligned position to the aligned position, thereby minimizing the 

reluctance of the flux path, the incremental change in input electrical power is given by: 

 

Ὠὡ  ὩὭὨὸ ὭὨ‗ ὥὶὩὥ ὃὄὅὈ (2.3) 

 

The change in stored field energy is given by: 
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Ὠὡ  ὥὶὩὥ ὕὄὅὥὶὩὥ ὕὃὈ (2.4) 

 

The change in mechanical energy is calculated using (2.2) - (2.4) and given by (2.5) 

 

Ὠὡ ὥὶὩὥ /ὃὄ  Ὠὡ (2.5) 

 

The area OAB is the increase in co-energy from the unaligned to aligned positions. If T is the 

torque causing the differential angular displacement Ὠ—, then the torque can be defined as: 

 

Ὕ  
‬ὡ

‬—
 (2.6) 

 

where the co-energy is obtained from (2.7). 

 

ὡ  ‗ὨὭ (2.7) 

 

If saturation is neglected (which is not the practical case, but for simplification) the ɚ-i 

characteristics is linear and the flux linkage ɚ can be expressed in terms of inductance L as defined 

by (2.8). 

‗ ὒὭ (2.8) 

 

The torque equation is then simplified to: 

 

Ὕ  ϵ Ὥ 
‬ὒ

‬—
 (2.9) 

 

Although (2.9) is a simplified version of the torque equation, some useful conclusions are: 

¶ Torque production depends on current squared. This feature allows controlling each phase 

winding with a single switch since the current need not be bipolar. Hence, an economical 

power converter is possible, especially for home appliance applications. Also, the SRM 

develops a high starting torque, as with DC series motors. 
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¶  The rate of change of inductance with rotor position determines the sign of the torque. 

Thus negative (generating/braking) torque is possible enabling four-quadrant operation of 

the machine. 

¶ The torque production is a discrete process which gives rise to undesirable torque ripple. 

A mutual effect between phase windings is minimal; Hence, may be neglected without 

affecting the fidelity of the SRM model. 

¶ SRM winding independence increases machine fault tolerance. Therefore, operation is 

possible even with a faulted winding. 

¶ One outstanding SRM feature is that there need be no converter shoot-through failure mode 

(as opposed to conventional 3ű motors fed by a DC-AC inverter) even when there is a 

power switch short circuit. 

Fig. 2.3 shows a typical inductance profile (inductance is assumed to vary linearly with rotor 

position, that is, core saturation is ignored). 

where — ÉÓ ÔÈÅ ÒÏÔÏÒ ÐÏÌÅ ÐÉÔÃÈς“ὔ  and ὒ and ὒ are the unaligned and aligned 

(unsaturated) inductances respectively. 
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Fig. 2.3 Typical inductance profile 

 

The relevant angles in Fig. 2.3 are defined by 
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—  ϵ —  ‍  ‍  (2.10) 

—  —  ‍ (2.11) 

—  —  ‍  ‍ (2.12) 

—  —  ‍ (2.13) 
 

The SRM inductance profile is divided into five regions as follows: 

i.  0 - —: In this region, the inductance is a minimum, which is the unaligned inductance. No 

torque can be produced as the inductance is fixed, that is, no change in inductance with respect 

to rotor position- as per (2.9). 

ii.  — - —: Overlap between stator and rotor poles takes place, the inductance starts to increase 

from its minimum unaligned value to the maximum aligned value. Since the rate of change of 

inductance with respect to rotor position is positive, that is, π,  the SRM is operating in 

the motoring mode producing positive torque if current is injected into the phase winding.  

iii.  — - —: Complete overlap between stator and rotor poles occurs and the inductance is the 

aligned value. With no change in inductance with respect to rotor position, no torque is 

developed. This region depends on the ratio between stator and rotor pole arcs. This region does 

not exist if both the stator and rotor have the same pole arc. 

iv.  — - —: The rotor pole moves away from the stator pole decreasing their overlap area. Hence 

the rate of change of inductance with respect to rotor position is negative, producing a negative 

(generating/braking) torque provided that current exists in the machine winding. 

v.  — - —: This region is as the first region and it does not contribute to torque production. 

2.3 SRM Equivalent circuit and model 

Since the interaction between SRM phase windings is minimal, the mutual effect between different 

phases is ignored, and the voltage equation is expressed by (2.14). 

 

ὠ ὭὙ 
Ὠ‗

Ὠὸ
 (2.14) 

 

where ὠ  is the dc link voltage and R is the phase resistance.  
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The rate of change of flux linkage can be divided into two parts, and then the voltage equations is 

defined by: 

 

ὠ ὭὙ ὒ 
ὨὭ

Ὠὸ
Ὥ‫
Ὠὒ

Ὠ—
 (2.15) 

 

where .is the rotor speed (rad/s) ‫ 

The three terms on the right-hand side in (2.15) represent the winding resistive voltage drop, the 

inductive voltage drop, and back electromotive force (emf) of the SRM respectively. Fig. 2.4 

shows the equivalent circuit for a single phase of the SRM. 

emf

R L
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DC
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Fig. 2.4 Single phase equivalent circuit for SRM 

 

The total developed torque, Ὕ, is the summation in time of all phase torques and defined by (2.16). 

 

Ὕ  ὝὭȟ— (2.16) 

 

Finally, the equation of mechanical motion is: 

 

Ὕ  ὐ
Ὠ‫

Ὠὸ
ὄ ‫  Ὕ (2.17) 

 

where J is the rotor inertia, ὄ  is the coefficient of friction, and Ὕ is the load torque. 

Due to the high non-linearity of the SRM, developing a mathematical model is a tedious task. 

Hence, 2D look-up tables (LUTs) are used to store ɚ-i-— characteristics and T-i-— characteristics. 

These facilitate an accurate model that accounts for non-linearity and avoids a sophisticated 
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mathematical model. The data used to create the look-up tables is obtained either experimentally 

or from FEA. The simulation diagram for a single phase of an SRM using LUTs is shown in Fig. 

2.5. 

 

 
 

Fig. 2.5 Simulation diagram for a single phase of an SRM 

 

2.4 SRM control 

The control method depends on the motor speed [2-3]. Below the motor base speed (the speed at 

which the back emf equals the dc link voltage), current chopping control (CCC) is used. With this 

control technique, the motor develops its rated torque, and the speed is controlled from zero to 

base speed by controlling the phase currents either using a hysteresis band current controller 

(HBCC) or pulse width modulation (PWM). Above base speed, the phase currents cannot be 

controlled, and the motor enters the single pulse mode. The motor speed is controlled by adjusting 

the turn on and turn off angles. Hence, this mode is referred to as advance angle control (AAC). 

Above base speed, the motor cannot produce rated torque. However, controlling the turn on/off 

angles allows the motor to operate at constant power (P=Txɤ). Fig. 2.6 shows the torque-speed 

characteristics highlighting both control modes. 

 



20 

 

 
Fig. 2.6 Torque/Speed characteristics 

 

2.5 SRM Design  

Unfortunately, SRM design, especially for EV applications, is not a straight forward task. The 

double salient structure increases the saturation effect in the pole tips. Fringing is not insignificant. 

In addition, the design should account for different specifications including torque density, 

efficiency over wide speed range, and vibration and acoustic noise. The design process starts by 

initializing the machine dimensions using analytical formulas. FEA is then used to fine tune the 

initial design. This section gives a brief description on the basics for SRM initialization [2-4]. 

Due to the available space constraints for the propulsion motor in EVs, an SRM with high torque 

density is required. Improving the machine torque density implies improving the electrical and 

magnetic loading of the machine. Magnetic materials with high saturation flux density will 

enhance SRM magnetic loading thereby improving the torque density. However, core losses will 

increase reducing SRM efficiency. Cobalt iron material which is characterized by high saturation 

flux density and low core loss is available but with high cost [2-5]. Hence, selecting a suitable 

magnetic material requires trade-off between cost, efficiency and torque density. 

The air gap length plays a crucial role in torque density. A small air gap enhances SRM torque 

density. However, very small air gaps are not practical in EV applications due to road conditions. 
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The electrical loading of the machine could be improved by utilizing rectangular wires which 

increases the slot fill factor (ratio between area of conductor and slot area). Cooling techniques as 

with water jacket cooling also improve SRM electrical loading and thereby the torque density. 

 

2.5.1 Selecting number of phases and poles 

The first step in SRM design is to choose the number of phases, stator poles, and rotor poles. The 

selection is generally based on the application. For instance, in low cost high speed applications, 

where performance could be sacrificed in favour of cost, like small home appliances, usually a 

single-phase or a two-phase SRM is selected. The single-phase SRM cannot inherently reliably 

self-start. Increasing the number of SRM phases reduces the torque ripple, improve the fault 

tolerance capability and improves SRM performance, at the expense of converter costs. 

 

The switching frequency for a phase of the SRM is calculated using (2.18): 

 

Ὢ  
‫

ς“
ὔ  (2.18) 

 

Considering (2.18), if the number of rotor poles is increased (while keeping the number of phases 

unchanged) [2-6] torque ripple will be reduced, and an economical converter could be used. Coil 

end winding will be smaller allowing increased stack length while maintaining the overall machine 

axial length unchanged. Hence, torque density will be improved but the switching frequency will 

increase, resulting in higher core losses.  

If the number of rotor poles is increased (while keeping the number of stator poles unchanged) [2-

7] the interpolar rotor air gaps will be narrower. Hence, the unaligned inductance will be 

significantly higher than that of the conventional SRM. The unaligned inductance increase will 

reduce the energy conversion area thus decreasing the developed torque. Additionally, the current 

rise time at phase turn on is prolonged as a consequence of higher unaligned inductance which 

implies using higher dc link voltages to increase the current rate of rise. 
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2.5.2 Sizing stack length, stator and rotor diameters, and air gap 

The output torque equation is defined by (2.19) 

 

Ὕ ὑὒὨ (2.19) 

 

where K is a constant in the range of 10.3 to 34.5 kNm/m3 representing the product of electrical 

and magnetic loading of the SRM. Using (2.19) and for the required output torque, the product of 

the stack length and the square of the rotor diameter is known. A unity ratio between the stack 

length and rotor diameter 
ὒ
Ὠ is advised in [2-8]. Hence, the stack length and the rotor diameters 

are initialized. The ratio between the stator diameter and rotor diameter Ὀ
Ὠ is ρȢυͯρȢψ. Thus, the 

stator diameter is initialized. Mechanically (inertia), for higher speeds, the rotor diameter should 

be minimised.  

Reducing the SRM air gap increases the torque density of the SRM. A typical SRM air gap length 

for SRM is between 0.25mm and 1mm. A rule of thumb given in [2-9] proposes the air gap to be 

0.5% of the rotor diameter. Small air gaps are not suitable in EV applications, since, the drivetrain 

is affected by road conditions which may produce severe vibration and mechanical stress [2-10]. 

 

2.5.3 Sizing stator and rotor pole arcs 

Selecting adequate stator and rotor pole arcs is of prime importance. Miscalculations could lead to 

self-starting problems. Hence, to assure torque production at all rotor positions, the stator pole arc 

is calculated using (2.20). 

 

‍  
ς“

άὔ
 (2.20) 

 

Usually, the stator pole arc is selected slightly smaller than the rotor pole arc to allow more stator 

slot area to accommodate the winding. For a complete unaligned position to be achieved, (2.21) 

should be satisfied. 
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‍  ‍  
ς“

ὔ
 (2.21) 

 

2.5.4 Sizing stator and rotor back iron widths, and pole heights 

Fig. 2.7 shows a cross-sectional view of a stator pole, accommodated a winding. The coil end 

length can be approximated using (2.22). Then the total axial length is calculated using (2.23). 

 

ὒ  
“

ςὔ
 ϵὈ  ὦ  (2.22) 

ὒ  ὒ ςὒ  (2.23) 

 

The optimal ratio between the stator diameter and the total axial length Ὀ
ὒ  is 2.46, as 

suggested in [2-11]. Hence, the stator back iron is initialized. A large stator back iron is desirable 

to reduce vibration, increase mechanical strength, and ease saturation. However, an excessively 

large value will reduce the available space for the stator winding [2-12]. 

The stator pole height is calculated by: 

 

Ὤ ϵὈ  ϵὨ ὰ  ὦ  (2.24) 

 

The rotor pole height should be several times larger than the air gap to increase the conversion 

area (by reducing the unaligned inductance). The rotor back iron has the same constraint as the 

stator back iron regarding saturation. Hence, the rule of thumb in (2.25) gives an initial value for 

the rotor pole height and back iron. 

 

Ὤȟὦ  ϵὨ ÓÉÎϵ‍ (2.25) 

 

Finally, the shaft diameter is given by (2.26) 

 

Ὀ  ϵὨ  Ὤ  ὦ  (2.26) 
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Fig. 2.7 Cross-sectional view of stator pole 

 

2.5.5 Estimating number of turns and current density 

Using (2.14), and neglecting stator phase winding resistance, the maximum flux linkage per pole 

at speed ɤ (assuming the conduction angle for each phase is the stroke angle  ) is given by 

(2.27). 

 

ὔ•  
ς“ὠ

άὔ‫
 (2.27) 

 

The maximum flux is defined by: 

 

•
ὔ

ά
 ὄὒ Ὠ ςὰ ÓÉÎϵ‍ (2.28) 

 

where, ὄ is the saturation flux density (typically 1.7T) 

Combining (2.27) and (2.28), the number of series turns per pole is calculated from: 
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ὔ
ς“ ὠ

‫ὔὔὄὒ Ὠ ςὰÓÉÎϵ‍
 (2.29) 

 

Determining SRM current density is of prime importance as it is related to the cooling method 

adopted. In CCC the current level is maintained at the peak value defined by (2.30). 

Ὅ  
ὖ

ὲ–Ὧὠ
 (2.30) 

 

where P is the motor output power (Ὕὢ,n is the number of phases conducting simultaneously ,(‫ 

ɖ is the motor efficiency, and Ὧ is the SRM duty cycle. 

Assuming the conduction angle for each phase is equal to the stroke angle, then the rms phase 

current is defined by: 

Ὅ  
Ὅ

Ѝά
 (2.31) 

 

The current density is directly related with the phase rms current using (2.32). 

ὐ  
ὔὍ

Ὧ
ὃ
ς

 (2.32) 

 

where, ὃ is the slot area and Ὧ is the slot fill factor (ratio between copper winding and slot areas). 

The slot fill factor depends on the conductor shape and the slot form. Increasing the value of Ὧ is 

desirable to reduce the current density. The slot fill factor is low (40%) if loosely bundled 

conductors are used. This value increases to 60% if rectangular conductors are used. Finally, the 

slot fill factor could be improved to reach 80%, if the conductors are customized to fit the slot 

shape. 

If the SRM is designed to be totally enclosed, then the current density should not exceed 5A/mm2. 

This value increases to 10A/mm2 for fan cooling, and with liquid cooling the current density should 

be less than 30A/mm2. 
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2.6 Acoustic noise and torque ripple reduction 

SRM electromagnetic attraction forces are divided into two components namely; tangential and 

radial components. The former is directly related to the developed torque of the machine. That is 

maximizing this component is one of the goals while designing the SRM, but the radial component 

does not contribute to the process of rotational torque production. It is the main reason for 

vibration, stator deformation and acoustic noise. Hence, eliminating, or at least minimizing, this 

component will improve SRM performance. It is shown in [2-13] that skewing the stator and the 

rotor of a three-phase 12/8 SRM reduces vibration and acoustic noise. A simple solution proposed 

in [2-14] uses stator spacers, which are nonmagnetic materials as ceramics inserted between the 

stator poles, to reduce stator vibration and thereby the acoustic noise. 

The problem of rotational torque ripple arises due to the discrete nature of torque production. This 

topic will be studied in detail in chapters 7 and 8. 

2.7 Summary 

This chapter presented the SRM structure highlighting the most common stator/rotor pole number 

configurations. The process of torque production, based on principles of electromechanical energy 

conversion, was discussed. SRM operation either in motoring or generating modes was 

demonstrated based on an approximate inductance profile. Although the SRM has a simple 

equivalent circuit, LUTs for flux and torque (for different excitation levels and rotor positions) are 

needed to reflect the severe non-linearity of the machine. Controlling the SRM below and above 

base speed was illustrated, highlighting the difference between CCC and AAC. Finally, detailed 

design steps for initializing SRM dimensions were presented. 
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Chapter 3  

Review of Power Converters for the SRM 

 

This chapter classifies and reviews the most common power converters used to feed the SRM. The 

difference between hard and soft switching converters is demonstrated. The main merits and 

drawbacks of each topology are highlighted. Finally, a comparison between the power converters 

is presented to elect the most suitable converter for EV applications. 

3.1 Introduction  

The SRM cannot be connected directly to any ac or dc supply but, needs a suitable power converter 

for its operation. The main task of the converter is to appropriately energize and de-energize each 

phase winding to assure continuous rotation of the SRM. Various types of converters have been 

proposed for SRM drives. The type of converter chosen plays a crucial role in cost, size and 

performance of the drive. The converter must be able to fulfil the following requirements in order 

to improve SRM drive performance [3-1]: 

¶ Fast magnetization and de-magnetization of SRM phases: Fast magnetization allows 

the current in the phase winding to reach the reference within a short time, thus increasing 

the SRM base speed. Decreasing the de-magnetization time by extinguishing the phase 

current quickly eliminates the current tail and prevents the SRM from entering the negative 

torque production region. To best perform this task, the dc supply voltage can be boosted 

during the magnetization and de-magnetization periods. 

¶ Phase overlap: The converter must be able to energize the incoming phase and de-energize 

the outgoing phase simultaneously. 

¶ High efficiency: To increase SRM drive efficiency, the de-magnetization energy should 

be efficiently returned to the supply or better, stored and used to energize the next phase 

instead of being dissipated as heat energy in the winding resistance. 
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¶ Minimum cost: A converter is economic if it can provide excellent performance with a 

minimum number of switching devices. Decreasing the number of switches reduces the 

switching losses, number of gate drive circuits, and the overall cost of the converter. 

¶ Fault tolerance: A high reliability converter must be considered for critical applications 

which allows continuous SRM rotation even after a phase failure. 

¶ Low complexity: Simple design and control algorithm are preferred for the SRM 

converter. 

3.2 Classification of power converters for the SRM 

Generally, there are two criteria for classifying SRM converter types; the first classification is 

based on the number of converter switching devices, while the second classification depends on 

the method of commutation [3-2]. Classifying converter types according to the number of 

switching devices does not reflect the strengths and weaknesses of each converter. Thus the second 

criterion, which classifies the types of converters regarding the commutation method, is adopted 

as shown in Fig. 3.1. Other converter topologies exist, however, this chapter only reviews the 

common converters. 

 

Fig. 3.1 Classification of power converters for SRM 
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3.3  Hard switching converters 

The majority of the used converters are hard switched. Generally, hard-switching converters have 

simple circuitry which is easier to implement, than soft switching converters. The hard-switching 

group is composed of four subgroups; bridge, dissipative, magnetic and capacitive. 

 

3.3.1 Bridge converters 

The bridge converter is the dominant converter type used for SRM drives. Asymmetric half bridge 

(ASHB), common phase, and common switch converters are the main types of bridge converters.  

 

3.3.1i Asymmetric half bridge (ASHB) based converter 

The ASHB based SRM converter is the most common. So, operation of this converter is presented 

in detail [3-3].  The ASHB converter uses two switches and two diodes for each phase as shown 

in Fig. 3.2 for a 4ű SRM.  
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Fig. 3.2 ASHB converter for a 4 phase SRM 

 

Three states are available for operation of the ASHB converter, namely: magnetization, free-

wheeling, and de-magnetization states, as shown in Fig. 3.3 and described for a given phase, for 

example ὖὬ. 

Magnetization, ὠ : This state is obtained by turning on switches Ὓ and Ὓ of the phase to be 

energized, as shown in Fig. 3.3a. The full dc link voltage is applied on the phase, thus the current 

builds up. 
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Free-wheeling, πὠ: Two switch patterns are possible for this voltage level. The first pattern is Ὓ 

on, while the other switch, Ὓ, off. The second pattern is Ὓ on, with Ὓ off. The two possible 

patterns are illustrated in Fig. 3.3 parts b and c, respectively, where zero voltage is applied across 

the phase winding. The two (0V) states can be used alternately to balance losses and heating. 

De-magnetization, ὠ : The last state is with switches Ὓ and Ὓ off, as shown in Fig. 3.3d. The 

de-magnetization energy via the motor winding is pumped back to the dc link, reducing the 

winding current to zero before the phase enters the negative torque production region.  
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Table 3.1 summarizes the possible converter voltage levels, while Fig. 3.4 illustrates the typical 

voltage and current waveforms for the three states. 

 

Table 3.1 ASHB CONVERTER STATES 

Level Fig 3 state State/KVL 

ὠ  3(a) ὠ ȟὛȟὛ 

πὠ 
3(b) ὈȟὛ 

3(c) ὈȟὛ 

ὠ  3(d) ὠ ȟὈȟὈ  

 

VDC

VDC-

Voltage

Current

ɗ on ɗ off

i ref

Magnetization

Free-wheeling

De-magnetization

 
Fig. 3.4 Typical voltage and current waveforms using ASHB 

 

Advantages: 

¶ Independent control of each phase without overlap. 

¶ Three voltage levels are available namely; ὠ ȟπὠȟὠ . 

¶ Low complexity. 

¶ High fault tolerance. 

¶ High efficiency as stored magnetic energy in phase winding is fed back to the dc link during 

de-magnetization. 
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Drawbacks: 

¶ Increase in the number of semiconductor devices as each phase requires two switches and 

two diodes. 

¶ More conduction loss since two semiconductors connected in series with the conducting 

phase winding. 

¶ The relatively low magnetization and demagnetization voltage, limits motor base speed. 

The SRM requires a specific converter as opposed to AC motors requiring an off-the-shelf 3ű 

inverter. Table 3.2 gives a brief comparison between the ASHB and 3ű inverter. Although the 

ASHB is not commercially available, is has the outstanding feature of the absence of shoot through 

fault. The use of commercially available semiconductor modules is not an advantage in EV 

applications, since proprietary modules are viable given the high volume of EV. The number and 

rating of the semiconductors within the package dominate the relative module cost.  

Table 3.2 COMPARISON BETWEEN 3ū INVERTER AND ASHB 

 3ű inverter ASHB 

Modularity Modular Non-modular 

Number of switches 6 2m 

Voltage rating of switches ὠ  ὠ  

rms current rating 
Ὅ

Ѝς
 

Ὅ

Ѝά
 

Number of diodes 6 2m 

Utilization of dc link voltage ὠ
ς 

ὠ  

Shoot through failure Present Not present 

 

3.3.1ii Common phase converter 

The common phase converter [3-4] is an improved version of the ASHB based converter. It has 

the same advantages as the ASHB converter but with a reduced number of switches (1.5 switches 

per phase). Fig. 3.5 shows the common phase converter for a 4ű SRM. 

The converter uses the double bridge topology with phases A and C in one bridge, sharing a 

common leg incorporating switch SAC. The other two phases, B and D, are in an independent bridge 

with a common switch SBD. This sharing is possible since the two phases sharing the same switch 

(in the same bridge) are ωπ (electrical) out of phase. Hence, no conduction overlap will occur. 



34 

 

The main drawback of this topology is that it is only effective for SRM with an even number of 

phases. The converter fault tolerance is reduced. (that is, for a fault in the common switch in either 

of the two bridges, the phases incorporated in that bridge will be lost). 
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Fig. 3.5 Common phase converter, for a four phase SRM 

 

3.3.1iii Common switch converter 

To further reduce the number of semiconductor devices in the ASHB converter (hence reduce 

converter cost and volume), the common switch converter was proposed [3-5] as in Fig. 3.6. 
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Fig. 3.6 Common switch converter, for a four phase SRM 
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In this topology, each phase has an independent switch. A main switch, S, is shared between all 

the phases which reduces the switch count to ά ρ. Despite, the low converter cost compared to 

the ASHB based converter, the fault tolerance of the converter is much reduced. This topology 

offers good performance only at low speeds. At high speeds the off-going phase cannot be de-

magnetized quickly (as the common switch is turned on) which increases the current tail, thereby 

producing negative phase torque, which subsequently reduces the total developed torque. 

 

3.3.2 Dissipative converters 

The dissipative converter is considered the simplest SRM converter. It utilizes the minimum 

number of switches. Only one switch per phase is sufficient. The energy stored in the phase 

winding is dissipated in a dump resistor instead of being returned to the supply. Thus, it is not an 

energy efficient converter and cannot be used for high power application. Two versions are 

available namely; the R-dump [3-6] and the modified R-dump [3-7]. 

 

3.3.2i R-dump converter 

Fig. 3.7 shows the R-dump converter, where the energy stored in the phase winding is dissipated 

in the dump resistor, Ὑ . This topology has low efficiency, and requires special cooling for the 

dump resistor. Hence, it is suitable for low power, low cost applications. 
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Fig. 3.7  R-dump converter, for a four phase SRM 
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Fig. 3.8 Modified R-dump converter 

 

3.3.2ii Modified R-dump 

A modified version of the R-dump converter is illustrated in Fig. 3.8, where an extra switch, S, is 

connected in parallel with the dump resistor. The time constant for current decay is . 

Decreasing the duty cycle, Ŭ, will increase the effective value of dump resistance for rapid current 

extinction. Increasing the duty cycle will decrease the effective value of dump resistance 

improving the efficiency during current switching. 

 

3.3.3 Magnetic converters 

The idea of a magnetic converters is to transfer the magnetic stored energy in the SRM phase to 

coupled winding. The transferred energy is then returned to the supply, or used to energize the 

next incoming phase. Fig. 3.9 illustrates the connection of a bifilar converter [3-8], which uses a 

single switch per phase, which is the main advantage. Only two modes are available viz; 

magnetization, and de-magnetization modes. The 0V free-wheeling mode is not possible with this 

configuration. 
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Fig. 3.9 Bifilar converter, for a four phase SRM  

 

ὒȟὒȟὒȟὥὲὨ ὒ  are the bifilar windings inductances. 

This converter does not dissipate the de-magnetization energy but re-uses it. However, it has 

limitations. The main drawback is that each SRM phase must be coupled with another winding 

which increases SRM manufacturing complexity and reduces the copper area for the stator 

winding. Imperfect coupling between the SRM bifilar windings results in voltage spikes during 

phase turn-off, implying the use of snubber circuits and an increase in semiconductor voltage 

ratings.  

 

3.3.4 Capacitive converters 

The capacitive type converter uses a dump capacitor to store the de-magnetization energy. The 

stored energy is returned back to the supply or used to energize the next incoming SRM phase 

winding. C-dump, modified C-dump, split dc link, and passive boost are types of capacitive 

converters, as follows. 

 

3.3.4i C-dump converter 

Fig. 3.10 shows a C-dump converter, which belongs to the ά ρ family (that is, the number of 

semiconductor switches equals the number of SRM phases, plus one) [3-9].  
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Fig. 3.10 C-dump converter, for a four phase SRM 

 

The stored energy in the SRM phase winding is dumped into the capacitor ὅ. The capacitor 

voltage is maintained at twice the supply voltage ςὠ , in order to apply ὠ  on the outgoing 

phase for rapid current extinguishing. The dumped energy is returned back to the dc link using the 

buck circuit composed of ὛȟὈȟὥὲὨ ὒ.  

The main disadvantages of this topology is the need of a bulky capacitor, and a buck converter 

(which includes a large inductor). The rating of the semiconductor devices is double the dc link 

voltage, ςὠ . To maintain the dump capacitor voltage at ςὠ , the switching frequency of Ὓ will 

be high, increasing switching losses. 

 

3.3.4ii Modified C-dump converter 

An attempt to improve the performance of C-dump converter was shown in [3-10], where the 

inductor in the buck circuit is omitted. The energy stored in the dump capacitor is directly used to 

energize the next incoming phase instead of being returned to the dc link. Fig. 3.11 show the 

modified C-dump converter. 

Although omitting the inductor and reducing the switching frequency of Ὓȟ the rating of the 

switches remains ςὠ , as with the C-dump converter. Circuit control is complicated, with poor 

performance at high speeds. 
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Fig. 3.11 Modified C-dump converter, for a four phase SRM 

 

3.3.4iii Split dc link converter 

The split dc link converter has one switch per phase which reduces the switch count [3-11].  
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Fig. 3.12 Split dc link converter, for a four phase SRM 

 

However, it requires an SRM with even number of phases. Only half the dc link voltage is utilized 

for magnetization and de-magnetization, of incoming and outgoing phases respectively, which 
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prevents the current from building up and decaying quickly. This reduces the base speed of the 

motor. The converter does not tolerate any phase failure or phase imbalance. Fig. 3.12 shows the 

conventional split dc link converter. 

 

3.3.4iv Passive boost converter 

Enhancing SRM performance at high speeds is presented in [3-12]. A boost-capacitor with a 

blocking diode are inserted within the dc link.  The de-magnetization energy of the outgoing phase 

is stored in the boost-capacitor. The resultant increasing voltage decreases the current fall time 

thereby effectively extending the positive torque production range, before operating in the negative 

torque region. The stored energy (which increases the dc link voltage) then feeds the next incoming 

phase, thus allowing faster current build-up which increases the motor base speed. Fig. 3.13 shows 

a common phase converter with boost-capacitors. 
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Fig. 3.13 Common phase converter with boost-capacitors, for a four phase SRM 

 

The converter uses the double bridge topology with phases A and C in one bridge, sharing a 

common leg incorporating switch SAC. The other two phases, B and D, are in an independent bridge 

with a common switch SBD. The dc link blocking diodes and capacitors allow boosting of the dc 

link voltage by forcing recovered current to charge the capacitors to voltages in excess of the dc 

source VDC. The two-independent bridge topology allows better voltage boosting (since no phase 

overlap occurs in each bridge) with a minimal number of switches.  The drawback of this topology 

is that it requires semiconductor devices with ratings above the dc link voltage (the ratings depend 
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on the boost-voltage). Because of the dc link blocking diodes, circuit modification is need for 

regenerative braking. 

3.4 Soft chopping converters 

To improve SRM performance, the converterôs switching frequency is increased. Raising the 

switching frequency results in higher switching losses and more electromagnetic interference. Soft 

switching techniques using resonant circuits are proposed for high switching applications [3-13]. 

Converter complexity and cost makes it impractical for EV applications, hence is not pursued. 

3.5 Comparing power converters 

In this chapter, several converters have been presented covering the most common used power 

converters in SRM drives. This section compares these different topologies to select the óbestô 

converter for EV applications. Table 3.2 evaluates some of the available converters in terms of the 

number and ratings of switches, converter control complexity, the need for SRM design 

modifications, fault tolerance (ability of SRM to continue rotation after switch failure), 

performance at low and high speeds, rate of current building up and decay, efficiency, available 

voltage levels, the need of snubber circuits, and constraints on number of SRM phases. 

 

Table 3.3 COMPARISON BETWEEN DIFFERENT POWER CONVERTERS 

 Bifilar  R-dump C-dump Split dc link Shared phase + boost 

Number of switches m m m +1 m m +2 

Rating of switch ὠ  ὠ  2ὠ  ὠ  ὠᶻ  

Control complexity simple Simple Complex Simple Simple 

SRM modification Yes No No No No 

Fault-tolerance High High Low Low Moderate 

Performance Medium Low High Medium High 

Current build up and decay Medium Slow Medium Slow Fast 

Efficiency Medium Low High High High 

Voltage levels ὠ ȟὠ  ὠ ȟπὠ ὠ ȟπὠȟὠ  ϵὠ ȟϵὠ  ὠᶻȟπὠȟὠᶻ  

Snubber circuits Yes No No No No 

Number of phases Any Any Any Even Even 

ὠ ὛὰὭὫὬὸὰώ ὬὭὫὬὩὶ ὶὥὸὭὲὫ ὸὬὥὲ ὠ                  ὠᶻ  ὠ ὠ  
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From the analysis in Table 3.2, the converter with shared phase and voltage-boosting (Fig. 3.13) 

is a promising power converter for SRM drives.  
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Chapter 4  

A Neutral-Point Diode-Clamped Converter                                                

with Inherent Voltage-Boosting for a Four-Phase SRM Drive 

 

This chapter proposes a new asymmetric neutral-point diode-clamped (NPC) multilevel converter 

for a four-phase switched reluctance machine drive. The inbuilt NPC clamping capacitors are used 

for both voltage level clamping and also as dc rail voltage-boosting capacitors to increase the 

output power of the motor, particularly for high-speed EV applications. The new converter allows 

regenerative energy to be recovered back to the dc supply for rapid machine braking, thus 

increasing overall drive efficiency. Analysis of the different modes of converter operation, along 

with design equations for sizing the voltage-boosting capacitors, are detailed. The effect of 

capacitance on boost voltage and increased motor base-speed is presented. Simulation and 

experimental results will confirm the effectiveness of the proposed converter. 

4.1 Introduction  

As with the PMSM, the SRM cannot be connected directly to any ac or dc supply but, needs a 

suitable power converter for operation. Chapter three reviewed common converters used with the 

SRM. Among these converters, the asymmetric half bridge (ASHB) converter based on two 

switches and two diodes per phase is the most popular converter for SRM drives. Recent 

developments in EVs involve increasing the dc link voltage from around 400V dc to 800V-1000V 

dc [4-1]. Hence, the voltage rating of the converter must increase. Higher voltage rated power 

semiconductor devices not only imply slower response with lower overall efficiency but also 

higher cost and size. Thus, multilevel inverters become a viable solution [4-2]. 

In [4-3], a five-level neutral-point diode-clamped (NPC) converter and an asymmetric modular 

multilevel converter (MMC) were compared for high voltage, high power applications. However, 

only the full dc link voltage is utilized. Hence, SRM performance at different voltage levels is not 

exploited. In [4-4], a fault tolerant converter based on the NPC topology was proposed. However, 
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the main drawback is half the switches withstand the full dc link voltage. In [4-5] the performance 

of a three-level NPC converter was compared with the conventional ASHB converter. With the 

same overall rating, the NPC has the advantage of lower losses and current ripple, and lower 

machine noise. However, motor performance (Nm/A) is improved only at low speeds (below base 

speed). Since the SRM can be deployed for high-speed applications, its performance (W/kg) must 

be enhanced at higher speeds. Also, the NPC converter requires large dc link capacitances. 

Enhancing single-phase SRM performance at high speeds is presented in [4-6], [4-7]. A boost-

capacitor with a parallel diode is inserted in series with the dc link. The boosting-voltage provided 

by the capacitor aids the winding current to rapidly build-up and decrease thus, increasing the 

motor base-speed. The application of the boost-capacitor is extended to poly-phase SRM in [4-8] 

- [4-11]. But current overlap between incoming and outgoing phases reduces the boosting-voltage 

effect. 

In [4-12], a new converter, with comparable performance as the ASHB converter, is presented. 

The converter uses half the number of diodes, however the same number of switches is required. 

A ring converter is proposed in [4-13]. However, the converter is only suitable for a six-phase 

SRM and severe distortion in the phase currents is present. In addition, the fault-tolerance of the 

converter is inferior. Two off-the-shelf inverters are exploited in [4-14] and [4-15] to enhance 

SRM fault-tolerance. The converter uses 12 switches which drastically increases converter cost, 

plus the converter is only suitable for three-phase SRMs. In [4-16], standard six-pack plus dual 

modules are integrated for a three-phase SRM. Since the converter is based on commercial power 

components it is more economical than ASHBs. To allow phase overlap between successive 

phases, only half the dc link voltage is utilized for magnetization and de-magnetization. A three-

phase inverter is used in [4-17] to feed a six-phase SRM. Although the inverter is commercially 

available, the six-phase SRM uses a different winding configuration which imposes limitations in 

the fabrication of the SRM drive. In [4-18], a new stator winding configuration is presented which 

allows higher voltages during de-magnetization, but the SRM needs winding reconfiguration 

which increases production costs. Also, the higher voltage is only applied at phase turn off (that 

is, the performance at phase turn on is not enhanced). 
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Fig. 4.1 Four-phase SRM converter topologies: (a) Common phase converter with voltage-boosting (Fig.3.13), 

(b) New NPC converter with voltage-boosting, and (c) New NPC converter with voltage-boosting and 

regenerative braking circuitry. 
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The use of commercially available semiconductor modules is not an advantage in EV applications, 

since proprietary modules are viable given the high volume of EV. The number and rating of the 

semiconductors within the package dominate the relative module cost.  

In this chapter, a new asymmetric NPC converter, shown in Fig 4.1b, with inherent voltage-

boosting, is introduced for a four-phase SRM. It is based on the passive boost converter in Fig 

4.1a, as introduced in 3.3.4iv, Fig 3.13, which uses the double arm, common switch topology for 

better voltage boosting with a minimum number of switches. Fig 4.1c shows the extra dc link 

circuitry necessary for regenerative operation, which is also applicable to the boost circuit in Fig. 

4.1a. 

In the proposed NPC converter, inter-rail voltage levels are transient (dwelled at for few 

microseconds, sufficient to ensure switch voltage sharing). Small sized capacitors are deployed 

instead of the large capacitances normally associated with the conventional NPC converter. The 

de-magnetization energy of the outgoing phase is stored in the NPC converter split dc link 

capacitors, hence decreasing the current fall time thereby effectively extending the positive torque 

production range, before operating in the negative torque region.  
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Fig. 4.2 Voltage and current waveforms in single-pulse mode 
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The stored energy (which increases the dc link voltage) then feeds the next incoming phase, thus 

allowing faster current build-up which increases the motor output power. The typical voltage and 

current waveforms are illustrated in Fig. 4.2 for single-pulse mode of operation (at and above base 

speed). The new converter (Fig. 4.1c) also allows regeneration energy to be fed back to the supply, 

instead of being dissipated, for rapid machine regenerative braking, thus increasing overall drive 

efficiency. 

4.2 Asymmetric NPC converter with voltage-boosting capacitors 

The new converter in Fig. 4.1b (as with the circuit in Fig. 4.1a) uses the double bridge topology 

with phases A and C in one bridge, sharing a common leg incorporating series connected switches 

SAC1 and SAC2. The other two phases, B and D, are in an independent bridge with common series 

connected switches SBD1 and SBD2.  

The dc link blocking diodes and capacitors allow boosting of the dc link voltage by forcing 

recovered current to charge the capacitors to voltages in excess of the dc source VDC. The two-

independent bridge topology allows better voltage-boosting (since no phase overlap occurs in each 

bridge) with a minimal number of switches. In Fig. 4.1c the dc link switch Ὓ  (and diodes Dx1 

and Dy1) is for regeneration where the stored energy in the phase winding is not dissipated, but 

returned to the dc link.  

The NPC converter switch voltage clamping feature is used to exploit series connection of 

switches. When changing switch states, the NPC rule of an outer switch is always first off and last 

on, is retained. The analysis of this converter in the motoring and braking modes is presented in 

the following subsections. 

 

4.2.1 Motoring mode 

In the motoring mode of operation, the dc link switch Ὓ  is off and link diodes Ὀ  and Ὀ  

conduct. Current is injected into the appropriate phase winding during the increasing inductance 

region for motoring action. According to the states of the phase switches, the converter offers five 

voltage levels, as shown in Fig. 4.3 and described in the following text for a given phase, ὖὬ. 
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Fig. 4.3 New NPC converter voltage states 
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First voltage level,ὠ : This voltage level is obtained by turning on the four switches ὛȟὛȟὛ 

and Ὓ of the phase to be energized as shown in Fig. 4.3a. Any capacitor boosting effect helps the 

current in the phase winding to build up quickly reaching the desired reference value, thus 

increasing the motor output power. The dc link capacitors discharge so that the voltage on the 

motor winding falls and equals the dc source voltage ὠ . 

Second voltage level,ϵὠ : The second voltage level is realized by two possible switch 

combinations. The first is with ὛȟὛ and Ὓ on while Ὓ is off. The second combination is with 

ὛȟὛ and Ὓ on with Ὓ off. These two states are demonstrated in Fig. 4.3 parts b and c, 

respectively. Assuming that the boost capacitors are discharged to VDC, the dc link voltage source, 

only half the dc link voltage ϵὠ  is applied on the phase winding. This is a transient (dwell) 

state and alternation between these two states enables NPC capacitor voltage balancing.  

Third voltage level, πὠ: Three switch patterns are possible for this zero voltage level. The first 

pattern is Ὓ and Ὓ on while the other two switches, Ὓ and Ὓ, are off. The second pattern is Ὓ 

and Ὓ on with Ὓ and Ὓ off. The final pattern is Ὓ and Ὓ on while the other two switches Ὓ and 

Ὓ are off. The three possible patterns are illustrated in Fig. 4.3 parts d, e and f respectively, where 

zero voltage is experience by the phase winding. The boost-capacitors are unaffected. 

Fourth voltage level, ϵὠ : This voltage level involves two switch patterns. The first pattern is 

Ὓ on while the other three switches ὛȟὛ and Ὓ are off. The second pattern is Ὓ on while ὛȟὛ 

and Ὓ are off. Fig. 4.3 parts g and h illustrate the two patterns, where ϵὠ  is applied across 

the phase winding and alternation between the two patterns enables capacitor voltage balancing. 

This transient state ensures switch voltage sharing. 

Fifth voltage level, ὠ : The last voltage level is with all the switches ὛȟὛȟὛ and Ὓ off, as 

shown in Fig. 4.3i. The de-magnetization energy via the motor winding charges the boost-

capacitors in series, to a voltage greater than +VDC, reducing the winding current to zero before the 

phase enters the negative torque production region.  

Table 4.1 summarizes the possible voltage levels of the proposed converter, where alternation of 

the transient half voltage states ±½VDC allows boost-capacitor voltage balancing. 
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Table 4.1 PROPOSED NPC CONVERTER OUTPUT VOLTAGE STATES 

Level 
Fig. 4.3 

state 
State/KVL 

dc link initial 

voltage 

dc link final 

voltage 

Capacitor 

voltage 

ὠ  3(a) ὛȟὛȟὅȟὅȟὛȟὛ ὠ  ὠ  ὠ  ὅŹ CLŹ 

ϵὠ  
3(b) 

3(c) 

ὛȟὈȟὅȟὛȟὛ 
ὠ  ὠ  

ὅŹ ὅŷ 

ὛȟὛȟὅȟὈȟὛ ὅŷ ὅŹ 

πὠ 

3(d) ὈȟὛȟὛ 

ὠ  ὠ  

 

3(e) ὛȟὈȟὈȟὛ ὅź ὅź 

3(f) ὛȟὛȟὈ  

ϵὠ  
3(g) 

3(h) 

ὈȟὅȟὈȟὛ 
ὠ  ὠ  

ὅŷὅŹ 

ὛȟὈȟὅȟὈ ὅŹ ὅŷ 

ὠ  3(i) ὈȟὅȟὅȟὈ ὠ  ὠ ὠ  ὅŷ ὅŷ 
 

 

Table 4.2 NPC CONVERTER OUTPUT VOLTAGE STATE SEQUENCES 

Two Quadrant Operation  

(one direction of rotation) 

 
Increasing L 

Motoring with Ὓ  off 

Decreasing L 

Braking/Regenerating with Ὓ  on when ὠ π 

 First +V 
Center 

+V and 0V 

Pulse End 

-V 

First +V 

(energize) 

Center 

-V and 0V 

Pulse End 

-V 

Below 

base speed 

ȹÝ0VÝ+V 

 

ȹÝ(e)Ý(a) 

+VŸ½VŸ0VŸ½VŸ+V 

 

(a)Ÿ(b)Ÿ(d)Ÿ(b)Ÿ(a) 

alternating with 

(a)Ÿ(c)Ÿ(f)Ÿ(c)Ÿ(a) 

0VŸ-½VŸ-V 

(d)Ÿ(g)Ÿ(i) 

or 

(f)Ÿ(h)Ÿ(i) 

 

+VÝ0VÝ-V 

(a) Ý(e)Ý(i) 

ȹÝ0VÝ+V 

ȹÝ(e)Ý(a) 

then  

+VŸ½VŸ0V 

(a)Ÿ(b)Ÿ(d) 

(a)Ÿ(c)Ÿ(f) 

-VŸ-½VŸ0VŸ-½VŸ-V 

 

(i)Ÿ(g)Ÿ(d)Ÿ(g)Ÿ(i) 

alternating with 

(i)Ÿ(h)Ÿ(f)Ÿ(h)Ÿ(i) 

0VŸ-½VŸ-V 

(d)Ÿ(g)Ÿ(i) 

or 

(f)Ÿ(h)Ÿ(i) 

 

-V 

(i)  

Above base 

speed 

ȹÝ0VÝ+V 

ȹÝ(e)Ý (a) 
na 

VÝ0VÝ-V 

(a)Ý(e)Ý(i) 

ȹÝ0VÝ+V 

ȹÝ(e)Ý (a) 
na 

VÝ0VÝ-V 

(a)Ý(e)Ý(i) 

States in brackets ï as per Fig. 4.3                    When changing switch states, an outer switch is always first off and last on 

ȹ is tri-state, all switches off, state (i)                                     Dwell state (always for ±½V), <1ɛs, state is shown in red italics 

Ÿ single state changed                   Ý two states simultaneously changed                    bold state ï one of two alternating states 
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Table 4.2 summarizes the sequence of states during motoring below and above base speed and 

during regeneration. The half voltage states are transitional, and dwelling is long enough to ensure 

switch voltage clamping (sharing). The allowable state transitions are shown in Fig.4.4.  

 

(a)

(b)

(d)

(c)

(e) (f)

(g) (h)

(i)

+ ½ὠ 

+ὠ 

0ὠ 

½ὠ 

ὠ 
 

Fig. 4.4 Converter switch states and allowable single and simultaneous double state transitions. 

 

4.2.2 Braking mode 

Fig. 4.5 shows converter operation in the braking mode (zero voltage states are Fig. 4.3 (d) (e) (f)). 

Regenerative braking does not involve the boost capacitors. 

Any current in a phase during the decreasing inductance period produces a negative (reversing) 

torque. Current is injected into the phase winding with all switches ὛȟὛȟὛ and Ὓ on (Fig. 4.5a 

which is similar to state 4.3(a) but the boost-capacitors are not involved), thus producing negative 

(reverse hence braking) torque. In this mode, the dc link switch Ὓ  is turned on after the boost 

capacitors discharge to ὠ . By turning off all four switches, (the state in Fig 4.5b, which is similar 

to state 4.3(i), except the boost-capacitors are not involved), braking with regeneration occurs, 

with current fed back into ὠ  via the dc link switch Ὓ  and diodes Ὀ and Ὀ . The braking 

(current) requirement and limit is controlled by interposing zero voltage states, 4.3(d), (e), (f), 

within the -V state. 

The current should reach zero before the start of the increasing inductance. Stored energy in the 

motor associated with that pole is fed back to the dc supply thus providing efficient and fast 

regenerative braking action, without the voltage on each boost-capacitor increasing above ½ὠ .   
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(a) ὠ  (b) ὠ  

Fig. 4.5 Regenerative braking mode: (a)Magnetization, and (b) De-magnetization 

 

4.3 Sizing of the boost capacitors 

Each boost-capacitor voltage rating is half the maximum dc link voltage expected after boosting. 

The dc link capacitance in this application is not based on the normal NPC converter requirement 

of providing full load energy at the intermediate voltage levels  ϵὠ . Capacitance is based on 

the boosting property of the proposed topology. Relatively low capacitance will result in an 

excessive over voltage, necessitating higher voltage rated devices. Relatively large capacitance 

results in no significant boost voltage (as with the conventional NPC converter). In [4-6], and [4-

11] a formula facilitates sizing of the boost-capacitors. SRM magnetic non-linearity is neglected, 

with a linear model being adopted. In [4-9] and [4-10], no direct formula is presented to size the 

boost-capacitors. Also, phase-current overlap crucially affects boosting behaviour. In the 

following section, a design approach for sizing the boost-capacitors is presented that accounts for 

SRM magnetic non-linearity. The proposed double arm topology eliminates the problem of phase-

current overlap. Fig. 4.6 shows an RLC circuit modelling the SRM during de-magnetization at the 

end of the torque producing period. 
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Fig. 4.6 Equivalent RLC circuit for the NPC based SRM drive during the de-magnetization period 

 

The equivalent capacitor initial voltage at the beginning of the de-magnetization period is the dc 

link voltage ὠ , while the initial current in the phase winding is given by [4-19]: 

 

Ὅ  
ὖ

ὲ–Ὧὠ
 (4.1) 

 

where P is the motor power, n is the number of phases conducting simultaneously, ɖ is the motor 

efficiency, and Ὧ is the SRM duty cycle. 

The equivalent resistance and capacitance are calculated using (4.2) and (4.3) respectively. 

 

Ὑ  Ὑ  ‫
Ὠὒ— ȟὍ

Ὠ—
 (4.2) 

ὅ  ϵ ὅ (4.3) 

 

The phase inductance is defined by (4.4) which accounts for SRM magnetic non-linearity [4-20]. 

 

ὒ—ȟὭ  ὒ Ὥ ὒ ὭÃÏÓὔ— ὒ ὭÃÏÓςὔ— (4.4) 

 

The coefficients ὒ Ὥȟὒ Ὥ ÁÎÄ ὒ Ὥ are defined by: 

 

ὒ Ὥ ϵϵ ὒ Ὥ ὒ ὒ Ὥ  (4.5) 

ὒ Ὥ ϵὒ Ὥ ὒ  (4.6) 

ὒ Ὥ ϵϵ ὒ Ὥ ὒ ὒ Ὥ  (4.7) 
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where 

ὒ is the unaligned inductance - current independent. 

ὒ Ὥ is the aligned inductance - calculated at current Ὅ. 

ὒ Ὥ is the halfway inductance - calculated at current Ὅ. 

The inductances can be calculated using FEA or experimentally. 

Applying KVL for the RLC circuit in Fig. 4.6, assuming constant inductance at the instant of phase 

turn off: 

 

Ὑ Ὥ ὒ
ὨὭ

Ὠὸ

ρ

ὅ
ὭὨὸπ (4.8) 

 

With the initial conditions given by (4.9) and (4.10): 

 

Ὥ— Ὅ (4.9) 

ὨὭ

Ὠὸ
—

ρ

ὒ
Ὑ Ὅ ὠ  (4.10) 

 

The current expression is defined by (4.11) for the overdamped case (normally ὅ ).  

 

Ὥὸ  ὃὩ  ὃὩ  (4.11) 

 

where ὴand ὴ represent the poles of the characteristic equation, defined by: 

 

ὴȟ  
Ὑ

ςὒ

Ὑ

ςὒ
 
ρ

ὒὅ
  (4.12) 

 

Using the initial conditions, ὃ and ὃ are defined by (4.13) and (4.14) respectively: 
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ὃ  
Ὅ ὴ  

Ὑ
ὒ  

ὠ
ὒ

ὴ  ὴ
 

(4.13) 

ὃ  
Ὅ ὴ  

Ὑ
ὒ  

ὠ
ὒ

ὴ  ὴ
 

(4.14) 

 

The time for the motor winding current to decay, is denoted by ὸ  and calculated using: 

 

ὸ  
ÌÎ

ὃ
ὃ

ὴ  ὴ
 

(4.15) 

 

When the current in the motor winding decays to zero after time ὸ , the voltage on the capacitor 

ὠ ( ὠ ὠ ) is: 

 

ὠ ὸ ὸ  
ρ

ὅ

ὃ

ὴ
Ὡ  

ὃ

ὴ
Ὡ  (4.16) 

 

Solving (4.16), the boost-capacitance is determined in terms of the boost voltage (dc link voltage 

in excess of VDC). 

Although the scope of the chapter is to exploit the series connection of switches, exploiting the 

multilevel feature would allow reduced current ripple, hence noise, especially at low speeds. In 

this case, the capacitance should be adequate to supply significant energy to the motor phase. 

Equation (4.17) describes capacitor voltage ripple. 

 

Ὥ ὅ
Ўὠ

Ўὸ
 (4.17) 

 

For 5% voltage ripple, the capacitance is: 

 

ὅ
Ὅ

πȢπυὠ Ὢ
 (4.18) 

 

where Ὢ is the sampling frequency. 
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Equations (4.16) and (4.18) could be used to size the capacitor to improved performance at both 

low and high speeds. 

4.4 Simulation Results 

 

 

(a) 

 

(b) 

Fig. 4.7 Variation of (a) base-speed and (b) boost-voltage with capacitance. 
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The 25Nm 1500rpm SRM specifications used in the FEA, MATLAB\Simulink simulations and 

experimentation are given in Appendix A. The sampling frequency used for simulation is 40kHz, 

and the motor drives a constant load of 25Nm.  

 

 

(a) 

 

(b) 

Fig. 4.8 SRM waveforms with 65ɛF boost-capacitors: (a) phase voltage and current at base speed and (b) boost-

capacitors, ὅ  and ὅ voltages. 
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Fig. 4.7 shows the variation of base-speed and boost-voltage with dc link capacitance (upper + 

lower capacitance for one arm) at different dc link voltages. The motor base-speed and hence 

output power (power = torque x speed) increase using boost capacitors. 

For 300V boost-voltage, based on Fig. 4.7, 65ɛF, >450V dc capacitors are selected.  The dc link 

voltage is fixed to 600V. The voltage and current waveforms for one motor phase using the 

selected capacitance are shown in Fig. 4.8a and the balanced boost-capacitor voltages are shown 

in Fig. 4.8b. Because two phases share a common central converter leg, small currents flow in the 

decreasing inductance regions, (due to voltage spikes in Fig 4.8a). 

Fig. 4.9 shows the voltage and current waveforms below base speed, at 1825rpm. Half the dc link 

voltage ϵὠ  (which is alternated between states 4.3(b) and 4.3(c)) is used only for 1ɛs as a 

transient state to ensure voltage sharing between phase switches thus the clamping diodes Ὀ  and 

Ὀ  are only transient current rated if switch state 4.3(e) is not employed.  

 

 
 

Fig. 4.9 Phase voltage and current waveforms during excitation at low speed. 

 

The PWM adopted in this control strategy uses only 0% and 100% duty cycles for the switches 

(that is, at each sampling instant if the error signal in phase current is positive, the appropriate 

switches are turned on until the next sampling instant. Otherwise, the appropriate switches are 
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turned off) This PWM strategy enables the sampling (phase current) frequency to be twice the 

switching frequency for more accurate operation with lower switching losses and current ripple 

noise. Device losses are symmetrical about the central leg (but not uniformly distributed). 

Capacitor balancing takes precedence over alternating of the ±½VDC states. 

SRM torque/speed and output power/speed characteristics with and without boost-capacitors are 

shown in Fig. 4.10. Below base speed, current chopping control is applied for constant torque 

operation. Above base speed, the advance angle control method is employed for constant power 

operation. The proposed voltage-boosting method (50%) increases the motor base speed from 

1735rpm to 2130rpm, giving a 23% increase in the output power (W/kg) at base speed. This 

improvement allows the SRM to compete with PMSM in terms of power density. 

 

 
Fig. 4.10 Torque/speed and power/speed characteristics 

 

To assess braking mode performance, the SRM is motored for 0.4s with current injected in the 

rising inductance region. After receiving a braking command all the phases are briefly turned on 

(including those switches on, remaining on) simultaneously to allow the boost capacitors to 

discharge (to VDC) into the machine windings and then all the switches are turned off until the 

current decays. Current is then injected in the falling inductance region (the phase sequence is 

reversed) to allow regenerative braking as shown in Fig. 4.11a. This is the simplest, but not 

necessarily the optimal reversing/regeneration method. 
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(a) 

 
(b) 

 

Fig. 4.11 (a) Regenerative braking and (b) Voltage and current waveforms during regenerative braking (soft 

chopping). 

 

Fast and efficient braking action is achieved without dissipating energy (regeneration). The dc 

supply is disconnected after the motor comes to rest, otherwise the motor will rotate in opposite 

direction (reverse). Since the SRM back emf is negative when current is injected in the falling 

inductance region (‬ὒȾ‬— π), a soft chopping current control mode (0V, -V) is applied during 
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motor braking instead of hard chopping current control (+V, -V) as shown in Fig. 4.11b to 

minimize switching losses during braking. 

4.5 Experimental Results 

Fig. 4.12 shows the experimental test rig used for drive validation. A dc source voltage of 100V is 

utilized, the boosting capacitors are 75ɛF (ρπϷ), and the sampling frequency is 20 kHz. The 

effect of voltage boosting on SRM performance is compared in two different cases; single pulse 

mode and current switching mode. 

 

 

 
 

Fig. 4.12 Experimental test rig 

 

Fig. 4.13 shows the phase voltage, current, capacitor voltages, instantaneous torque and speed, in 

each case. Below base speed (that is, current switching mode), where the torque is constant, the 

DSP Gate drivers 

Sensors 

Converter 
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speed is controlled by adjusting the phase reference current. Allowing the current to build up 

quickly enables the SRM to operate at higher speed.  

 

CH1

CH2

CH3

CH4

(a) 

CH1

CH2

CH3

CH4

(b) 

CH1

CH2

CH3
CH4

(c) 

CH1

CH2

CH3

CH4

(d) 

Fig. 4.13 Experimental results: current chopping mode (a) without voltage boosting and (b) with boost-capacitors, 

single pulse mode (c) without voltage boosting, and (d) with boost-capacitors. Phase voltage (CH1), phase current 

(CH2), upper capacitor voltage (CH3), lower capacitor voltage (CH4), and instantaneous torque. 
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Fig. 4.13a shows SRM performance without voltage boosting, where the phase voltage is equal to 

the dc link voltage, while the capacitor voltages are maintained at half the dc link voltage. Since 

the available dc link (source) voltage (without boost) is insufficient for the current to build up 

quickly, the speed is 165 rpm. 

Fig. 4.13b establishes that motor performance in the current chopping mode is enhanced, since the 

phase voltage is equal to the dc source voltage (battery) plus boost voltage. The extra voltage 

supplied by the boost capacitors allows fast current build-up. The speed increases to 290 rpm 

(from165 rpm without boost) at the same load torque. A 1ɛs dwell is applied when turning on/off 

the outer/inner switches to assure equal voltage stress on the switches as presented in Fig. 4.13b.  

Above base speed, the speed is controlled by adjusting the turn on/off angles and the SRM operates 

in the constant power region.  Fig. 4.13 parts c and d show SRM performance without and with 

boosting voltage respectively in the single-pulse mode. The extra voltage offered by the boost 

capacitors allows the current of the incoming phase to build up quickly, thus increasing the motor 

speed from 380 rpm to 660 rpm at the same load torque. Also, the outgoing phase current decays 

faster in the presence of the increasing boost-voltage. The exaggerated improvement in the motor 

speed obtained experimentally (around 75%) is due to the accentuated boost voltage compared to 

dc source voltage. 

To emphasize the importance of voltage boosting on current build up, the rise time of phase current 

with/without voltage boosting for the two cases; current chopping mode and single pulse mode, is 

presented in Fig. 4.14 parts a and b respectively. 

The simulated and experimental torque/speed characteristics are compared in Fig. 4.15a, while 

Fig. 4.15b shows the simulated and experimental output power. The effect of a boosting-voltage 

is shown to have significant effect on the motor base-speed, meaning the rated torque region is 

extended, with a corresponding increase in output power. The deviation between the experimental 

and simulated results is due to the modelling of the SRM using FEA, along with ignoring machine 

core loss. 
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(a) 

 
(b) 

 

Fig. 4.14 Experimental voltage and current rise time: (a) current chopping mode (with and without voltage 

boosting) and (b) single pulse mode (with and without voltage boosting) 

 

4.6 Machine performance comparison 

Two machine types (SRM, and PMSM) are compared in Table 4.3, based on their typical relative 

power to weight ratio [4-21]. In Table 4.3, the SRM power to weight ratio suffers because of a 

compromised base speed due to the inability to force sufficient current into (or from) the machine 
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at higher speeds (power = torque x speed). DC rail voltage boost (50%) increases the speed at 

which full load torque can be delivered (from 1735rpm to 2130rpm), hence improving the power 

to weight ratio (by 23%) to be competitive with that of a PMSM, for a given source voltage.  

 

 
(a) 

 
(b) 

 

Fig. 4.15 Experimental versus simulated characteristics with and without dc link voltage boosting: (a) 

torque/speed and (b) output power/speed. 
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Table 4.3 RELATIVE PERFORMANCE OF TWO MACHINE TYPES 

Relative pu PMSM SRM SRM + Boost 

Power ὡ ὯὫ 1.0 0.8 πȢωσȾπȢωψ 

SRM power to weight ratio: 200V boost Ÿ 0.93pu, 300V boost Ÿ 0.98pu 

 

4.7 Converter performance comparison 

The proposed topology facilitates lower-rating semiconductor devices, which have the merits of: 

¶ Lower cost. 

¶ Smaller size. 

¶ Higher efficiency. 

¶ Faster response. 

The proposed topology, which is based on the NPC, adds minimal cost to the converter when 

compared with the conventional asymmetric topology (Fig 4.1a with regeneration circuit and Fig 

4.1c). The proposed converter utilizes two series dc link capacitors per arm instead of one. 

However, each capacitor is rated only half the dc link voltage. Thus, the overall cost of the 

capacitors is near the same since the total energy, whence volume are near the same. 

Conventionally, VA is used as a measure to compare the power ratings of semiconductor devices. 

Since, the proposed topology allows connecting switches in series, each switch is chosen to 

withstand only half the dc link voltage with the same current rating. Although, the number of 

switches (and gate drives) increases in the proposed topology, the overall VA does not change. 

Regarding the main diodes, they block the full voltage, as in the conventional asymmetric 

topology, with the same current rating.  The clamping diodes are additional components. The 

voltage rating of the clamping diodes is half the dc link voltage and only have a transient current 

rated. Table 4.4 summarizes a cost comparison between both topologies. The dc link switch and 

diodes (for regeneration) are excluded as they are the same in both converters. 

Extra gate drive circuits and voltage sensors are required with the proposed topology, but the 

advantages of deploying lower-rating semiconductor devices, especially for high power 

applications such as EVs mitigate the extra cost. 
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The PWM adopted in this control strategy (applicable to both converters) uses only 0% and 100% 

duty cycles for the switches which enables the sampling (phase current) frequency to be twice the 

switching frequency for more accurate operation with lower switching losses and current ripple 

noise. 

Although the adopted control strategy is more complex, it allows device losses to be symmetrical 

about the central leg which is a drawback in the prior state of the art converter topology causing 

asymmetry stress distribution (unless the control strategy is changed, hence losing simplicity). 

 

Table 4.4 COST COMPARISON BETWEEN CONVENTIONAL ASYMMETRIC AND ASYMMETRIC NPC CONVERTERS 

 
Conventional asymmetrical converter 

with voltage-boosting 

Asymmetrical NPC converter 

with voltage-boosting 

 Rating Quantity Total Rating Quantity Total 

Switches ὠᶻ  x I 6 6ὠᶻ  x I 0.5ὠᶻ  x I 12 6ὠᶻ  x I 

Switches total   6ὠᶻ  x I   6ὠᶻ  x I 

Main diodes ὠᶻ  x I 6 6ὠᶻx I ὠᶻ  x I 6 6ὠᶻ  x I 

Clamp diodes - - 0 0.5ὠᶻ  x πȢπτ)ᶻ 6 0.12ὠᶻ  x I 

Diodes total   6ὠᶻ  x I   6.12ὠᶻ  x I 

Current transducers 

Voltage transducers 
 

2 

2 

 

 
 

2 

4 

 

 

I* Transient current rated diode at 40kHz sampling frequency 

ὠᶻ ὸὬὩ Ὠὧ ὰὭὲὯ ὺέὰὸὥὫὩὦέέίὸ 

 

 
Fig. 4.16 SRM output power using three different converters 
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To further highlight the merits of the proposed converter, a comparison between prior art 

topologies (either without or with voltage boosting as per Fig. 4.1a) and the proposed converter 

(as per Fig. 4.1c) is carried out. Fig. 4.16 compares SRM output power at different speeds using 

the three converters. The effect of voltage-boosting (either in the prior art topology or the proposed 

NPC converter) is significant and improves the output power by 23% over the prior art topology 

without voltage-boosting. 

Fig. 4.17 compares the conduction and switching losses of the three converters. Semiconductor 

switches from the same manufacturer (IXYS Semiconductor), with main parameters given in Table 

4.5, are deployed for a valid comparison. The main diodes have a forward voltage ὠ ρȢτυ. In 

the proposed topology, fast recovery Schottky diodes with transient current rating are deployed as 

clamping diodes since the ὠ  states are transient states dwelled for ρ‘ί to assure equal voltage 

stresses on switches. 

 

 
Fig. 4.17 Power loss for three different converters 

Left: prior art topology without boost, Middle: prior art topology with boost, and Right: Proposed NPC converter 
 

 

The prior art topology without voltage-boosting has the lowest conduction and switching losses as 

the semiconductor devices are rated only at the dc link voltage. However, the proposed topology 

has lower switching and conduction losses below and above base speed when compared with the 
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prior art topology with voltage-boosting. The low-rated and fast semiconductor devices 

significantly improve converter efficiency. 

 

Table 4.5 RATINGS OF SWITCHES 

Point 
Common phase  

without boost 

Common phase  

with boost 

Proposed NPC  

with boost 

Switch IXFK32N80P IXFB30N120P IXFR48N60P 

Voltage rating  (V) 800 1200 600 

Current Rating (A) 32 30 32 

Turn on resistance (ɋ) 0.27 0.35 0.15 

Turn on rise time (ns) 24 60 25 

Turn off fall time (ns) 24 56 22 

 

SRM drive efficiency with the three converters is illustrated in Fig.4.18. The proposed NPC 

converter with voltage-boosting has better efficiency at all speeds than the prior art topology with 

voltage-boosting. The proposed converter has better efficiency than the prior art topology without 

voltage-boosting at high speeds. 

 

 
Fig. 4.18 SRM drive efficiency using three different converters 
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Table 4.6 compares the three different converter topologies. 

Table 4.6 COMPARING THE PROPOSED NPC AND PRIOR ART TOPOLOGY CONVERTERS 

Point Common phase 

Without boost 

Common phase 

With boost 

Proposed topology 

Switching stress(about center leg) Unsymmetrical Unsymmetrical Symmetrical 

Switch efficiency High Low High 

Switch response Fast Slow Fast 

Switch size Medium Large Small 

Current ripple Low High Low 

Acoustic noise Low High Low 

Power density Low High High 

Base speed Low High High 

Cost of semiconductor devices Low Medium Medium 

Cost of gate drivers Low Low High 

Cost of capacitors - Similar Similar 

Cost of voltage sensors - Low High 

Control complexity Low Low Higher 

 

4.8 Summary 

A novel asymmetric NPC converter with inherent dc link voltage-boosting capacitors for a four-

phase SRM drive was presented. Analysis of the proposed converter during motoring and braking 

resulted in a design approach for sizing the dc link boost capacitors. The proposed converter 

improves SRM drive performance at low and high speeds. The boost voltage increases the motor 

base speed, hence output power and efficiency. The SRM power to weight ratio with voltage 

boosting capability is competitive with the PMSM and has the advantage of a higher torque to 

weight ratio. Regenerative braking can be deployed for efficient and fast braking action. The new 

converter allows series connection of fast, low-voltage, efficient switches. Topology penalties are 

increased number of gate drives and increased control complexity when introducing NPC 

intermediate dwell states. 
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Chapter 5  

Theory and Operation of the SRM with Rotor Conducting Screens 

 

This chapter investigates the effect of utilizing rotor electrical conducting screens within an SRM. 

Conducting, non-magnetic materials such as aluminium or copper are inserted into the interpole 

regions of the rotor. The effective unaligned inductance decreases which in turn increases the 

conversion area allowing the SRM to develop more power.  A procedure for calculating the 

effective unaligned inductance for screened motors using the flux tube method is presented. Finite 

element analysis results establish the validity of the proposed calculation method. 

5.1 Introduction  

In simplistic terms, the current into and out of an SRM (at phase current turn-on and turn-off) can 

be expressed by 

 

ὠ ὒ 
ὨὭ

Ὠὸ
 (5.1) 

 

The objective is to force the current into and out of the machine as quickly as possible, that is, 

through maximizing the ὨὭὨὸ term, the base-speed, whence output power can be increased. The 

inductive term L is related to the machine design and specifically low L (for V fixed) at only phase 

turn-on will increase the conversion area, and hence increase the output power, as shown in Fig 

5.1. (Higher L is required at the turn-off to maximize the machine co-energy). 

The concept of conducting screens was proposed in [5-1] to increase the output torque. 

Conducting, non-magnetic materials such as aluminium or copper are inserted in the interpole 

regions of the rotor. The conducting screens encounter a time-varying flux due to motor rotation, 

which induces a voltage. The induced voltage produces eddy currents, which in turn produce flux 

that opposes the original stator pole flux. The opposing flux results in a decrease in the effective 

unaligned inductance. However, the impact of reducing the unaligned inductance on the developed 
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torque was not positive. In [5-2]-[5-4], the rotor conducting screens were tested for four-phase 

(8/6), two-phase (4/2), and single-phase (2/2) SRM, respectively. Although the deployment of 

rotor conducting screens improved SRM torque per unit volume, the effect of thickness, shape, 

and material of the conducting screens on SRM performance, including screen loss, was not 

investigated. Hence, there is no guide available for the optimal selection of the conducting screen 

to yield good performance at low cost. Also there was no attempt to calculate the effective 

unaligned inductance for an SRM with conducting screens. 

In this chapter a detailed calculation method based on flux tubes is presented to calculate the 

effective unaligned inductance for a screened SRM. The proposed method (which is based on the 

flux tube method) [5-5] is validated by FEA using four different SRMs. The dynamic performance 

and optimal selection of rotor conducting screens are discussed in chapter 6 in detail. 

5.2 SRM with rotor conducting screens 

Torque is dependent on the difference between the aligned and unaligned inductances (which 

represents the increase in co-energy), and increasing this difference produces more torque and 

hence, output power as shown in Fig. 5.1. 
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Fig. 5.1 Flux linkage ï current ɚ -i characteristics of SRM with and without conducting screens 
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In order to decrease the unaligned inductance (without affecting the aligned inductance), the spaces 

between rotor poles can be filled with non-magnetic, electrically conducting material such as 

aluminium or copper, as shown in Fig. 5.2; this material is referred to as the conducting screen (or 

flux barrier). The conducting screens are electrically isolated from the rotor and there is no 

electrical connection between the conducting screens. 

Rotor
Screen

Shaft

 
Fig. 5.2 Rotor conducting screens, in the interpole regions 
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Fig. 5.3 SRM voltage and current waveforms with and without conducting screens 
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(a) 

 

(b) 

Fig. 5.4 Magnetic flux lines: (a) Unscreened SRM and (b) Screened SRM 
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Due to motor rotation along with stator coil excitation, the conducting screens encounter a time-

varying flux, which in turn induces voltage (V θ  dű/dt). The induced voltage produces circulating 

eddy currents that produce flux (i ᶿ ű). The produced flux opposes the original flux from the stator 

poles. The opposing flux (which increases the effective flux air path length and reduces the 

effective area) results in a decrease in the effective unaligned inductance. The decrease in the 

effective unaligned inductance allows rapid current building up at initial winding excitation, as 

demonstrated in Fig. 5.3, which increases the motor output torque. 

To gain insight into the effect of rotor conducting screens on the SRM performance, Fig. 5.4 parts 

a and b show the flux path for unscreened and copper screened SRMs, respectively, when one 

stator phase is excited. Fig. 5.4b shows that the reaction field produced by the eddy current in the 

copper screen opposes the stator magnetic field, hence preventing the flux lines from crossing 

through the rotor interpole region, unlike in Fig. 5.4a. The reluctance path length l is increased and 

the area A is reduced, thus decreasing unaligned inductance L, since Lᶿ!Ⱦl.  

5.3 Calculation of effective unaligned inductance for screened SRM 

In the early design stage, it is time-consuming to use FEA to predict motor performance. Any 

change in the motor geometrical dimensions, number of stator/rotor poles, turns number, excitation 

current or firing angles will dictate a new model to be built and simulated, involving a time 

consuming process [5-6].  Thus, suitable analytical methods can provide a compromise between 

accuracy and speed of calculation. The torque depends on the conversion area (area OAB in Fig. 

5.1) which is the increase in co-energy when the rotor moves from the unaligned to the aligned 

position. Reducing the effective unaligned inductance will increase the conversion area, hence 

increase motor output torque. Generally, the conducting screens will have negligible effect on the 

aligned inductance, since the rotor pole arc is generally greater than the stator pole arc, so flux 

fringing and leakage are minimal. But the effective unaligned inductance will be affected 

significantly. To predict motor performance, the effective unaligned inductance should be known. 

In this section, the flux tube method [5-7] is used to calculate the effective unaligned inductance. 

Fig. 5.5 shows the flux paths in the unaligned position, where five flux tubes are sufficient to 

describe the flux paths. 
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Flux path 1
Flux path 2
Flux path 3
Flux path 4
Flux path 5  

 

Fig. 5.5 Flux paths 

 

Fig. 5.6 shows the magnetic equivalent circuit used to calculate the effective unaligned inductance. 

Ὑ ȟὙȟὙ ȟὙ  ÁÎÄ Ὑ  are the reluctance paths for the stator pole, air gap, rotor pole, stator back 

iron, and rotor back iron respectively. The different reluctances are calculated using machine 

geometrical dimensions.  

For nominal current rating, i, air gap reluctance dominates the unaligned reluctance resulting in 

linear flux linkage current, ‗ Ὥȟ characteristics; hence, core saturation is not involved, which 

simplifies the analysis. 

Generally, reluctance is defined by 

 

Ὑ ὰ
‘‘ὃ (5.2) 
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where l is the length of the flux path, A is the cross-sectional area, and ‘  ÁÎÄ ‘ are the 

permeability of air and Fe relative permeability respectively. The reluctances for the five flux paths 

are formulated in the following subsections. 
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Fig. 5.6 Magnetic equivalent circuit 

 

5.3.1 Flux path #1 

Fig. 5.7 shows flux path #1 with relevant angles required for derivation. The flux path involves 

the rotor back iron, the stator back iron, the rotor pole, the stator pole, and the interpolar rotor air 

gap. Hence, five reluctances are used to complete the flux path. The flux path length and cross-

sectional area are calculated as follows. The flux is assumed to leave the stator pole at the tip, and 

to enter the rotor pole at Ȩ‍ from the pole tip. (‍ is rotor pole arc, ‍ is stator pole arc, and N is 

the number of turns on one stator pole.) 



81 

 

A
B

O

C

D
E

 ̒

 ̒

 ̒

3

2

1

Stator pole

Rotor pole

Conducting screen

Shaft

Flux path 1

 
Fig. 5.7 Flux path #1 

 

5.3.1i Air gap reluctance, Ὑ  

The length of the air gap flux path is the arc BC, as shown in Fig. 5.7, which is:  

 

ὰὩὲὫὸὬ ὄὅ ϵ Ὁὄ Ὁὅ—  (5.3) 

 

EB, EC and — are calculated using (5.4)-(5.6), respectively. 

 

Ὁὄ ὃὄ ὃὉ (5.4) 

Ὁὅ Ὀὅ ὈὉ (5.5) 

— ωπ — — (5.6) 

 

The angles — and — are defined by (5.7) and (5.8), respectively. 
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—  ÔÁÎὃὄὃὉ (5.7) 

—  ÔÁÎὈὅὈὉ (5.8) 

 

The lengths AB, AE, DC, and DE are given by (5.9) - (5.12) respectively. 

 

ὃὄ ϵὨÓÉÎϵ‍ (5.9) 

ὃὉ ϵὨÃÏÓϵ‍ ϵὈ ὦ  (5.10) 

Ὀὅ ϵὨ ὰ ÃÏÓϵ— ϴ‍ ϵὈ ὦ  (5.11) 

ὈὉ ϵὨ ὰ ÓÉÎϵ — ϴ‍  (5.12) 

 

The cross-sectional area is the average of the stator and rotor areas. The flux is confined to ¼‍ of 

the stator pole arc and to ¼‍ of the rotor pole arc. Hence, the area is defined as: 

 

ὃὶὩὥϵὒ Ὠ‍ ὒ ϵὨ ὰϴ‍  (5.13) 

 

  

5.3.1ii Stator pole reluctance, Ὑ  

The flux travels the length of the stator pole. Hence, the length of the flux path is defined by (5.14), 

while the area is given by (5.15). 

 

ὰὩὲὫὸὬ Ὤ (5.14) 

ὃὶὩὥ Ὠ‍ ὒ (5.15) 

 

5.3.1iii Rotor pole reluctance, Ὑ  

Equation (5.16) defines the length of the flux path in the rotor pole, which represents the mean 

flux path. The area is given by (5.17). 

 

ὰὩὲὫὸὬ Ὤ (5.16) 

ὃὶὩὥ ὒ ϵὨ ὰ ‍  (5.17) 
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5.3.1iv Stator back iron reluctance, Ὑ  

The length of the flux path in the stator back iron is defined by (5.18), while the area is given by 

(5.19). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.18) 

ὃὶὩὥ ὒὦ  (5.19) 

 

5.3.1v Rotor back iron reluctance, Ὑ  

The flux path length in the rotor back iron is defined by (5.20) and the area is given by (5.21). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.20) 

ὃὶὩὥ ὒὦ  (5.21) 

 

After calculating the required reluctances, the inductance for flux path #1, ὒ  is: 

 

ὒ
ςὔ

Ὑ Ὑ Ὑ ϵὙ ϵὙ
 (5.22) 

 

5.3.2 Flux path #2 

Flux path #2 is illustrated in Fig. 5.8, where the flux is assumed to leave the stator pole at ¼Ὤ 

from the top of the stator pole, and to enter the rotor pole at the middle. 

 

5.3.2i Air gap reluctance, Ὑ  

The length of the air gap flux path is the arc BC, given by:  

 

ὰὩὲὫὸὬ ὄὅ ϵ Ὁὄ Ὁὅ—  (5.23) 

 

EB, EC and — are calculated using (5.24)-(5.26), respectively. 
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Ὁὄ ὃὄ ὃὉ (5.24) 

Ὁὅ Ὀὅ ὈὉ (5.25) 

— ωπ — — (5.26) 
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Fig. 5.8 Flux path #2 

 

The angles — and — are defined by (5.27) and (5.28), respectively. 

 

—  ÔÁÎὃὄὃὉ (5.27) 

—  ÔÁÎὈὅὈὉ (5.28) 

 

The lengths AB, AE, DC, and DE are given by (5.29) - (5.32) respectively. 

 

ὃὄ ϵὨÓÉÎϵ‍ (5.29) 

ὃὉ ϵὨÃÏÓϵ‍ ϴὬ ϵὈ ὦ  (5.30) 
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Ὀὅ ϵὨ ὰ ÃÏÓϵ— ϵὈ ὦ  (5.31) 

ὈὉ ϵὨ ὰ ÓÉÎϵ— (5.32) 

 

The cross-sectional area is the average of the stator and rotor areas. The flux is confined to Ὤ of 

the stator pole height and to ‍ of the rotor pole arc. Hence, the area is: 

 

ὃὶὩὥϵὒ Ὤ ὒ ϵὨ ὰ ‍  (5.33) 

 

  

5.3.2ii Stator pole reluctance, Ὑ  

The flux travels ¾Ὤ of the stator pole, hence the length of the flux path is defined by (5.34), while 

the area is given by (5.35). 

 

ὰὩὲὫὸὬ ϶Ὤ (5.34) 

ὃὶὩὥ Ὤ ὒ (5.35) 

 

5.3.2iii Rotor pole reluctance, Ὑ  

Equation (5.36) defines the length of the flux path in the rotor pole, which represents the mean 

flux path. The area is given by (5.37). 

 

ὰὩὲὫὸὬ Ὤ (5.36) 

ὃὶὩὥ ὒ ϵὨ ὰ ‍  (5.37) 

 

5.3.2iv Stator back iron reluctance, Ὑ  

The length of the flux path in the stator back iron is defined by (5.38), while the area is given by 

(5.39). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.38) 

ὃὶὩὥ ὒὦ  (5.39) 
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5.3.2v Rotor back iron reluctance, Ὑ  

The length of the flux path in rotor back iron is defined by (5.40) and the area is given by (5.41). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.40) 

ὃὶὩὥ ὒὦ  (5.41) 

 

Finally, the inductance for flux path #2, ὒ  is: 

 

ὒ
ςὔ

Ὑ Ὑ Ὑ ϵὙ ϵὙ
 (5.42) 

 

5.3.3 Flux path #3 
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Fig. 5.9 Flux path #3 
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Fig. 5.9 shows flux path #3 which is similar to path #2 except for some different dimensions. The 

flux is assumed to leave the stator pole at ¾Ὤ, and to enter the rotor pole at ȩ‍ from the rotor 

pole tip. 

 

5.3.3i Air gap reluctance, Ὑ  

The length of the air gap flux path is the arc BC, given by:  

 

ὰὩὲὫὸὬ ὄὅ ϵ Ὁὄ Ὁὅ—  (5.43) 

 

EB, EC and — are calculated using (5.44)-(5.46), respectively. 

 

Ὁὄ ὃὄ ὃὉ (5.44) 

Ὁὅ Ὀὅ ὈὉ (5.45) 

— ωπ — — (5.46) 

 

The angles — and — are defined by (5.47) and (5.48), respectively. 

 

—  ÔÁÎὃὄὃὉ (5.47) 

—  ÔÁÎὈὅὈὉ (5.48) 

 

The lengths AB, AE, DC, and DE are given by (5.49) - (5.52) respectively. 

 

ὃὄ ϵὨÓÉÎϵ‍ (5.49) 

ὃὉ ϵὨÃÏÓϵ‍ ϶Ὤ ϵὈ ὦ  (5.50) 

Ὀὅ ϵὨ ὰ ÃÏÓϵ — ϴ‍ ϵὈ ὦ  (5.51) 

ὈὉ ϵὨ ὰ ÓÉÎϵ— ϴ‍  (5.52) 

 

The cross-sectional area is the average of the stator and rotor areas. The flux is confined to ¼Ὤ of 

the stator pole height and to ¼‍ of the rotor pole arc. Hence, the area is: 
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ὃὶὩὥϵὒ ϴὬ ὒ ϵὨ ὰϴ‍  (5.53) 

  

5.3.3ii Stator pole reluctance, Ὑ  

The flux travels only ¼Ὤ of the stator pole, hence the length of the flux path is defined by (5.54), 

while the area is given by (5.55). 

 

ὰὩὲὫὸὬ ϴὬ (5.54) 

ὃὶὩὥϴὬ ὒ (5.55) 

 

5.3.3iii Rotor pole reluctance, Ὑ  

Equation (5.56) defines the length of the flux path in the rotor pole, which represents the mean 

flux path. The area is defined by (5.57). 

 

ὰὩὲὫὸὬ Ὤ (5.56) 

ὃὶὩὥ ὒ ϵὨ ὰϴ‍  (5.57) 

 

5.3.3iv Stator back iron reluctance, Ὑ  

The length of the flux path in the stator back iron is defined by (5.58), and the area is given by 

(5.59). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.58) 

ὃὶὩὥ ὒὦ  (5.59) 

 

5.3.3v Rotor back iron reluctance, Ὑ  

The length of the flux path in rotor back iron is defined by (5.60) and the area is given by (5.61). 

 

ὰὩὲὫὸὬ ϵ“Ὀ  ὦ  (5.60) 

ὃὶὩὥ ὒὦ  (5.61) 



89 

 

The inductance for flux path #3, ὒ  is: 

ὒ
ςὔ

Ὑ Ὑ Ὑ ϵὙ ϵὙ
 (5.62) 

 

5.3.4 Flux path #4 

The fourth flux path is shown in Fig. 5.10. 
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Fig. 5.10 Flux path #4 

 

The flux flows from one stator pole to the adjacent stator pole through the air gap and returns via 

the stator back iron. The rotor is not involved in this flux tube. The three reluctances, 

Ὑ ȟὙ ȟÁÎÄ Ὑ , for this flux tube are calculated as follows. 

 

5.3.4i Air gap reluctance, Ὑ  

The length of the air gap flux path is the arc BC:  

 

ὰὩὲὫὸὬ ὄὅ ὕὄ—  (5.63) 

 

OB and — are calculated using (5.64) and (5.65), respectively. 
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ὕὄ ὃὄ ὃὕ (5.64) 

— — ς— (5.65) 

 

where, 

— is the stator pole pitch (ς“ὔ) 

ὃὄ ϵὨÓÉÎϵ‍ (5.66) 

ὃὕ ϵὨÃÏÓϵ‍ ϴὬ (5.67) 

—  ÔÁÎὃὄὃὕ (5.68) 

 

The cross-sectional area is given by: 

 

ὃὶὩὥϴὬ ὒ (5.69) 

 

  

5.3.4ii Stator pole reluctance, Ὑ  

The flux travels ¾Ὤ of the stator pole. Hence, the length of the flux path is defined by (5.70), 

while the area is given by (5.71). 

 

ὰὩὲὫὸὬ ϶Ὤ (5.70) 

ὃὶὩὥϴὬὒ (5.71) 

 

5.3.4iii Stator back iron reluctance, Ὑ  

The flux path length in the stator back iron is arc EF defined by: 

 

ὰὩὲὫὸὬ ὉὊ ὕὉ—  (5.72) 

 

OE and — are calculated using (5.73) and (5.74), respectively. 

 

ὕὉ ὈὉ Ὀὕ (5.73) 
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— — ς— (5.74) 

where, 

ὈὉ ϵὨÓÉÎϵ‍ (5.75) 

Ὀὕ ϵὨÃÏÓϵ‍ Ὤ ϴὦ  (5.76) 

—  ÔÁÎὈὉὈὕ (5.77) 

 

The cross-sectional area is given by: 

 

ὃὶὩὥ ὒὦ  (5.78) 

 

The flux is assumed to link only ¼ of the number of turns per phase (2N). Hence, the inductance 

for flux path #4, ὒ  is calculated using: 

 

ὒ
ϴ ςὔ

ϵὙ ϴὙ ϴὙ
 (5.79) 

 

5.3.5 Flux path #5 

The last flux path is illustrated in Fig. 5.11. The flux leaves the stator pole to enter the stator back 

iron, passing through the air gap. The flux path is assumed to represent the perimeter of a quarter 

circle with centre at point A and radius of a quarter the stator pole height ¼Ὤ. The reluctances are 

calculated as follows. 

 

Flux path 5

Stator pole
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Fig. 5.11 Flux path #5 
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5.3.5i Air gap reluctance, Ὑ  

The length of the air gap flux path is defined by (5.80), which represents the length of arc BC. The 

area is given by (5.81). 

 

ὰὩὲὫὸὬ ϵ“ ϴὬ (5.80) 

ὃὶὩὥ Ὤ ὒ (5.81) 

 

5.3.5ii Stator pole reluctance, Ὑ  

The length of the flux path in the stator pole is defined by (5.82), and the area is given by (5.83). 

 

ὰὩὲὫὸὬ ϴὬ ὦ  (5.82) 

ὃὶὩὥ Ὤὒ (5.83) 

 

5.3.5iii Stator back iron reluctance, Ὑ  

The length of the flux path in the stator back iron is defined by (5.84), where the area is given by 

(5.85). 

ὰὩὲὫὸὬ ϴὬ (5.84) 

ὃὶὩὥ ὒὦ  (5.85) 

 

The flux is assumed to link only ȧ the turns per phase (2N), hence the inductance for flux path #5, 

ὒ  is: 

 

ὒ
ςὔ

ϴὙ ϴὙ ϴὙ
 (5.86) 

 

Finally, the effective unaligned inductance is the sum of the unaligned inductances for the five 

flux tubes, calculated using: 
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ὒ ὒ  (5.87) 

 

5.4 Validation 

Static FEA is used to validate the proposed flux tube method for calculating the effective unaligned 

inductance of SRM with conducting screens. The proposed method is validated using four different 

SRMs, shown in Fig 5.12, with specifications given in appendices A and B.  

 

  

  (a) (b) 

  

(c) (d) 

Fig. 5.12 Four SRMs with rotor conducting screens: (a) 4ű, 8/6 SRM, (b) 3ű, 6/4 SRM-1, (c) 4ű, 8/6 SRM-2, and 

(d) 3ű, 6/4 SRM-3 
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Table 5.1 compares the value of unaligned inductances obtained using mathematical calculations 

(as proposed in the previous section) with the values obtained using FEA. A step voltage is applied 

on the phase winding in the static FEA, hence Ὠ•Ὠὸϳ  is established and the effect of the screen is 

observed. Otherwise, (if a constant DC voltage is applied to the phase winding) there will be no 

rate of change of flux and the screen will not be exploited. The good engineering correlation 

between the analytical and the static FEA values validates the proposed flux tube method. 

 

Table 5.1 UNALIGNED INDUCTANCE VALUES FOR SCREENED SRMS 

 SRM SRM-1 SRM-2 SRM-3 

Proposed method 4.66 5.95 4.62 14.9 

FEA 

% error 

4.87 

- 4.3% 

5.55 

+ 7.2% 

4.74 

- 2.5% 

13.46 

+ 10.7% 

 

5.5 Summary 

This chapter investigated the effect of utilizing rotor conducting screens to decrease SRM effective 

unaligned inductance. A detailed analytical method, based on flux tube method, is proposed to 

calculate the effective unaligned inductance for a screened SRM. The proposed method was 

assessed on four different SRMs (two 3ű SRMS and two 4ű SRMs), where acceptable agreement 

between the proposed method and FEA was recorded.  
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Chapter 6  

SRM Power Density Improvement using                                            

Rotor Conducting Screens and DC Link Voltage Boosting 

 

This chapter investigates SRM power density enhancement when using rotor conducting screens 

and dc-link voltage-boosting. The utilization, dynamic operation, and optimal selection of rotor 

conducting screens are explored. The effect of thickness, material resistivity and shape of the 

conducting screens on the SRM performance is studied. A multi-objective optimization problem 

based on the concept of non-dominated sorting is formulated to elicit the optimal screen with 

respect to the developed torque, efficiency and weight of added material. FEA results for different 

screens are presented. 

6.1 Introduction  

In the previous chapter, the concept of rotor conducting screens was expounded. It was shown that 

when filling the rotor interpolar air gaps with electrical conducting, non-magnetic materials 

(referred as conducting screens) such as aluminium or copper, a voltage is induced in the screens 

due to flux variation. The induced voltage produces eddy currents, which in turn produce flux that 

opposes the original stator pole flux. The opposing flux results in a decrease in the effective 

unaligned inductance. The decrease in the effective unaligned inductance allows a rapid current 

building up. Hence, an increase in the conversion area and thereby the developed torque is 

expected. 

Fig. 6.1 shows the variation of inductance for half a cycle (from the unaligned to aligned position) 

for screened and unscreened SRMs, with the SRM specifications in Appendix A. The unscreened 

SRM has an unaligned inductance of 10.78mH, while this is reduced to 4.87mH in the presence of 

conducting screens. This 55% decrease in the effective unaligned inductance increases the 

conversion area (OAB to OA*B) by 18% as shown in Fig. 6.2 thus improving the SRM developed 



97 

 

torque. The aligned inductance decreases by 2%, which is insignificant compared to the reduction 

in the unaligned value. 

 

 
 

Fig. 6.1 Variation of inductance for screened and unscreened SRMs 

 

 
 

Fig. 6.2 Flux linkage ï current, ɚ ï i, characteristics 
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6.2 SRM Dynamic performance with rotor conducting screens 

In this section, the effect of rotor conducting screens on SRM dynamic performance is explored, 

over the entire speed range. Varying screen thickness, material conductivity, and screen shape is 

shown to alter the SRM developed torque. A common phase converter topology (as per Fig. 3.13) 

is used for all simulations. 

 

  
(a) (b) 

 
(c) 
 

Fig. 6.3 SRM performance (FEA) with and without conducting screens at 1500rpm: 

 (a) Phase currents, (b) Developed torque, and (c) Screen loss 
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6.2.1 Performance at base speed 

Fig. 6.3 compares the performance of an unscreened SRM and a 5mm Cu screen SRM. Both SRMs 

operate at base speed (1500rpm) with —  σς and —  τχ. At base speed, the SRM back 

emf equals the dc link voltage, hence the SRM operates in single-pulse mode. The unmodified 

SRM delivers rated load, 24Nm, 4kW.  

Fig. 6.3a shows that the reduction in the effective unaligned inductance allows the current in the 

phase winding to build up quicker for the screened SRM than for the unscreened machine. The 

rms phase current increases from 11.7A in the unscreened SRM to reach 14A in the screened SRM. 

This implies an increase in the stator winding ohmic loss.  

Fig. 6.3b illustrates that the increase in phase winding current reflects on the developed torque, 

where a 29% increase in the developed torque is recorded. Since the theory of operation of rotor 

conducting screens is based on eddy currents, a new loss component (eddy current loss in the 

screens) occurs, as demonstrated in Fig. 6.3c, specifically 1.3kW in a 4kW machine. 

 

6.2.2 Performance above base speed 

The performance of 5mm Cu screen SRM against unscreened SRM at 3000rpm is investigated in 

this subsection with —  ςφ and —  ττ. Fig. 6.4a shows an increase in the phase current 

due to the reduced effective unaligned inductance. The screened SRM recorded 12.95A rms 

current, while the unscreened SRM operates at 9.46A rms current. An increased conversion area 

is observed in the enhancement of the developed torque. The unscreened machine recorded only 

12Nm, while the 5mm Cu screen SRM achieved 16.74Nm, as shown in Fig. 6.4b.  

 

6.2.3 Performance below base speed 

To cover the entire speed range, the effect of conducting screens on SRM performance well below 

base speed is investigated with —  σς and —  τχ.  
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(a) 

 
(b) 

 

Fig. 6.4 SRM performance with and without conducting screens at 3000rpm:  

(a) Phase currents, and (b) Developed torque 

 

Fig. 6.5a shows that 5mm Cu screens assist the phase winding current to reach the chopping period 

faster. However, there is no benefit to build up the current faster since both SRMs are adjusted to 

deliver the full load torque of 24Nm as shown in Fig. 6.5b. 
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From this simple study, it is concluded that conducting screens are beneficial at and above the base 

speed. But below base speed rotor conducting screens increase the loss without any performance 

gain. 

 
(a) 

 
(b) 

 

Fig. 6.5 SRM performance with and without conducting screens at 500rpm:  

(a) Phase currents, and (b) Developed torque 
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6.2.4 Effect of screen material 

Fig. 6.6 compares SRM performance at 1500rpm (base speed) with different thickness copper 

screens. The turn on/off angles are the same for the screened and unscreened SRMs, where —

 σς and —  τχ.  

 
(a) 

 
(b) 

 

Fig. 6.6 Performance of SRM using different screen materials: 

 (a) Current waveforms, and (b) torque waveforms. 
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The first screen is 3mm copper, while the second screen is 15mm aluminium. From Fig. 6.6a, the 

decrease in the effective unaligned inductance accelerates the process of current building-up.  

 

 
(a) 

 
(b) 
 

Fig. 6.7 Performance of SRM using different screen thickness:  

(a) Current waveforms and (b) torque waveforms. 
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As a result, the developed torque increases from 24.1 Nm (unscreened) to reach 29.25 Nm 

(screened) as illustrated in Fig. 6.6b. 

The electrical conductivity of copper is υȢωψρπὛȾά with density ψωφπ ὯὫȾά . The electrical 

conductivity of aluminum is σȢυ ρπὛȾά with density ςφππ ὯὫȾά . The SRM with 3mm copper 

screens is able to deliver the same output torque as the 15mm aluminium screen machine. This 

highlights that electrical conductivity plays an important role in the behaviour of the induced eddy 

current. 

 

6.2.5 Effect of screen thickness 

Fig. 6.7 compares SRM performance when different thickness copper screens are deployed. The 

turn on/off angles are the same for the screened and unscreened SRM where, —  σς and 

—  τχ. The speed is the base speed 1500rpm. Increasing the screen thickness to fill the entire 

interpole gap yields the best torque enhancement. However, extra copper (implying more weight 

and cost) is needed.  

From this basic study, it is evident that the electrical conductivity of the screen material, along 

with its thickness, have a significant effect on SRM performance. Using a film screen with low 

conductivity results in higher resistance to the induced voltage, hence the eddy current is smaller. 

Increased resistivity does result in a reduced eddy current decay time constant.  

 

6.2.6 Effect of screen shape 

The theory of rotor conducting screens relies on the eddy current effect, where eddy current loss 

in the screens is inevitable. Since machine efficiency is of prime importance in applications as 

EVs, different screen shapes are compared in terms of developed torque, Cu winding loss and 

screen loss. Results for different Cu screen shapes (of around 3mm-6mm thick) are summarized 

in Table 6.1, where the rotor rotates at 1500rpm anti-clockwise, with the same turn-on/turn-off 

angles. The screen shape plays an important role in determining the developed torque and screen 

loss, as shown in Table 6.1. Trimming the conducting screens (as with shapes 7 in Table 6.1) 

reduces the screen loss. However, a reduction in the developed torque results. 
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Table 6.1 RELATIVE FEA PERFORMANCE OF DIFFERENT CU SCREEN SHAPES AT 1500RPM 

 Screen Average o/p torque [Nm] Winding loss [kW] Screen loss [kW] 

 SRM 24.1 0.44 - 

1 

  

30.76 0.625 1.27 

2 

 

30 0.6 1.04 

3 

 

30.57 0.625 1.29 

4 

 

30.26 0.625 1.31 

5 

 

30.46 0.63 1.3 

6 

 

29.9 0.615 1.34 

7 

 

27.34 0.53 0.52 

 

6.3 Optimal screen selection 

From the previous analysis, material, thickness and shape of screen have crucially influenced SRM 

performance. In this section a multi-objective optimization problem based on the concept of non-

dominated sorting is formulated to elicit the optimal screen with respect to the developed torque, 

efficiency and cost of added material. FEA results for different screens are presented. 

 

6.3.1 Multi-objective optimization (MOO) 

Generally, optimization means finding a solution that maximizes/minimizes an objective function. 

When there is more than one objective function the problem is named multi-objective 

optimization. Usually, in MOO problems, the objective functions are in conflict. Trying to 

optimize one function may result in a degradation in the other objective functions. Hence, a 
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compromise between these objectives is desirable. Without loss of generality, the optimization 

problem is of the form [6-1]: 

 

ὓὭὲὭάὭᾀὩ Ὢὼ ὪὼȟὪὼȟȣȟὪ ὼ  (6.1) 

ίόὦὮὩὧὸ ὸέȡ 
 Ὣ ὼ πȟ         ὭὭρȟςȟȣȟώ
Ὤ ὼ πȟ          ὮὮρȟςȟȣȟᾀ

 (6.2) 

 

where k is the number of objective functions, y is the number of inequality constraints, and z is the 

number of equality constraints. 

In MOO problems there is no single optimal solution, but a set of solutions satisfying a 

predetermined definition of optimality. Hence, a trade-off between the objectives is achieved 

according to the perspective of the decision maker. A Pareto optimal (non-dominated) solution is 

a point that improves at least one objective without retrograding the remaining objectives [6-2], as 

demonstrated in Fig. 6.8. 

 

Minimize: f (x)

Minimize: f (x)

1

2

A

B

C

 
Fig. 6.8 Illustration of dominance 

 

In Fig. 6.8 point A dominates point B as the former has minimum values for both objective 

functions Ὢ ὥὲὨ Ὢ. Also, point A dominates point C as they both have the same value of Ὢ. 

However, point A has lower value of Ὢ than point C. 
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Minimize: f (x)

Minimize: f (x)

1

2

Pareto frontier

Feasible 

region

 
Fig. 6.9 Illustration of Pareto optimal frontier 

 

Finally, when comparing point B with point C, either dominates the other as each point is better 

than the other in one objective and worse in another. The point which is not dominated by any 

other point (point A in this case) is termed a non-dominated (Pareto optimal) point. 

The set of Pareto optimal solutions is called a Pareto frontier as shown in Fig 6.9. Usually, it is 

preferable to know all the solutions in the Pareto frontier to allow the designer to select the most 

adequate solution among different alternatives. The problem of generating the Pareto frontier is 

based on non-dominated sorting, where all the solutions are compared to select the non-dominated 

ones. Hence, non-dominated sorting is applied to assess the obtained solutions [6-3], [6-4]. 

The sequence of applying non-dominated sorting on a set of solutions, U, containing Q solutions 

(ίȟίȟȣȟί) to generate the Pareto frontier, F, can be described as follows: 

 

1. Transfer ί from U to F to initialize the process. 

2. Compare ί with ί. Three cases can be realized namely; if ί dominates ί, then ί stays 

in F and ί is deleted. If ί dominates ί then ί is transferred to F and ί is deleted. 

Otherwise, both ί and ί are non-dominated (they both belong to the Pareto frontier) and 

they are placed in F. 
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3. Compare ί with all the solutions in F. If ί is dominated by any solution in F, delete ί. 

Any solution in F dominated by ί is deleted. Otherwise, ί is also non-dominated and is 

transferred to F. 

4. Repeat step 3 until all the Q solutions in U are checked. After completing all comparisons, 

the solutions in F form the required Pareto frontier.  

 

These steps are summarized in a flow chart as shown in Fig. 6.10. 

To illustrate the process of non-dominated sorting, a simple example is considered [6-5]. Five 

solutions for a three objective minimization problem are given in Table 6.2.  

Table 6.2 FIVE SOLUTIONS FOR THE THREE-OBJECTIVE MINIMIZATION PROBLEM (EXAMPLE) 

Solution Ὢ Ὢ Ὢ 

1 0.2 0.7 0.5 

2 5 1.1 0.6 

3 1 0.7 0.5 

4 0.1 2 1.2 

5 0.1 1.5 0.8 

 

The procedure for creating the Pareto frontier is summarized in Table 6.3, where solutions 1 and 

5 are the non-dominated solutions forming the Pareto frontier F. 

 

Table 6.3 PROCEDURE FOR CALCULATING THE PARETO FRONTIER (EXAMPLE) 

Step Solutions in F Solutions in P Comparisons 

0 - 1,2,3,4,5 - 

1 1 2,3,4,5 - 

2 1 3,4,5 2&1 

3 1 4,5 3&1 

4 1,4 5 4&1 

5 1,5 - 5&1, 5&4 
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Fig. 6.10 Illustration of non-dominated sorting process 
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6.3.2 FEA results 

Since the theory of rotor conducting screens relies on the eddy current effect, screen eddy current 

loss is inevitable. As machine efficiency is of prime importance, different screen shapes are 

compared in terms of developed torque, weight of added material, and efficiency to elicit the best 

screen candidates (generating the Pareto frontier).  

More than 100 screens shapes are compared, with rotor 1500rpm anti-clockwise rotation, using 

the same turn-on/turn-off angles for all cases as in Appendix C. Shapes of screens representing the 

Pareto frontier are shown in Fig. 6.11 with results summarized in Table 6.4, which only considers 

screens with at least 10% increase in developed torque. 

 

1mm

 
(a) (b) 

2mm

 

3mm

 
(c) (d) 

Fig. 6.11 Optimal screen designs: (a) design a, (b) design b, (c) design (c), and (d) design d 

 

The results presented in Table 6.4 represent the optimal screen designs. Each screen is a trade-off 

between the three objective functions viz., developed torque, weight of added material and 

efficiency.  A 3.5 cost ratio between copper and aluminium suggests that aluminium screens are 

lighter and cheaper than copper screens. However, torque improvement using aluminium screens 

is inferior to that of copper screens. Shifting the screen below the rotor pole tip (as in designs óbô, 

ócô and ódô) increases the area of the flux path, hence slightly increasing the unaligned inductance 

compared to design óaô. This slight increase in the inductance reduces the phase current, hence the 
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eddy current loss, improving the efficiency. However, this improvement in efficiency (as 

compared to design óaô) is at the cost of a reduction in the developed torque (that is, design óaô 

produces the highest torque with the lowest efficiency). Designs óbô, ócô and ódô improve the 

efficiency of design óaô with a slight reduction in torque.  

Depending on the constraints dictated by the application, the decision maker can choose the 

adequate screen shape satisfying the application needs. In EV applications, the developed torque 

and output efficiency are most important. Based on Pareto optimal frontier analysis of the screens 

in Table 6.4, a 5mm Cu screen of design óbô is selected and used for the rest of this chapter.  

 

Table 6.4 SCREENS PARETO OPTIMAL FRONTIER 

Screen Material Thickness [mm] Weight of screen [
ὯὫ
ά] Increase in o/p torque [%] Efficiency [%] 

SRM - - - - 89.56 

Sc-a 

Al  

3 1.36 11.75 69.0 

4 1.78 15.90 70.0 

5 2.18 18.47 70.9 

6 2.57 20.00 71.5 

7 2.94 20.80 71.9 

Cu 

4 6.13 26.00 71.0 

5 7.53 28.20 71.9 

6 8.86 29.30 72.4 

Sc-b 

Al  

4 1.70 12.60 73.8 

5 2.10 14.57 74.5 

6 2.47 15.57 75.0 

Cu 
4 5.90 20.60 74.6 

5 7.24 21.50 76.5 

Sc-c 

Al  
5 2.00 11.30 77.4 

6 2.37 12.10 77.8 

Cu 
4 5.68 15.94 77.5 

5 6.96 17.35 78.2 

Sc-d Cu 
4 5.46 12.70 80.0 

5 6.68 13.50 80.4 

Screen interpretation example: Sc-b, with reference to Fig. 6.11b, leading edge screen is 1mm below air gap and trailing edge 

screen is 1mm below air gap. 
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6.4 Power density improvement with rotor conducting screens and dc link voltage-boosting 

Fig. 6.12 shows the torque-speed curve for the FEA SRM (with efficiency and pu output power). 

Rotor conducting screens and dc rail voltage boost (50%, 47.5ɛF as advised in Chapter 4) increase 

the speed at which full-load torque can be delivered (from 1500rpm to 1650rpm and 1810rpm, 

respectively), hence improving the power to weight ratio (by 10% and 21%, respectively) which 

is comparable to that of a PMSM. Deploying rotor conducting screens along with voltage-boosting 

increases the base-speed to 1875rpm (25% increase), hence improving the power to weight ratio 

by 25% to be competitive with an equivalent-volume PMSM. At 3000rpm, the SRM with screens 

and boost-capacitors increase the developed torque by 55%, but at the expense of efficiency. 

 

 
Fig. 6.12 Torque/speed curve with relevant efficiencies and pu output power 

 

The penalty of deploying rotor conducting screens is lower efficiency as a consequence of 

introducing a screen eddy current loss component. 

The penalty of utilizing boost-capacitors (without screens) is high semiconductor voltage stresses 

as a consequence of using capacitors for high speed performance enhancement, but with improved 

machine efficiency.  
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6.5 Summary 

This chapter studied the effect of utilizing rotor conducting screens along with dc link voltage 

boosting-capacitors to enhance SRM performance. The effect of using conducting screens of 

different materials, thicknesses and shape on SRM performance was presented. Using a film screen 

with low conductivity results in higher resistance to the induced voltage, hence the eddy current is 

smaller. Increased resistivity results in a reduced eddy current decay time constant.  

A multi-objective optimization problem based on non-dominated sorting was formulated to elicit 

the optimal screen shape. Four designs are advised with respect to the developed torque, efficiency 

and weight of added material. A 3.5 cost ratio between copper and aluminium suggests that 

aluminium screens are lighter and cheaper than copper screens. However, torque improvement 

using aluminium screens is inferior to that of copper screens. Shifting the screen below the rotor 

pole tip (below the air gap) offers a trade-off between developed torque and efficiency.  

DC link voltage boosting improves the power to weight performance but with increased 

semiconductor voltage stresses as a consequence of boost capacitor voltages in excess of the dc 

voltage source, which improves high speed performance. An SRM with rotor conducting screens 

and dc link voltage-boosting improves SRM power to weight ratio to be competitive with an 

equivalent PMSM, but with the penalty of inevitable screen eddy current loss. 

Because drive efficiency is of paramount importance in EV applications, this chapter clearly 

establishes that the use of rotor conducting screens, which although increases the base speed, is 

untenable due to the inevitable associated Joules losses. DC link voltage boost is a potential method 

for SRM performance enhancement in EV applications. 
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Chapter 7  

Overview of Torque Ripple Minimization in SRM Drives 

 

This chapter presents a survey of the different approaches and methods for reducing SRM torque 

ripple. Two main approaches are highlighted namely; the machine design approach and the control 

approach. Torque sharing functions, current profiling using artificial neural network, and direct 

instantaneous torque control are reviewed. Simulations using a four phase 8/6 SRM in 

MATLAB/Simulink demonstrate the performance of existing approaches. 

7.1 Introduction  

The SRM has many merits, such as robustness, simple construction and low cost. However, its 

deployment in servo applications is restrained due to the acoustic noise caused by radial vibration 

[7-1], [7-2]. Also, the discrete nature of torque production along with SRM high nonlinearity can 

result in severe torque ripple (TR) during commutation (the transfer of torque production from an 

outgoing phase to an incoming phase). The high torque ripple may cause mechanical vibration 

stresses (possibly resulting in mechanical resonance effects) and speed oscillations especially at 

low speeds, which are undesirable in EV applications [7-3]. 

The object of this thesis is employing the SRM in EV applications, thus the torque (whence torque 

ripple) requirement specific to that application needs eliciting, particularly due to the torque ripple 

criticism attributed to the SRM. To sustain a given speed, the developed motor torque must balance 

opposing vehicle forces, like rolling resistance, drag, drive incline force, etc.  

Torque produced by the motor in excess of these resisting forces produces acceleration. In simple 

terms, as the speed increases, the drag force dominates since that force is proportional to speed 

squared (power is proportional to speed cubed). Thus, during acceleration ripple is important over 

the full torque range. 

As the vehicle decelerates (without applying the brakes) the SRM torque developed is less than 

the forces on the vehicle, whence the speed decreases so as to balance the machine force to that 
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imposed physically on the vehicle. Deceleration is applicable over the full speed range, within 

which operating area, torque ripple is important. 

 

 
(a) 

 
(b) 

 

Fig. 7.1 SRM performance in current chopping mode: (a) Current waveforms, and (b) Torque waveforms 
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Therefore, in EV applications, torque ripple must be minimised over the full speed and torque 

ranges, if this perceive SRM torque ripple limitation in EV is to be addressed.  

As a general example of torque ripple, Fig. 7.1 shows SRM performance in the current chopping 

mode at 750rpm driving full load torque (FLT). The turn on and turn off angles are 35º ÁÎÄ 50º 

respectively (positive torque region is 30º to 60º). Fig. 7.1a shows the currents of two overlapping 

phases, while, Fig. 7.1b shows the corresponding phase torques along with the overall total 

developed torque. Severe torque dip is observed during commutation. 

7.2 Torque ripple minimization approaches 

Many solutions have been proposed to alleviate these undesirable SRM features (noise/vibration 

and TR) [7-4]. This chapter focuses specifically on the minimization of TR. Generally, two main 

approaches are considered to reduce TR namely; the motor design approach and the control 

approach [7-5] as illustrated in Fig. 7.2. A brief discussion on prior art of these two approaches is 

presented in the following sections.  

 

 
 

Fig. 7.2 Torque ripple (TR) minimization approaches 
 

7.3 Machine design approach to torque ripple reduction 

Increasing the number of SRM stator and rotor poles results in overlap of more than two phases 

during commutation which can minimize torque ripple. However, the increased switching 
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frequency results in more converter losses and machine losses (corresponding to envisaged EV 

machine speeds of up to 20,000 rpm). In addition, extra converter switches are required (if number 

of phases increases), increasing the converter cost [7-6].  

A new SRM approach explores an SRM with higher number of rotor poles than stator poles, as 

presented in [7-7]. The new motor concept (Ns<Nr) has lower mass and copper loss than the 

conventional SRM (Ns>Nr). Due to the extra space available in the stator slot area, windings with 

a higher number of turns and thicker cross-sectional area can be deployed [7-8]. Also, the increased 

rotor pole number minimizes TR, which is vital for EV application [7-9]. However, since the 

interpolar rotor airgaps are narrower in the new motor design, the unaligned inductance is 

significantly higher than that of the conventional SRM. The increase of unaligned inductance 

reduces the energy conversion area, thus decreases the developed torque [7-10]. Also, the current 

rise time at phase turn-on is prolonged as a consequence of higher unaligned inductance, which 

implies using higher dc-link voltages to increase the current rate of rise [7-11].  

 

Rotor
Pole

Notch

 

Rotor
Pole

Pole
Shoe

 

 

         (a) 

 

 

         (b) 

 

Stator
Pole

Slant

 

Rotor
Pole

Non-uniform
airgap

 

 

                                     (c)                                                       

 

 

                                   (d) 

Fig. 7.3 SRM pole design:  

(a) Rotor pole notch, (b) Rotor pole shoe, (c) Stator pole slant, and (d) Non-uniform air gap 
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Introducing a notch in the rotor pole as shown in Fig. 7.3a was presented in [7-12] for TR 

reduction. This approach was extended in [7-13] for a mutually coupled SRM. The rotor pole shoe 

shown in Fig. 7.3b is discussed in [7-14]. On the other hand, a stator pole slant, as illustrated in 

Fig. 7.3c, is demonstrated in [7-15], and the non-uniform air gap in Fig. 7.3d. for a two phase 

SRM, is presented in [7-16].  All these variations attempt to minimize TR. However, machine 

torque density is reduced. Increasing the average torque and reducing torque ripple was proposed 

in [7-17] by optimizing the stator and rotor poles for a four-phase 8/6 SRM. However, the approach 

of modifying the machine design is limited to a narrow speed range and for rated load conditions. 

Changes to the basic rotor/stator design result in reduced power output, which is an unacceptable 

SRM limitation when being compared to the PMSM in EVs. 

7.4 Control approaches to torque ripple reduction 

As opposed to the machine design approach, the control approach is less expensive, more effective 

and flexible, and can cover a wide range of speeds [7-18]. 

Ripple-free torque could be obtained by current profiling [7-19], where optimal current contours, 

producing constant output torque, are generated using static SRM data. These current profiles are 

stored using look up tables (LUTs) and current controllers are used to track these profiles [7-20]. 

However, the main drawback of this approach is that it requires memory to store the current 

profiles for different speeds, torque demands and dc link voltages. Moreover, a high bandwidth 

current controller is required to accurately track the stored current profiles [7-21]-[7-23]. Using 

conventional PWM may result in current tracking errors especially at high speeds [7-24]-[7-27]. 

The majority of the current controllers are implemented based on analytical modelling of the SRM 

[7-28]. Hence, inaccuracy is inevitable. In [7-29], [7-30] current profiling along with a new SRM 

design with a flat torque profile are combined to reduce the torque ripple. Yet, the new machine 

design has a narrow speed range compared with conventional SRM designs. 

Generally, optimal current profiles are generated as discrete points and the intermediate points are 

found using linear interpolation. Increasing the number of points will improve the accuracy at the 

expense of time and storage memory in the form of LUTs. In [7-31], harmonic coefficients are 

used to produce the required current profiles, where interpolation is not required. However, this 

method is based on the accuracy of the analytical model. Fuzzy logic and neural networks 
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presented in [7-32], [7-33] can generate the required magnetization data without the need of huge 

memory. But, computational complexity increases significantly. In [7-34], [7-35] a control scheme 

is developed based on iterative learning control (ILC). The advantage of this method is that it does 

not depend on model accuracy and does not need large memory to store the magnetization data. 

Yet, it has slow dynamics with poor response during transients which is not tolerable in EV 

applications. 

Average torque control (ATC) was presented in [7-36], [7-37], where torque is calculated using 

co-energy derived based on terminal quantities (voltage and current) [7-38]. The method is 

extended in [7-39] for four quadrant operation at low speeds. However, this method relies on high 

precision measurement of voltage and current. In addition, the effect of varying the stator 

resistance (due to temperature change) is not considered which affects co-energy estimation. 

The principle of direct torque control (DTC), which is similar to that used for induction motors, 

was proposed in [7-40], and optimized in [7-41]. The concept is based on controlling the flux 

which in turn controls the developed torque. Hysteresis controllers are used, hence variable 

switching frequency is unavoidable which sophisticates the digital implementation of the 

controller. To overcome this limitation, a deadbeat torque controller was proposed in [7-42] which 

has a fixed switching frequency. However, the control algorithm is complicated. Improving the 

torque per ampere ratio, and hence improving the efficiency, was considered in [7-43], [7-44]. A 

model predictive controller (MPC) was presented in [7-45] to choose the suitable voltage vector. 

Though, the method relies on the SRM mathematical model which does not reflect machine non-

linearity. 

7.5 Torque sharing function (TSF) 

TSF is a good method to minimize SRM drive TR caused by the discrete non-linear nature of 

torque production [7-46]-[7-48]. TR reduction, specifically in the commutation time when the 

developed torque is being transferred from one active phase to another, is the most critical issue. 

The total developed SRM torque at any instant is the sum of individual phase torques, thus the 

TSF generates reference torque for each individual phase using the total reference torque. The 

reference phase torque is transformed into a reference current using a LUT depending on rotor 

position. The reference phase current is compared with actual phase current generating an error 
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signal, this error is minimised using a high bandwidth current controller. The effect of phase turn-

on and turn-off is discussed in [7-49]. Optimizing a TSF with regards to phase rms current and 

efficiency is studied in [7-50]. A non-linear TSF was reported in [7-51] to account for the SRM 

magnetic characteristics. 

Although the generation of the reference current signal from the individual phase reference torque 

is possible, but the Ὕ Ὥ — LUT inversion is not an easy task [7-52]. Another approach is helpful 

in this case which is based on obtaining the actual phase torques from the actual phase currents 

directly using the LUT. The generated reference phase torques and the actual phase torques are 

then compared and the command torque is regulated by the controller [7-53]. Usually a hysteresis 

band torque controller (HBTC) is used to handle the error signal. Operation of a TSF method for 

a four-phase 8/6 SRM is illustrated in Fig. 7.4. 

 

 
Fig. 7.4 Illustration of a TSF control system 

 

Torque production is divided into two regions; single and double excitation regions (one and two 

phases conducting). In the single excitation region only one phase produces the total required 

torque, while in the double excitation region the overall torque developed is shared between two 

phases, the incoming and outgoing phase, keeping an overall torque value equal to the reference 

torque value. The method by which the two phases share the torque defines the type of TSF. Mainly 
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two types of TSF are used; linear and non-linear TSF. The non-linear TSFs include; cos, cubic and 

exponential functions, which are illustrated in Fig. 7.5. The non-linear TSF reflects, to some extent, 

the non-linearity of SRM, thus is more efficient approach.  

—έὪὪ+ —έὺ —έὲ+ —έὺ —έὪὪ —έὲ 

(a) 

—έὪὪ+ —έὺ —έὲ+ —έὺ —έὪὪ —έὲ 

(b) 

—έὪὪ+ —έὺ —έὲ+ —έὺ —έὪὪ —έὲ 

 (c) 

—έὪὪ+ —έὺ —έὲ+ —έὺ —έὪὪ —έὲ 

 (d) 

  

Fig. 7.5 Types of TSF: (a) Linear, (b) Cos, (c) Cubic, and (d) Exponential 

 

Equation (7.1) defines individual torque profile for an arbitrary phase k. 

Ὕᶻ—

ừ
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Ὕ ὼὪ  —ȟ — — —  —

Ὕ ȟ —  — — —

Ὕ ὼὪ  —ȟ — — —  —

πȟ —  — — —

 

 

(7.1) 
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where —  is the turn-on angle, —  is the turn-off angle, —  is the overlap angle, and — is the 

rotor pole pitch. Ὕ  is the demand torque. 

The arbitrary phase k is energized depending on rotor position between the turn-on and turn-off 

angles, for the motoring mode the turn-on and turn-of angles must satisfy (7.2). 

 

—  —
— —   — (7.2) 

 

where — and — are the unaligned and aligned rotor position, respectively. 

The overlap angle —  represents the interval where the torque is shared between two phases; the 

incoming and outgoing phases. The maximum overlap angle is calculated using (7.3). 

 

—  ϵ—  —  (7.3) 

 

where —  is the stroke angle  (ρυ for 8/6 SRM).  

For σπ conduction period (7.1) becomes on the form: 

 

Ὕᶻ—

πȟ π — σπ

Ὕ ὼὪ  —ȟ σπ — τυ

Ὕ ὼὪ  —ȟ τυ — φπ

 

 

(7.4) 

During the interval of commutation the function Ὢ  increases from 0 to 1, while the function 

Ὢ  decreases from 1 to 0.  The function Ὢ  and subsequently Ὢ  depend on the type of TSF. 

The linear, cos, cubic and exponential TSFs are expressed in (7.5) - (7.8) respectively. 
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7.6 Current profiling using artif icial neural network (ANN) 

ANN is a processing model that mimics the operation of biological neural networks [7-54]. The 

basic element in the ANN is the neuron which is illustrated in Fig. 7.6, where a is the input, s is 

the output, b, c, f, and r are the bias, weight, transfer function, and the net input, respectively. 

 

 

× 
c

b

r f sa

 
 

Fig. 7.6 The basic structure of ANN (neuron) 

 

The bias and the weight are scalar values that can be adjusted. The relation between the input and 

output of the neuron is given by (7.9). 

 

ί  Ὢὧὥὦ (7.9) 

 

The transfer function may be linear or non-linear depending on the specifications of the 

application. Fig. 7.7 describes some of the most common transfer functions used in ANNs namely; 

linear, hard limit, and log sigmoid [7-55]. 

Describing the model with only one neuron is not sufficient. Hence, several neurons are connected 

together in parallel to form a layer. Several layers can be used in series to form the ANN. 
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Fig. 7.7 Common transfer functions: (a) Linear, (b) Hard limit, and (c) Log sigmoid 

 

Fig. 7.8 shows a two layer ANN including the input, one hidden layer, and the output layer. The 

model has two inputs, the hidden layer is composed of three neurons, and the output layer has only 

one neuron (since the model has only one output). 
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Fig. 7.8 Two layer ANN 

 

ANN could be used to generate the required current profile for each phase [7-56], thus minimizing 

the generated TR. The inputs to the ANN are the rotor angle ɗ and the demand torque Ὕ . The 
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output of the ANN is the required current profiles. Fig. 7.9 shows the SRM torque ripple 

minimization control system using ANN. Current is handled using a hysteresis band current 

controller (HBCC). 

 

 
Fig. 7.9 Illustration of current profiling using ANN 

 

7.7 Direct instantaneous torque control (DITC) 

Due to SRM severe non-linearity, the actual phase torque cannot perfectly follow the reference 

torque near the unaligned and aligned positions, as in TSFs or current profiling, which results in 

severe torque dips. Based on this, another method was proposed in [7-57], where the total torque 

is regarded as the control variable as opposed to the TSF which regards the phase torque as the 

control variable. 

DITC can continuously control the instantaneous value of developed torque, so it significantly 

minimizes torque ripple. In [7-58], a four quadrant DITC was presented, but the method relies on 

using a hysteresis controller with variable switching frequency. To overcome this limitation, a 

predictive PWM was reported in [7-59] with an extension of the scheme for SRMs with more than 

four phases. 
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The method is based on measuring the actual phase currents and then converting these currents 

into phase torques with respect to rotor position using LUTs [7-60], [7-61]. The individual phase 

torques are added to represent the overall developed torque which is compared with the required 

reference torque value. HBTC is used to generate the converter switching signals. Fig. 7.10 

demonstrates the operation of DITC for four-phase SRM. 

 

 
Fig. 7.10 Illustration of DITC 

 

7.8 Simulation results 

This section presents the simulation results for different torque control techniques namely; TSF, 

current profiling using an ANN, and DITC. The SRM specifications used for simulation are given 

in Appendix A. A common-phase converter (as illustrated previously in Fig. 3.13) either with or 

without voltage-boosting is used. The SRM delivers full load torque (25Nm) and runs at 30% base 

speed (450rpm). Angles are adjusted for each approach to yield the lowest TR. A 0.4A hysteresis 

band is used for the current controllers (for TSF and ANN results), while a 1Nm band is used for 

the torque controller (for DITC). 
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7.8.1 TSF results 

In this sub-section the reduction of torque ripple using different TSFs is demonstrated. Fig. 7.11 

explores SRM performance under linear TSF, where the SRM is driven by a common-phase 

converter without voltage-boosting. 

 
 (a)  

 
 (b)  

 

Fig. 7.11 SRM performance with linear TSF without voltage-boosting: (a) Current waveforms, and (b) Torque 

waveforms 
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(a) 

 
(b) 

 

Fig. 7.12 SRM performance with linear TSF with voltage-boosting: (a) Current waveforms, and (b) Torque 

waveforms 

 

Fig. 7.11a shows the current waveforms of two overlapping phases, where the phase winding 

draws 11.43A rms current with a 22.1A peak. Fig. 7.11b shows the corresponding phase torques 

along with the total developed torque. The linear TSF does not reflect the SRM non-linearity. 
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Hence, the actual phase torque struggles to follow the reference during phase turn on/off due to 

lack of dc link voltage resulting in a 9.6% TR. 

The effect of utilizing voltage-boosting for linear TSF is illustrated in Fig. 7.12. The increase in 

dc link voltage during phase turn on/off aids the winding current to build-up/decay quickly. Hence, 

the TR is reduced to 7.6%, as in Fig. 7.12b. A linear TSF is not adequate for reducing TR at this 

torque and speed. However, dc link voltage-boosting has positive impact on reducing TR. Hence, 

the common phase converter with voltage-boosting is utilized for the remaining results in this 

chapter. 

The non-linear TSF, based on co-sinusoidal phase torque waveforms, is shown in Fig. 7.13. Since 

the phase torque demand at turn on/off is minimized (as a consequence of using a non-linear TSF), 

there is no sharp edges in the current waveforms as highlighted in Fig. 7.13a. The rms current 

is12.28A with a 24.4A peak. The TR is reduced to 4.6% as in Fig. 7.13b. The cubic and exponential 

based TSFs give similar, but not better TR results as the Cos TSF. 

 

 

 
(a) 
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(b) 

 

Fig. 7.13 SRM performance with cos TSF with voltage-boosting: (a) Current waveforms, and (b) Torque 

waveforms 
 

 

 
 

Fig. 7.14 Optimal phase current profile generated by ANN and LUT 
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7.8.2 Artificial neural networks results 

Fig. 7.14 compares the phase current profiles obtained using an ANN and LUT at FLT, where 

excellent agreement is achieved.  

 

 
(a) 

 
(b) 

 

Fig. 7.15 SRM performance using ANN with voltage-boosting: (a) Current waveforms, and (b) Torque 

waveforms 
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This shows that ANN could be used instead of LUTs to generate the required phase current 

waveforms. Fig. 7.15 shows the current and torque waveforms in the dynamic condition (at 

450rpm FLT) with 12.28A rms and 24.4 peak (identical values as for the Cos TSF case considered 

in 7.8.1). A 4.9% TR is recorded. 

 
(a) 

 
(b) 

 

Fig. 7.16 SRM performance using DITC with voltage-boosting: (a) Current waveforms, and (b) Torque 

waveforms 
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7.8.3 Direct instantaneous torque control results  

DITC results are presented in this subsection. Fig. 7.16a shows the current waveforms of two 

overlapping phases with 11.45A rms and 21.8A peak. Fig. 7.16b shows the relevant phase torques, 

along with the total developed torque. The phase torques non-linearly reduce the current required 

at phase turn on. The DITC method controls the total torque instead of controlling individual phase 

torques. Thus, if the incoming phase is not capable of providing the required total torque the 

shortfall is supplied by the outgoing phase, thereby maintaining the total torque constant. A 4.7% 

TR is recorded using this method. 

7.9 Summary  

The researched methods referenced have been introduced and simulated. Most methods give low 

ripple (excluding switching ripple). Voltage-boosting significantly reduces the TR during 

commutation between two phases, for all torque methods by offering higher voltage during turn 

on/off. This highlights that optimal utilization of the available dc link voltage will extend the region 

over which the SRM can operate with zero TR (theoretically). 

The TCF (torque control function) method proposed in the next chapter improves TR performance, 

by better exploiting the dc link voltage, with and without boosting. 
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Chapter 8  

New Off-line SRM Torque Control Function                                          

for Torque Ripple and rms Current Minimization 

 

This chapter presents a new torque control function for torque ripple reduction in SRM drives. The 

new approach is based on maximum utilization of available dc link voltage (either with or without 

voltage-boosting). The new method extends significantly the zero TR speed range. Moreover, the 

concept is generalized to cater for more than two phases conducting simultaneously. Simulations 

are carried on a four phase 8/6 SRM in MATLAB/Simulink and results are demonstrated. 

8.1 Introduction  

TSFs (as illustrated in chapter 7) proved to reliably reduce the TR generated during commutation 

(when torque production is transferred from an outgoing to an incoming phase). In [8-1] the 

objective was to optimize linear and sinusoidal TSFs in order to reduce TR along with rms current. 

However, saturation was neglected and analytical expressions were required to carry out the 

optimization process. In [8-2], the concept of maximum rate of change of flux linkage was 

introduced to assess conventional TSFs (linear, sinusoidal, cubic and exponential). It was shown 

that a low rate of change of flux linkage increases the ripple-free speed range. In addition, optimal 

values for turn-on and overlap angles were advised. A logical non-linear TSF was proposed in [8-

3], with no attention to maximum rate of change of flux linkage. In [8-4], an online TSF was 

proposed, where the selection between incoming and outgoing phase during commutation is 

determined based on the value of rate of change of flux linkage. Nevertheless, this method requires 

a PI controller to compensate the error between the reference and estimated torque. Also, 

conversion of the torque expression to current expression requires an analytical formula. An offline 

TSF was presented in [8-5] which offers a trade-off between low rms current and low rate of 

change of flux linkage. The model requires accurate analytical expressions to derive the current 

profiles. A DITC based TSF was proposed in [8-6], which requires fewer current sensors. 

However, the phase current detection accuracy is low. Also, circuit modification along with two 
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high frequency pwm signals are required for phase current extraction. A hybrid switching mode (a 

combination between hard and soft switching) was proposed in [8-7] instead of the hard switching 

mode usually adopted in conventional TSFs. The commutation region is divided into two regions 

controlled by a torque compensator. In the first region when the incoming phase cannot supply the 

required torque, the outgoing phase conducts such that the demand torque is met. The opposite is 

true in the second region. However, there was no illustration of the maximum ripple-free speed 

range of this method. In [8-8], an off-line TSF based on SRM magnetic characteristics was 

proposed, where a weighting parameter is adjusted to minimize the rms current, while ensuring 

that the rate of change of flux linkage is below the dc link voltage, for accurate current tracking. 

In the literature, all TSFs have some salient shortcomings which can be summarized as follows: 

¶ All TSFs are limited to one or two phases conducting simultaneously. There was no attempt 

to investigate TSF performance for more than two phases conducting simultaneously. 

¶ The dc link voltage was not fully exploited which limits the ripple-free speed range. 

¶ Either hard or hybrid switching is required for accurate current tracking, which increases 

switching losses. 

¶ The methods do not inherently account for the possibility of dc link voltage boosting 

To further illustrate these shortcomings, Fig. 8.1 shows the performance of an 8/6 SRM under cos 

TSF, using a 415 dc link voltage. The motor delivers FLT (25N.m) and rotates at 315rpm. Fig. 

8.1a shows the flux linkage waveform, where a heavily non-linear profile is required at phase turn 

on and off. Fig. 8.1b shows the rate of change of flux linkage which reflects the voltage demand 

required to generate zero TR. It is clear that at phase turn on and off, and for a short duration, high 

voltage is required for the current to build up and decay respectively. Fig. 8.1c shows the current 

profiles which produces zero TR as illustrated in Fig. 8.1d. 

Most TSF are inherently based around using that part of the torque-angle profile that produces the 

highest Nm/A, so as to minimise the rms current, whilst minimising the torque ripple. This high 

Nm/A region, at low speed, can be used as an assessment basis for comparing the performance of 

all TSF schemes, as considered in the next section, and forms the basis for the proposed TCF. 

 



142 

 

 

+ 415 ὠὈὅ 

415 ὠὈὅ 

 

(a) (b) 
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Fig. 8.1 Performance waveforms of SRM at FLT, 415V dc link, and 315 rpm using cos TSF: (a) Flux linkage, (b) 

Rate of change of flux linkage (voltage demand), (c) Currents, and (d) Torques.  

 

8.2 SRM Torque Production Angle Theory 

Initially and for the idea case, assume infinite ±V phase terminal voltages are available. 

With reference to the 8/6 SRM, specified in Appendix A, positive torque can be produced over a 

30  period for each phase, where a 0 to 30 period always over laps sequentially with two adjacent 

phases, as seen pictorially in Fig. 8.2. 

If conduction is decreased from 30 to a continuous 15, —  to — , anywhere within the 30 

positive torque period, then no phase overlapping torque production occurs and continuous torque 
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is produced over 360. In Fig. 8.2 phase #1 is followed by phase #2, then phase #3, followed by 

#4 etc., without any overlap and with contiguous torque. 

Phase #1 

Phase #2

Phase #3

Phase #4

—00  —150  0 “
6 

“
12 

 
Fig. 8.2 Phase conduction periods, 15  and 30 , for positive torque production 

 

If this slide-able 15 period (advance or retard but within 30 positive torque region) is associated 

with and bounds the region of highest positive Nm/A, typically between 38 and 53 in Fig 8.3, 

then a given torque is produced with the minimum possible rms current: specifically ripple-free 

FLT with 11.36A rms, 29.2A peak with the current profile in Fig 8.3c. Being the highest Nm/A 

region, Fig 8.3c, switching frequency ripple (due to current control of the voltage source 

converter), will have the highest torque ripple sensitivity, 1 to 1.2 Nm/A at FLT, from Fig 8.3c.  

This phase current profile is the ideal case, with ideal angles (but infinite voltages). Advancing or 

retarding the 15 period (away from the optimal angle period) within the 30  positive torque region 

can still result in continuous ripple free positive torque, although not with minimum rms current.   

To create square edged current with infinite ὨὭὨὸ as in Fig 8.3c, with the existence of machine 

inductance requires infinite voltages, as ὠ ὒὨὭὨὸ. But finite available dc link voltage ὠ  

means only trapezoidal type current edges are produced, be they linear, cos, etc. In the cos TSF 

example in section 8.2, finite voltage, ±415V dc, enabled 315rpm FLT without torque ripple with 

a phase current of 12.28A rms. As a figure of merit, this 12.28A can be bench marked against 
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11.36A rms required in the idea square edged case at FLT (11.36A rms is applicable at all speeds). 

The cos TSF requires an extra 8.1% current, because of realistic voltage constraints. This extra 

current manifest as 16.9% higher copper losses, whence reduced machine efficiency. This 

comparison method, 11.36A rms at FLT, 9.4A rms at 0.75FLT, etc. (Fig. 8.3a), will be used to 

assess the effectiveness of the proposed TCF at all torque levels and at the ripple free rpm limit in 

each case. 

 

 

150 
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σωȢτ 

5.18A rms,

10.95A peak
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29.2A peak
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(a) 
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Fig. 8.3 8/6 SRM torque/current characteristics: (a) Current demand at different torque levels, (b) Extracted ideal 

current for FLT, and (c) Nm/A for different current levels 

 

11.36A rms, 29.2A peak 
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8.3 Proposed off-line torque control function (TCF) 

In this section a new offline TCF based on SRM magnetic characteristics is presented. The new 

TR concept is introduced which divides the torque ripple into two parts, namely;  

¶ Phase commutation torque ripple and  

¶ Switching (PWM/hysteresis) torque ripple.  

The proposed TCF for commutation ripple reduction is based on generating a flux linkage profile 

that fully utilizes the available dc link voltage at both turn-on and turn-off. This flux profile is 

transformed to a current profile stored in a LUT. The merits of the proposed TCF are: 

¶ The method is suitable for SRM with any number of phases, and stator/rotor pole number. 

¶ The concept of TCF is generalized to include more than two phases conducting 

simultaneously. 

¶ Maximum utilization of available dc link voltage (either with or without boosting) is 

achieved at both turn-on and turn-off. 

¶ The SRM maximum speed range with theoretically zero TR (that is, commutation ripple is 

eliminated, leaving ripple due only to PWM switching) is determined. 

¶ Soft switching control is deployed (as opposed to hard or hybrid switching usually adopted 

for traditional TSFs), which reduces switching losses. 

¶ The proposed TCF requires switching for only ρυ of the conduction period (8/6 SRM), 

which reduces switching losses. 

Two phase conduction modes of SRM operation exist, created to cater for the converter 

configuration, with three control scenarios within each mode: (8/6 SRM used for illustration) 

¶ Mode #1 - Phase current conduction Ò 30º, dependant bridge phase operation as in Fig. 3.5 

and/or 3.13: Fig. 8.4 a, b and c. 

i. Conduction Ò 30º only positive torque, Fig. 8.4a. 

ii.  Conduction Ò 30º, turn-on advanced to give initial negative torque, Fig. 8.4b. 

iii.  Conduction Ò 30º turn-on retarded to give final negative torque, Fig. 8.4c. 

¶ Mode #2 - Phase current conduction > 30º, four independent phase bridges as in Fig. 3.2: 

Fig. 8.4 d, e and f. 

i. Conduction > 30º negative, then positive, then negative torque, Fig. 8.4d. 
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ii.  Conduction > 30º turn-on advanced, negative, then positive torque, Fig. 8.4e. 

iii.  Conduction > 30º turn-on retarded, positive, then negative torque, Fig. 8.4f. 
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Fig. 8.4 Two current conduction modes giving six conduction possibilities, with one/two phase conduction, Ò30  

and two/three phase conduction, >30 , showing periods clamped to +V and -V, and a 15  PWM control region. 

 

In the following sub-sections, the two modes of operation namely; mode 1 and mode 2 are 

investigated in detail. A four phase 8/6 SRM, with specifications given in Appendix A is used to 

demonstrate the proposed TCF. The rotor pole pitch and the phase shift for an 8/6 SRM are φπ 

and ρυ respectively. For the SRM under study, the unaligned position is at σπ, while the aligned 

position is at φπ, (negative torque 0 to 30º, positive torque 30º to 60º), All the angles are given in 

mechanical degrees. 
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8.3.1 Mode Π1 Single/two phase operation  

In this mode of operation, either one or two phases (simultaneously) conduct to generate the 

required torque. A common-phase converter (shown in Fig. 3.13) could be used since the 

maximum conduction period for each phase is limited, in this mode, to maximum σπ. Fig. 8.5 

shows the phase torques along with total torque for an arbitrary conduction period (ρυ

— —  Ò σπ). 
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Fig. 8.5 Illustration of the proposed TCF in mode #1 

 

In regions I and III, two phases overlap and produce additively the demand torque, while, in region 

II only one phase produces the required torque. If the conduction period is σπ (that is, —=σπ 

and —=φπ), the second region (II) vanishes and only regions I and III exist. The goal is to 

generate a phase torque profile which fully utilizes the available dc link voltage, which will offer 

the widest zero TR speed range. The phase torque profile will be composed of five parts. To 

illustrate the concept, a numerical example is given with —=συ and —=υυ as shown in Fig. 8.6.  

When the incoming phase is at συ, full positive dc link voltage ( ὠ )  is applied (continuously) 

to this phase for rapid current, and hence torque, build up, portion 1, (in this case the incoming 

phase is termed the master phase). Simultaneously, the outgoing phase is at υπ (due to a ρυ 
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phase shift). The outgoing phase generates the rest of the torque so that the torque demand level is 

reached, portion2, (in this case the outgoing phase is termed the control phase). Thus, the torque 

profile forming the two portions 1 and 2 is known. 
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Fig. 8.6 Numerical example Illustrating the proposed TCF in mode #1 

 

When angle — is reached, the outgoing phase takes precedence, hence the outgoing phase becomes 

the master phase and full negative dc link voltage (ὠ ), portion 3, is applied (continuously) for 

rapid current extinguishing. Simultaneously, the incoming phase becomes the control phase, 

portion 4, supplies the torque deficiency to maintain the torque demand. Thus, torque portions 3 

and 4 are known. Finally, portion 5 is when only one phase conducts to generate the demanded 

torque. Concatenating the five portions, the phase torque profile is obtained. Table 8.1 

demonstrates this process in the overlap region (the single-phase conduction region, 5, is 

excluded). 

Table 8.1 ILLUSTRATION OF PROPOSED TCF DURING OVERLAP 

Phase Angle State Voltage 

Incoming  συO συ — συ —ᴼτπ Master Control Fixed ὠ  Variable 

Outgoing  υπO υπ — υπ —ᴼυυ Control Master Variable Fixed ὠ  
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The final step is to calculate the value of — which maximizes the zero TR speed ʖ  (ὶὴά).  

Equation (8.1) defines the voltage equation at turn on/off for one SRM phase, neglecting phase 

winding resistance. 

ὠ Ὠ‗
Ὠὸ (8.1) 

 

where ɚ is the flux linkage. ὠ  is applied (continuously) at phase turn-on (portion 1), while ὠ  

is applied (continuously) at phase turn-off (portion 3). 

Integrating (8.1): 

 

‗ ‗ ὠ ὸ (8.2) 

 

where ‗, ‗ are the final and initial values of flux linkage respectively, while t is time. 

At phase turn-on the initial flux linkage of the phase winding is zero. Hence the final flux linkage 

is calculated by (8.3). 

 

‗
ὠ — —

φ‫
 (8.3) 

 

At phase turn-off the flux linkage must decay to zero at the aligned position. Hence, the final flux 

linkage is zero and the initial flux linkage is calculated from (8.4). 

 

‗
ὠ — ρυ —

φ‫
 (8.4) 

 

Equations (8.3) and (8.4) are solved iteratively to calculate — and ʖ  ensuring that (8.5) is 

satisfied. 

 

Ὕ Ὕ ‗ ȟ— Ὕ ‗ ȟρυ —  (8.5) 
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For the numerical example with demand torque 25Nm, the angle — is σφȢφυ, ‫  is 355rpm, 

‗  is 0.32Wb-t and ‗  is 0.65Wb-t. The developed phase torques for the 

incoming and outgoing phases are 10.35Nm and 14.65Nm, respectively, and the rms phase current 

is 11.63A. 

 

8.3.2 Mode #2 two/three phase operation  

Fig. 8.7 shows operation in mode #2 were two/three phases conduct simultaneously to produce the 

required torque.  
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Fig. 8.7 Illustration of the proposed TCF in mode #2 

 

The conduction period is (σπ — —  Ò τυ), so periods of negative torque exist. Hence, the 

common-phase converter (in Fig. 3.13) cannot be deployed and instead a conventional four ASHB 

converter (in Fig. 3.2) is used. In regions I, III and V three phases conduct simultaneously. In 

regions II and IV only two phases conduct. A numerical example with —=ςυ and —=φυ is 

given to clarify the concept as shown in Fig. 8.8.  
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In the three-phase conduction region there are two master phases and one control phase. Full dc 

link voltage ὠ  is applied (continuously) on the incoming phase (Master-1), portion 1, full 

negative dc voltage ὠ  is applied (continuously) on the outgoing phase (Master-2), portion 2. 

Meanwhile, the middle phase is the control phase which supplies the rest of the demand torque, 

portion 3. Hence, torque in portions 1, 2 and 3 is determined. The two-phase conduction period 

gives the remaining portions 4, 5, 6 and 7, specified in mode #1. 
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Fig. 8.8 Numerical example Illustrating the proposed TCF in mode #2 

 

For the numerical example with demand torque 25Nm, the angle — is συȢπφ, ‫  is 1765rpm, 

‗  is 0.39Wb-t, and ‗  is 0.58Wb-t. The developed phase torques for the 

incoming and outgoing phases are 11.1Nm and 13.9Nm, respectively, and the rms phase current 

is 14.1A. 

8.4 Zero TR speed range of the proposed TCF mode #1i 

This section investigates the maximum torque ripple-free speed range achieved at different torque 

demands using the proposed TCF in mode#1i, that is (ρυ — —  Ò σπ). Results are 

demonstrated for two cases namely; with and without voltage-boosting. 
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8.4.1 Mode #1i without voltage-boosting 

A common-phase converter (Fig. 3.13) without voltage boosting is initially deployed. The 

maximum speed range with zero TR is calculated for 25%, 50%, 75% and 100% FLT. 

 

 

+ 415 ὠὈὅ 

415 ὠὈὅ 

 
(a) (b) 

  
  

(c) (d) 

  

Fig. 8.9 SRM performance at FLT and 1065 rpm using proposed TCF without voltage-boosting:  

(a) Flux linkage waveform, (b) Rate of change of flux linkage (voltage demand), (c) Current waveforms, and (d) 

Torque waveforms. 

 

Fig. 8.9 investigates the proposed TCF at FLT and 1065rpm. The flux linkage profile is shown in 

Fig. 8.9a, which is linear near the unaligned and aligned positions. This is expected as the full dc 

link voltage, either positive or negative, is applied (continuously) on the phase winding at turn-on 

and turn-off respectively, as highlighted in Fig. 8.9b. The full utilization of dc link voltage 


























































































