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Abstract 

 

Switched Reluctance Motor Drive Circuit Evaluation Criteria for 

Vehicle Efficiency and Responsiveness 

 

 

John David Cunningham, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Alexis Kwasinski 

 

 

This thesis intends to examine the principles of operation for switched reluctance 

machines (SRM) and examine the power electronic drive circuits that control them, in 

order provide a basis of understanding for evaluating total drive efficiency and 

responsiveness potential.  This document specifically examines the characteristics of a 

motor drive circuit which affect motor and converter efficiency and driving performance.  

A drive topology suited for efficient operation and excellent responsiveness is proposed. 

Finally, a SRM drive system model for evaluating these systems in simulation is 

described as a tool for comparative evaluations in future work.  The end goal of this work 

is to provide a foundation of knowledge for future work, developing in-wheel, SRM-

based, high performance hybrid electric drivetrains in future ground combat vehicles 

which are modular, possess an open architecture for upgrades, and operate with high 

efficiency and improved mobility.   
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Chapter 1:  Introduction 

1.  INTRODUCTION 

This thesis intends to examine the principles of operation for switched reluctance 

machines (SRM) and examine the power electronic drive circuits that control them, in 

order provide a basis of understanding for evaluating total drive efficiency and 

responsiveness potential.  The end goal of this work is to provide a foundation of 

knowledge for future work, developing in-wheel, SRM-based, high performance hybrid 

electric drivetrains in future ground combat vehicles which are modular, possess an open 

architecture for upgrades, and operate with high efficiency and improved mobility.  This 

document specifically examines the characteristics of a motor drive circuit which affect 

motor and converter efficiency and driving performance.  A drive topology suited for 

efficient operation and excellent responsiveness is proposed. Finally, a SRM drive system 

model for evaluating these systems in simulation is described as a tool for comparative 

evaluations in future work.   

 

1.1 WHY USE ELECTRIC ENERGY CONVERSION? 

The process of converting energy into useable work takes many forms, from 

chemical and heat energy to mechanical and electrical energy.  While the processes to 

perform these conversions are as diverse as the different forms of energy themselves, the 

overall objectives of these processes are the same: to convert all of the input energy into a 

useable form with no loss.  A hybrid electric vehicle (HEV) involves conversion of 

chemical energy stored in fuel into mechanical energy, through an internal combustion 

engine (ICE), also called a prime mover.   A generator then converts the mechanical 

energy into electrical energy, which can then be stored in a battery, flywheel or 
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ultracapacitor, or apportioned directly to drive the wheels through a motor or series of 

motors.  Even within the motor, energy is converted from electrical to magnetic energy 

before being converted to torque and rotation.  The overall goal of the energy conversion 

process within the HEV is to meet operator demands, and often with as little energy 

losses as possible.  One possible structure of the conversion components for a HEV is 

depicted in Figure 1.1.   

Examining the energy conversion flow in Figure 1.1, we see that there appears to 

be an unnecessary conversion stage from mechanical to electrical and back to 

mechanical, since our overall objective is to convert the chemical energy stored as fuel 

into useable mechanical energy for driving our vehicle’s wheels.  However, there are 

numerous advantages to having energy in electrical form [1, pp.3]:  

 It is easy to move from a central source to remote load(s) with few components and 

high efficiency (two simple wire conductors can transmit the same energy as a 

complex and specially designed mechanical drivetrain, for example). 

 It can be converted to and from mechanical energy or other forms with high 

efficiency (as compared to heat processes which are nearly irreversible). 

 It is easily scaled to the required energy level (consider that a 700 V motor load and 

its requisite 5V control circuitry can both be powered from the same generator 

source). 

From these advantages, it is apparent that using electrical energy conversion 

systems has, great potential for reducing vehicle drivetrain weight, size, and improving 

overall efficiency.  Although not as energy dense as chemical energy storage in say, fossil 

fuels, the electrical energy generated by the prime mover could additionally be stored in 

batteries, ultracapacitor banks, or a flywheel for use on a short or long time scale, 

depending on the requirement. 
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Fig. 1.1: Energy Conversion Block Diagram for a Hybrid Electric Vehicle 

For the purpose of this discussion, we consider the specific case of conversion of 

electrical energy back and forth to mechanical energy at the wheel hubs using a power 

electronics interface.  The power supply will be considered as a “black box”, or two port 

network equivalent, providing DC power to the motor drive.  We will assume it as an 

infinite bus capable of providing a constant voltage output regardless of load, and neglect 

its effect on the converter design.  We will focus specifically on converter topologies 

suitable for controlling a switched reluctance motor.  The overarching goal in our HEV 

energy conversion process is to rapidly respond to the human operator’s commands in the 

most energy-efficient and cost-effective manner possible.   
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1.2 INTRODUCTION TO POWER ELECTRONICS 

The discipline of power electronics involves designing circuits to convert and 

control the flow electrical energy.  Properly designed power electronics allow small 

component size, efficiency, reduced costs, and high performance to be achieved in a 

converter.  Power electronics is a broad designation for circuits that use combinations 

of passive elements and semiconductors acting as switches to efficiently convert 

electricity from one form to another.  Power electronics are broadly classified by the type 

of electrical conversion they perform, with each stage generically referred to as a 

converter.  Converters that transform alternating current (ac) to direct current (dc) are 

known as rectifiers, while those that convert dc to ac are called inverters. [2, pp.1-11]  

Various other conversions are possible, such as frequency converters (cycloconverters) 

and phase-shifting devices, but they operate on the same basic principles as inverters and 

rectifiers, with different control schemes and interfaces.   

The basic components for power electronics are power diodes, semiconductor 

switches, and passive energy storage elements such as inductors and capacitors.  The 

semiconductors introduce non-linearity to the circuit analysis because the circuit topology 

is constantly changing due to switching.  Switches used have much higher power ratings 

(meaning the maximum voltage and current ratings) than the power that they dissipate as 

heat, allowing power electronic circuits to handle much greater power flow than linear 

circuits of a comparable size. [1, pp.7]  Operating transistors in their linear region 

restricts their range of safe operating limits due to the constant heat dissipation required 

on the component.  On the other hand, operating a transistor as a switch, with an on and 

off state, greatly reduces the demand on the device and allows much smaller components 

to handle high power applications.   
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These high efficiency, fast switches also allow operating at high switching 

frequencies, which enables smaller transformer and inductor sizes and smaller filtering 

circuits.  Having the ability to vary frequency allows for adjustable speed drives for 

motors and to synthesize waveforms of many types and frequencies to control harmonic 

content.  This controlled switching gives power electronic circuits inherent flexibility to 

adjust the average output voltage or current from the circuit, to reconfigure for 

performance changes or remediate fault conditions.  The ability to regulate current or 

voltage output from a switch-mode power supply is one of the most useful applications of 

power electronics, allowing flexible motor control within a drive system. 

The major design performance criteria considered will be vehicle efficiency and 

drivability or performance.  An ideal converter, intuitively, would have 100% efficiency, 

able to respond instantaneously to demand, infinite reliability and durability, and costs 

approaching zero, although these are obviously impossible goals in a practical system. [1, 

pp.24]  There are inevitable trade-offs between these different performance criteria, 

which are each dependent on environmental conditions and user operational choices, so a 

designer must carefully weigh the requirements for a specific application and the duty 

cycle of the vehicle to maximize overall performance.  Commercialization will require a 

more careful analysis of component and system costs, which depend on a myriad of 

factors—physical design and economics, to name a few.  Costs can vary greatly due to a 

myriad of economic factors, even between similar components from different 

manufacturers, locations and at different times, so we will not consider cost at the early 

stages of this analysis, although this is a critical factor for a practical design.   
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1.3 DESIGN OBJECTIVES AND CONTENT OVERVIEW 

When beginning any design process, the application objectives must be clear, so 

we will first consider the characteristics of an switched reluctance machine and methods 

for its control in Chapter 2.  In Chapter 3, we will consider circuit topologies suitable for 

a switched reluctance motor drive.  In Chapter 4, we will discuss drivability performance 

as a design criteria.  The physical equations and converter influence on acceleration and 

motor torque during various demand cycles will be examined, and a drive topology 

proposed that enables high performance.  In Chapter 5, we will consider drive efficiency, 

examining the sources of drive and motor losses and design criteria to implement a high 

efficiency motor drive.  Chapter 6 will present conclusions, recommendations, and future 

work based on the examination of the previous chapters in this text.  A physics-based 

SRM drive system model is presented in Appendix A.  Appendix B presents a survey of 

the literature concerning reconfigurability in electrical systems.  Appendix C presents 

some metrics for vehicle drivability as a reference for future evaluations.   

As stated above, the goal of this work is to provide a basis for high performance 

hybrid electric drivetrains in future ground combat vehicles that are modular, possess an 

open architecture for upgrades, and operate with high efficiency and improved mobility.  

As such, we will consider drive configurations which meet the minimum vehicle 

acceleration, torque, and velocity requirements for an assumed drive-wheel-mounted 

100kW switched reluctance motor on a multi-speed drive wheel rated at 5 tons.  This 

application considers a scalable combat vehicle with four driven wheels, weighing 20 

tons (4 x 5 tons), to provide a common basis for comparison.  Well-developed 

performance criteria, coupled with a reconfigurable architecture, will then allow a 

designer or user to make operational choices for the controller.   
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Chapter 2:  Switched Reluctance Machine Fundamentals 

2.  SWITCHED RELUCTANCE MOTOR OVERVIEW 

The objective of this section is to characterize the operation of the SRM in order 

to understand the requirements for a power electronic converter and motor controller.  

This will require knowledge of electromagnetic theory in order to derive the torque, 

speed, current, inductance, and rotor position relationships.  Basic electromagnetic theory 

will be reviewed, and the operating principles of the SRM explained. These principles 

will be expanded for the saturated case, and a method for predicting the torque 

production in a switched reluctance motor will be derived.  Finally, we will discuss the 

various methods for SRM control. 

Although first demonstrated in 1838, the switched reluctance motor (SRM) is a 

relatively new addition to modern industrial and traction applications, as the 

semiconductor and control technologies have only recently evolved to allow its use in 

high performance drives. [3, pp.5]  The SRM is distinguished by double saliency, 

meaning it possesses salient (distinct or protruding) teeth on both the rotor and stator.  

The stator houses a set of coils or windings per salient pole which are typically connected 

in series between opposing poles.  The coils are wound concentrically with no overlap 

between phases, resulting in little mutual inductance between phases, and ensuring a 

greater portion of copper is used as active length in the windings.  This configuration 

makes for a cost-efficient use of material and allowing simple manufacturing methods. 

[4, pp.76-9]  The rotor is similarly constructed of laminated magnet steel with salient 

poles, but has no windings or permanent magnets, thus requiring no brushes or slip rings, 

and allowing a higher operating temperature and increased durability.  The operating 

principles will be explained in more detail in the following section, but the basic concept 
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is that a DC current is applied to a phase which creates a magnetic flux that travels 

through the rotor.  The rotor tends to position itself in a way that minimizes the 

reluctance of the flux path and maximizes the inductance of the excited winding, thus 

creating a torque that aligns the salient poles of the rotor and stator. [5, pp.1]  

 

2.1 SWITCHED RELUCTANCE MOTOR ADVANTAGES 

The SRM offers low cost manufacturing, very high speed operation, and 

robustness due to its simple construction and material composition.  The physical form of 

the motor is simple and rugged, although the electromagnetic behavior is very non-linear 

and external control is more complex than comparable induction and DC motors.  

Concentrated phase windings on the stator and no windings on the rotor ease cooling and 

manufacturing, while the lack of permanent magnets lowers reliance on imported rare-

earth materials and improves the heat-tolerance of the motor. [4, pp.80]  The power 

electronic control allows the torque and speed profiles to be programmed, allowing 

operational flexibility.  The unidirectional phase current allows the use of fewer switches 

compared to induction drives, which reduces component counts and expense. [6, pp.456]  

The SRM is fault tolerant, and allows high speed operation and low inertia, making it an 

excellent candidate for actuators and traction drives. [7, pp.564]  The predominant source 

of loss in a SRM is in the windings of the stator coils, but high current density is 

permitted by the large cross-section of the coils.  Iron losses due to saturation occur, 

particularly at high speeds due to higher switching frequencies, but the motor topology 

typically uses a relatively small amount of iron.  Windage and friction losses are 

comparable to induction motors, so the SRM offers similar overall efficiency to an 

induction motor of the same rating. [8, pp.72-3]   
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Fault tolerance is a key advantage of the SRM.  Each phase in the machine is 

electrically independent, so a short circuit fault on one phase does not affect the other 

phases.  The unfaulted phases will have full operating capacity and full source voltage 

may still be applied with no electrical imbalance; there will simply be a “hole” in the 

applied forward torque due to the missing phase.  Due to the varying phase inductance, 

there is a significant delay time in the current rise under a short circuit condition, 

allowing protection circuitry to detect and isolate the fault early to minimize damage.  

The converter only needs to conduct unidirectional current, so only one switch is required 

in series with the phase windings.  This prevents the possibility of a “shoot through” fault 

(where both switches in one leg of a full H-bridge circuit are closed simultaneously, short 

circuiting the DC source) that is a common failure mode in the bidirectional converters 

required by other types of motors. [5, pp.6-7] 

Disadvantages of the SRM can include torque ripple, acoustic noise and 

electromagnetic interference generation, and excessive bus current ripple, and the 

converter must be carefully matched to a given motor for maximum performance. These 

motors also require more conductor connections than induction motors (two per phase vs. 

one per phase in wye-connected induction motors). [9, pp.1062]  The highly non-linear 

nature of the SRM operating in saturation makes analytical modeling extremely difficult, 

so measurements or finite element predictions for magnetization curves are required to 

formulate control schemes and predict performance during the design process.  These 

complexities can limit flexibility and customization of motors for specific applications.  

In general, the fixed speed SRM only appears competitive with induction motors for low-

cost, high volume applications such as vacuum cleaners and other commercial products.  

For larger fixed speed applications, the SRM is not typically cost efficient.  However, for 

variable speed, fault tolerant applications, the SRM is a viable alternative to induction 
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and permanent magnet motors, with the inherent advantage of ruggedness and fault 

tolerance. 

 

2.2 SWITCHED RELUCTANCE MOTOR PRINCIPLES OF OPERATION 

Before examining the switched reluctance motor operating principles, some basic 

terminology concerning the motor geometry and construction must be defined.  Switched 

reluctance motors are identified by the number of stator poles, Ns, number of rotor poles, 

Nr, and the number of phases, m, (for typical motors with an even number of 

diametrically opposed stator poles).  The number of phases (m) is given by the number of 

stator pole pairs (       
  

 
). 

Switched reluctance motor naming convention is to label the motor by its Ns/Nr 

pole numbers.  Figure 2.1 depicts the cross-section of a 6/4 pole, three phase switched 

reluctance motor.  This motor has Ns=6, Nr=4, and m=3.  The three stator pole pairs are 

labeled A-A’, B-B’, and C-C’, while rotor pole pairs are labeled a-a’ and b-b’.  The rotor 

pole arcs, βr, and the stator pole arcs, βs, define the flux paths and regions of changing 

inductance, determining how the motor can produce torque in each phase.   
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Fig. 2.1: Switched Reluctance Motor Terminology Illustration: (6/4 Pole SRM 

Depicted, with m=3 phases, Ns=6, Nr=4) 

The number of rotor poles and phases define the number of stator phase coil pair 

excitation cycles, or “strokes” (S) required to turn the rotor one complete rotation 

(S=mNr).  The “stroke angle”, ε = 
  

 
 gives the angle traversed by the rotor each stroke.  

The motor in Figure 2.1 has requires twelve strokes to complete a single revolution, with 

a stroke angle of ε = 30°.  Hence, each phase coil pair is excited  
 

 
    

            

          
 = 

4 times per rotation.  

Another important parameter is the rotor pole pitch, τrp, which describes the 

angular displacement between rotor poles (         
  

  
).  The number of phase 

excitations per revolution (equivalent to number of rotor poles, Nr) is important in 

determining the fundamental frequency of the current ripple in each phase due to the 
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number of turn-on and turn-off cycles of the current applied from the source.  The 

fundamental electrical frequency (f1, in Hz) is directly related to the rotor’s angular 

velocity (ωrotor, in rad/s) by the relationship:  

         
  

  
 

   

  
       (2.1) 

On the other hand, the fundamental frequency of the torque ripple (fmech, in Hz) is 

largely determined by the number of strokes per second, as in 

               (2.2) 

While many different numbers of poles and phases are possible, the number of 

poles is typically chosen to provide starting torque from rest at any position, and smooth 

average torque by appropriate overlap between the torque produced in adjacent phases.  

Typical stator/rotor pole combinations are 6/4, 8/6, 10/8, 12/10, but many other 

combinations, including single phase and odd stator pole numbers are also possible.  In 

general, the greater the number of phases, the smoother the torque ripple, but there is a 

tradeoff with an increase in the number of required components, controller volt-ampere 

rating, and a lower inductance ratio from aligned to unaligned positions. [3, pp.34] 

The energy conversion in a SRM is depends on the magnetic interaction of the 

rotor and stator, which changes with relative angular position.  Some key terminology 

with regard to the rotor positions are the aligned, unaligned, and misaligned positions as 

shown in Figure 2.2.  The aligned position (θA) occurs for a given phase when a pair of 

rotor poles is exactly aligned with the stator poles of that phase.  Conversely, the 

unaligned position (θUA) occurs when the axis equidistant between the pairs of rotor poles 

(interpolar axis) is exactly aligned with stator poles of a given phase rotor poles.  Any 

other position is referred to as a misaligned position.   
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Fig. 2.2: (i) Aligned (ii) Misaligned and (iii) Unaligned Positions for Switched 

Reluctance Motor 

Figure 2.3 illustrates the phase excitation sequence for three strokes of the motor 

in Figure 2.1, and Table 2.1 lists the steps for a complete clockwise rotation.  As the 

poles A-A’ and a-a’ overlap, the next adjacent stator phase, C-C’, is energized, while the 

initial phase is de-energized by switching action (electronic commutation), changing the 

reluctance of the flux path and pulling the rotor pole b-b’ toward C-C’, and so on.  This 

continuous, sequential excitation generates the torque and rotational motion of the SRM.  

[3, pp.1-3]  It should be noted that a negative sequence excitation (A-C-B) leads to 

clockwise rotation, while counterclockwise rotation is achieved by a positive sequence 

excitation (A-B-C).  Hence achieving forward and reverse rotations from a SRM is 

simply a matter of reversing the sequence of phase excitation.   
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Fig. 2.3: Sequential Phase Excitation for a 6/4 pole SRM, Clockwise Rotation (A, C, B) 

6/4 Pole Switched Reluctance Motor Phase Excitation Sequence 

  Excited Stator Phase Active Rotor Pole Rotor Angular 

Displacement 

1 A-A’ a-a’ 0 deg 

2 C-C’ b-b’ 30 deg 

3 B-B’ a-a’ 60 deg 

4 A-A’ b-b’ 90 deg 

5 C-C’ a-a’ 120 deg 

6 B-B’ b-b’ 150 deg 

7 A-A’ a-a’ 180 deg 

8 C-C’ b-b’ 210 deg 

9 B-B’ a-a’ 240 deg 

10 A-A’ b-b’ 270 deg 

11 C-C’ a-a’ 300 deg 

12 B-B’ b-b’ 330 deg 

1 A-A’ a-a’ 0 deg 

Table 2.1: Phase Excitation Sequence for One Revolution of a 6/4 Pole Switched 

Reluctance Motor 

The SRM operates on essentially the same electromagnetic principles as a simple 

solenoid with N turns of wire conducting a current, I, around a ferromagnetic core, as 

shown in Figure 2.4.  The current establishes a magnetic field and associated flux Φ, and 
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the magnetic attraction force will pull the magnetized core towards the ferromagnetic rod. 

[5, pp.2-5] 

  

Fig. 2.4: Solenoid Basic Operating Concept 

If we place a compass near the solenoid, the needle will align itself with the 

solenoid’s magnetic field, such that the potential energy of the needle and field are 

minimized.  Similarly, if the ferromagnetic rod is instead fixed about a rotating axis as in 

Figure 2.5, an aligning torque about the axis will be established when the coil is 

energized such that the poles in the rod align with the magnetic field established by the 

solenoid coils [10, pp.99].  The resulting alignment torque (such that potential energy is 

minimized) is the fundamental means of torque production in a switched reluctance 

motor.   

 

Fig. 2.5: Pole Alignment in a Solenoid 
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2.3 MAGNETIC CIRCUIT CONCEPT 

A useful method for understanding the complex magnetic interactions is using the 

magnetic circuit concept.  Quantities derived from Ampere’s law are analogous to 

electrical circuit behaviors, so it is possible to create a magnetic circuit based on these 

magnetic relationships that can be analyzed with familiar electrical circuit analysis 

techniques.  (As a point of notation, when current or voltage are time-varying, lower case 

letters v and i will be used; when a dc value or amplitude are discussed, upper case letters 

of V and I will be used). 

If the effects of saturation are neglected, and a linear relationship between flux, Φ, 

and current, i, is assumed (or if the permeance of the air gap dominates), then the 

property of inductance, L, can be defined as: 

   
 

 
 

  

 
 

   

 
 

     

    
     (2.3) 

The term NΦ is called the flux linkage, λ, given in Weber-turns.  Flux linkage is an 

indication of approximately how much flux is in the coil and how well it connects to 

other elements within the electromagnetic device.   

Inductance is given in Henries or weber-turns per ampere [10, pp.14].  Faraday’s 

law for induced voltage states that there will be an induced voltage opposing the 

changing field. Solving inductance for λ, and substituting into Faraday’s law can provide 

insight into the physical meaning of inductance: 

      
  

  
  

  

  
  

 

  
       

  

  
    (2.4)  

This induced emf is a determining factor for the torque speed characteristic of the motor, 

as induced voltages at higher speeds will oppose increases in phase current, providing a 

built-in feedback loop as in a DC motor.  This principle also leads to the possibility of a 

generating mode in the SRM. [10, pp.10]  
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Equation 2.4 shows how inductance is a property that indicates how a circuit will 

tend oppose changes in current. [10, pp.14]  The concept of inductance is especially 

important in SRM control, as it is used to determine the operating mode (motoring or 

generating) for a switched reluctance machine.  The basic assumptions for this definition 

of inductance do not extend when the nonlinear effects become dominant, so a more 

comprehensive explanation for inductance, and its influence on SRM behavior, is needed 

and will be explored in later sections. 

Conceptually, the flux, Φ, in a magnetic circuit is analogous to the current, i, 

flowing in an electric circuit.  To extend the analogy, however, we must define a 

magnetic quantity—magnetomotive force (mmf or F, with units of ampere turns or 

amperes)—that is a parallel to the electromotive force (emf) that induces current.  

  F = Ni = ΦR      (2.5) 

Magnetic circuit analysis can then be performed using the same techniques used for 

electrical circuits [11, pp.14-15].  It is important define to note that this relationship does 

not imply that the energy is dissipated, as in a resistor; rather, the reluctance is an 

indicator of energy that is stored magnetically.  [12, pp.19] 

Consider a single phase SRM, with four stator poles and two rotor poles (4/2 pole 

SRM) depicted in Figure 2.6.  The equivalent magnetic circuit accounts for the 

reluctance, R, of the stator core as (in units of ampere-turns per weber), the reluctance of 

the air gaps, and the reluctance of the rotor.  The equivalent circuit is shown in Figure 

2.7.  Each reluctance term in series can be summed to obtain an equivalent reluctance and 

solve for the other magnetic circuit parameters.  



 18 

 

Fig. 2.6: Single-phase 4/2 pole SRM 

 

 
 

Fig. 2.7: Magnetic Circuit for Single-phase 4/2 pole SRM 

For practical designs, this is a fairly accurate method to understand the magnetic 

interactions in the device.  In reality, not all the flux is contained in the core, and some of 

it escapes as leakage flux, which plays an important role in the flux linkages within an 

electrical machine and should not be neglected entirely.  Geometry plays a critical role in 

the behavior of the magnetic field.  Therefore, assuming a uniform magnetic field 

intensity is not accurate past a first approximation, especially with air gaps and the 

associated fringing effects they cause.  For switched reluctance motors in particular, the 

ferromagnetic materials are often operated in the saturation region to obtain better power 

density in a device, so the nonlinearity of the magnetic materials makes modeling 

particularly challenging [11, pp.16]. 
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2.4 SELF AND MUTUAL INDUCTANCE 

 Inductance was briefly derived in Equation 2.3.  We can redefine inductance in 

terms of the magnetic circuit concept of reluctance (R) as: 

  
 

 
   (

   

    
)  

  

 
     (2.6) 

given in Henries (H) or weber-turns per ampere.  This simple “self inductance” 

relationship holds only when a single coil exists on a core, and the magnetic material is 

linear (that is, with a constant permeability or if the air gap dominates). [10, pp.11]   

When two or more coils exist on the same core, as in Figure 2.8, the magnetic 

circuit has more than one mmf source, and a “mutual inductance” occurs between them.  

The resultant flux in the core is the summation of the individual fluxes of the separate 

coils, and the total flux is what determines the behavior of the core.   

Adapting Equation 2.3 for two mmf sources: 

             (
  

    
)     (2.7) 

and combining with the definition of flux linkage, a relationship for the flux linkage in 

coil 1 is then given by: 

          
    (

  

    
)          (

  

    
)   (2.8) 

Using the definition of inductance from Equation 2.19, self inductance for coil 1 is given 

by 

       
  (

  

    
)      (2.9) 

While the mutual inductance between the two coils is defined by the second term 

in Equation 2.20: 

          (
  

    
)      (2.10) 
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Fig. 2.8: Doubly-Excited Core with Air Gap 

The flux linkages of the two coils in terms of inductance and current are then 

given as 

                    (2.11) 

                    (2.12) 

The flux linkage of each coil can then be used to compute the voltage at each of the 

respective winding terminals using Equation 2.4. [10, pp.12-14]   

Equations 2.11 and 2.12 assume a linear relationship between flux linkage and 

current (i.e. constant permeability).  Where more than two coils are present, this linear 

approach can be extended to include the self and mutual inductances between each of the 

n number of coils by the matrix multiplication: 

[

  

  

 
  

]  [

          

          

    
          

] [

  
  
 
  

]    (2.13) 

The diagonal terms become the self-inductances of each coil (L11, L22, …, Lnn), 

and the off-diagonal terms are the mutual inductances, which are symmetric about the 

self-inductance diagonal (i.e. L12=L21, Ln1=L1n, etc.).   

As a general rule, the self inductance of each coil is much greater than the mutual 

inductances between coils. [12, pp.45-8]  This is especially true in switched reluctance 

motors, due to the concentrated, separate windings around each salient stator pole, so it is 
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common to neglect the mutual inductance terms in most models.  SRM designs work to 

limit mutual inductance and the parasitic torque that it creates, so it is negligible in 

practical machines. 

The inductance relationship based on Faraday’s law in Equations 2.3 and 2.6 

assumed a constant inductance.  If inductance varies as a function of angular 

displacement as it does in the switched reluctance motor, Equation 2.4 becomes: 

     
  

  
  

 

  
      [    

  

  
        

     

  
]  (2.14) 

where ωrotor is the mechanical angular velocity of the rotor (in radians per second).  The 

first term is called “transformer voltage,” while the second term is known as “back emf.” 

[12, pp.50-1]  

Performing a voltage analysis of a single phase of a SRM can provide some 

insight into the utility of the inductance relationships.  Using the linear assumptions from 

our earlier discussion, and ignoring the mutual inductances, the voltage of a single phase 

is given by: 

          
  

  
        

     

  
    (2.15) 

The first term (iR) accounts for resistive losses in the windings, and Vs is the source 

voltage.  Each term is taken as a voltage drop from the source voltage, such that the sum 

of the voltages satisfies Kirchoff’s voltage law (summing to zero).   Multiplying Equation 

2.15 by the phase current i, yields the relationship for electrical power from the source 

accounting for the stored magnetic energy and resistive losses: 

                
  

  
        

      

  
    (2.16) 

Power is related to torque by 

                (2.17) 

If we consider that the motor’s mechanical power output will be the difference 

between the electrical power and the resistive losses and what energy is stored in the 
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magnetic field, the resulting left over term gives the torque.  The torque for the 

unsaturated, linear case is given by: 

   
 

 
  

     

  
      (2.18) 

From this relationship, it can be observed that the motor torque depends on the 

magnitude of the current, rather than its direction.  This unidirectional current property is 

one of the chief advantages of SRM converters, reducing the complexity and cost of these 

drives compared to induction motor drives.  [15, pp.38]   

 

2.5 PHASE INDUCTANCE, ANGULAR POSITION AND CURRENT 

The linear, unsaturated case provides simple means of evaluating and 

understanding the operation of the switched reluctance motor.  In the case of a saturated 

core, the magnetization curve of a switched reluctance motor does not follow the linear 

relationship assumed in the previous discussion.  The inductance varies with the relative 

angular displacement θ (with respect to the alignment of the salient rotor and stator poles) 

as well as the flux concentrated in the poles at given positions and current levels.  As 

there is no steady-state condition, and the relationship is a non-linear function of position 

and current, it is useful to consider the extreme cases of unaligned position (θUA) and 

aligned positions (θA), as defined in Figure 2.9, where inductance is at its respective 

minimum and maximum points.  

The aligned position occurs for a given phase when a pair of rotor poles is exactly 

aligned with the stator poles of that phase.  There is no torque in the aligned position, and 

the reluctance is at a minimum because the flux path is at its shortest distance; hence, 

inductance is at a maximum.  This position is stable, in that any perturbation from this 

position will result in an opposing restoring torque that will tend to pull it back to the 
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aligned position.  Conversely, the unaligned position occurs when the axis equidistant 

between the pairs of rotor poles (interpolar axis) is exactly aligned with stator poles of a 

given phase rotor poles.  In this position, there is again zero torque, but it is unstable in 

that a perturbation in either direction will create a torque aligning the rotor to the nearest 

rotor pole.   

 

Fig. 2.9: Relative Angular Position Definitions 

Since the air gap is larger, the reluctance is larger, and the inductance is at its 

minimum at this point.  Hence, there is a tendency in a switched reluctance motor for 

torque to cause the reluctance to be minimized and the inductance maximized. [3, pp.7-

12]   

An idealized L-θ profile, as depicted in Figure 2.10, neglects the effects of 

saturation and assumes the linear relationship from Equations 2.13 and 2.19.  It can be 

observed that the phase inductance increases linearly once the stator/rotor poles begin to 

overlap up to the aligned position, where the inductance is at a maximum.  At this point, 

the inductance decreases until the rotor/stator poles no longer overlap, and remains 

relatively constant through the minimum at the unaligned position until the next 

stator/rotor pole overlap occurs.   
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Fig. 2.10: Linearized L-θ profile (at Constant Phase Current) 

Several important ranges of rotor position can be observed in Figure 2.10: 

1.) θUA to θm:  As the rotor poles move from the unaligned position (interpolar 

axis), the rotor and stator poles have not overlapped, and inductance is at its minimum 

(Lmin).  Here, we define θm is the “motoring angle”, the position at which the poles begin 

to overlap. [13, pp.594] 

2.) θm to θA:  In this region between the start of pole overlap (θm) and the aligned 

position (θA), the poles have begun to overlap, and inductance begins to rise as poles 

move closer to alignment.  The rotor and stator poles are overlapped, and inductance 

increases to its maximum (Lmax).  If the phase current is applied in this region of rising 

inductance, the SRM will act as a motor with positive torque production. [Note: 

Depending on the relative size of the rotor and stator pole arcs (βr and βs, respectively), 

there may also be a small range of positions around the aligned position (θA) where the 

rotor and stator are completely overlapped and inductance is relatively constant at Lmax.] 
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3.) θA to θg:  In this region between the aligned position (θA) and the end of pole 

overlap (θg) and, the pole overlap reduces, and inductance falls from Lmax to Lmin as poles 

move from aligned toward the unaligned position.  We define θg as the “generating 

angle”, the position at which the pole to overlap ends at the end of a stroke.  If the phase 

current is applied in this region of falling inductance, the SRM will act as a generator 

with negative torque production.  [13, pp.594] 

4.) θg to θUA:  As the rotor poles move from θg to the unaligned position (θUA), the 

rotor and stator poles no longer overlap, and inductance is again at its minimum (Lmin).  

[14, pp.255] 

These various regions are used to control the operating mode of the SRM by 

carefully timing the applied phase current.  This type of “phase angle control” is unique 

to the SRM and provides enormous flexibility in controlling the torque and speed 

characteristics of these motors.  Phase angle control will be explored in depth in a later 

section of this chapter, but it highlights the importance of understanding inductance in the 

SRM.  

The idealized case is often assumed for a first step in motor design, but the L-θ 

relationship is also a function of current, in that saturation can significantly influence the 

magnitude of the inductance, as shown in Figure 2.11.  [3, pp.13] The SRM is almost 

always operated as a saturated machine, because only half of the energy in a non-

saturated machine is converted to mechanical output, and the remainder is stored as 

magnetic energy in the field—a poor conversion ratio. [15, pp.40-3]   
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Fig. 2.11: Saturation Effects on L-θ profile 

The phase current amplitude at which saturation occurs in the air gap can be 

estimated by assuming a uniform flux path (uniform permeability and cross-sectional 

areas in the stator and rotor iron) and that steel saturates at a flux density Bsat = µA = 1.7T 

(Teslas).  The applied saturation current, isat, required to create this saturating flux density 

in an air gap of width  air  by: 

     
        

  
      (2.19) [3] 

The general case for energy conversion under saturation involves understanding the flux 

linkage, current, and position relationships throughout the operating range of the motor.  

The relationship between flux linkage and current is known as the magnetization curve, 

and the effect of varying position provides a family of curves, as shown in Figure 2.12. 
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Fig. 2.12: Magnetization Curves vs. Rotor Relative Angular Position (θ) 

Revisiting Equation 2.15, the general case for SRM phase voltage is: 

      
 

  
            (2.20) 

Some knowledge of the magnetization curves is therefore required to determine the effect 

on torque production in a saturated SRM.  

 

2.6 THE ENERGY METHOD AND COENERGY 

The Energy Method is commonly used to describe the magnetic conversion 

process with nonlinearities, and it is based on conservation of energy.  We can consider 

that the electrical energy put into the system (Welectric), given in joules, is equal to the 

output mechanical energy (Wmech), less the external terms for the associated 

mechanical/electrical heat losses (Wheatloss) and any losses in the magnetic conversion 

(Wmag).  

Welectric = Wmech + Wmag + Wheatloss    (2.21) 
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Electrical copper losses and the mechanical friction and windage losses in a motor 

can be considered separately from the magnetic energy conversion process (as lumped 

circuit resistance parameters in a circuit model, for example), allowing simplified and 

practical calculation of the energy stored in the magnetic field.  Since power is the time 

rate of change of energy, dW/dt, and using well-known physical relationships for 

mechanical and electrical power, and we can consider that: 
     

  
                        (2.22) 

and, equivalently, using Faraday’s voltage law and the differential form of angular 

velocity, 
     

  
  

  

  
      

  

  
              (2.23) 

This allows us to solve for the magnetic energy stored, Wmag, as a function of the flux 

linkage, λ, and rotor position, θ, if we neglect or approximate the heat losses [10, pp.99-

102]. 

Let us again consider the singly-excited solenoid core in Figure 2.6.  If we ignore 

the resistive losses, the electric power input to the system is equal to the power stored in 

the magnetic field.  The energy stored in the coil is hence given by the integral of 

electrical power: 

  ∫  
  

  
  

 

 
 ∫    

    

    
      (2.24) 

showing that stored magnetic energy is related to initial (λ(0)) and final flux linkage 

(λ(t)).  Where permeability is constant and a linear relationship exists between i and λ, 

inductance is constant, so i=λ/L.  The magnetic energy can be then expressed as  

  ∫    
    

    
 

 

 
∫    

    

    
 

 

  
[           ]    (2.25) 

If we assume that the initial flux linkage is zero, then the magnetic energy stored 

becomes simply: 

  
     

  
       (2.26) 
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Plotting flux linkage vs. current for a linear circuit, as in Figure 2.13, graphically 

depicts the stored magnetic energy in the shaded region above the magnetization curve.  

It can be observed that the slope of the magnetization curve is the inductance, L.  [12, 

pp.53-4]  Expressing Equation 2.24 and 2.25 instead in terms of current, i, yields the 

lighter shaded area below the magnetization curve shown in Figure 2.13, which is known 

as coenergy (W’), defined by:   

   ∫    
    

    
       (2.27) 

If Equations 2.3 is again applied (where λ=Li), coenergy becomes: 

   ∫    
    

    
  ∫    

    

    
 

 

 
 [           ]    (2.28) 

 

Fig. 2.13: Energy and Coenergy on Flux Linkage (λ) vs. Current (i) for Rotor Position (θ) 

Assuming initial current i(0) is zero, the familiar expression for energy stored in an 

inductor is derived: 

   
 

 
            (2.29) 

Energy and coenergy can be expressed in terms of magnetic circuit parameters as: 
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)    (2.31) 

These relationships hold for a singly-excited core, but must be expanded for the 

case of a doubly excited core because of the additional consideration of mutual 

inductance.  [12, pp.54-5]   

Considering again the doubly-excited core of Figure 2.9, and that power in a singly-

excited magnetic field is given as    
  

  
, the instantaneous power that is delivered to 

the field in a doubly excited core is: 

    
   

  
   

   

  
      (2.32) 

Assuming an initial flux linkage of zero in both coils, the energy is given by integration, 

resulting in: 

  
   

    

   
 

   
    

   
 

   
    

   
     (2.33) 

Coenergy can also be similarly expressed as: 

   
 

 
    

     
 

 
    

                      (2.34) 

Coenergy is more intuitive than energy as an expression for the magnetic stored 

energy, so we will generalize coenergy for the case of more than two mmf sources.  For 

the self and mutual inductances among the n number of coils with coil current in, the 

general approach is the sum of all the elements within the matrix (the superscript “T” 

denotes a matrix transpose operation): 
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]    (2.35) 

The diagonal terms (
 

 
     

    , 
 

 
     

    , etc.) are due to the coenergy stored in each 

coil’s self-inductance, while the other terms are due to the mutual inductances between 

each coil pair combination.   
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Energy can be used to determine the torque produced by the magnetic field in a 

single phase    of the machine by the relationship 

    
 

  
           (2.36) 

where the flux linkage λ is held constant, so energy needs to be known as a function of λ 

and θ.   

Alternatively, coenergy can be used to determine the torque produced by the 

magnetic field in a single phase    of the machine by the relationship 

    
 

  
            (2.37) 

where the current i is held constant, so co-energy needs to be known as a function of i 

and θ.  

We can visualize the torque produced for a SRM phase excitation sequence 

(“stroke”) using an energy conversion loop (with flux linkage plotted as a function of 

current and position) as shown in Figure 2.14.  The lighter shaded area inside the loop is 

the change in coenergy for an incremental change in position, as in 

    
        

  
      (2.38) 

so it gives the torque produced by the motor.  The darker shaded area gives the energy 

stored in the magnetic field, which is eventually returned to the source.  [3, pp.15-21]  

Hence, by combining Equations 2.27 and 2.37, it is possible to calculate the torque 

directly from flux linkage by: 

    
 

  
       = 

 

  
∫         

    

    
    (2.39) 

This is the general case for calculating torque, given a magnetization curve for the SRM.  

[10, pp.108-9] 
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Fig. 2.14: Energy Conversion Loop for SRM Phase Excitation Stroke 

2.7 SATURATION EFFECT ON MAGNETIZATION CURVES 

The magnetization curve depicted in Figure 2.13 is linear, hence that circuit has a 

constant inductance and is unsaturated.  In a practical SRM, two stages of saturation will 

typically occur.  When the salient rotor and stator poles first overlap, the flux is 

concentrated into a very small overlap of material, causing saturation even at low current.  

As the poles near the aligned position, or the phase current is increased, the high current 

drives the material again into saturation [15, pp.44].   Since the slope of the 

magnetization curve is the instantaneous phase inductance, the inductance profile varies 

with both position and phase current due to saturation for a given rotor position, 

particularly where poles are significantly overlapping and where they are approaching the 

aligned position.   

Given the variations in inductance due to saturation, it is apparent that a more 

accurate model than a simple constant-inductance model for flux linkage during 

saturation can be derived using a piece-wise linear approximation, while still maintaining 
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the analytical simplicity of a linear approach.  Assuming that saturation occurs at constant 

current isat from Equation 2.32, we can use the method described by Boldea and Nasar to 

approximate the magnetization curves.  [16, pp.337-341] 

Flux linkage is approximated as: 

       {   
 (    

         

    
)                 

                             
   (2.40) 

where θr is the rotor position, θ0 is the initial position of the leading rotor edge (in the 

direction of rotation), LUA is the unaligned inductance, and Ks is the inductance 

coefficient derived from the magnetization curve data.   

The value of Ks can be derived from the minimum flux linkage λmin (unaligned 

position) and maximum flux linkage λmax (aligned position) and maximum phase current 

imax.  In the unaligned position, θr = θ0; in the aligned position, the conduction angle (θr - 

θ0)  is equal to the stator pole angle, βs.  Using Equation 2.40 (for       ), solved for 

LUA yields: 

    
    

    
      (2.41) 

At the aligned position, where (θr - θ0) = βs, and λ = λmax, substituting LUA into Equation 

2.40 (for       ) and solving for Ks yields: 

   
            

  
     (2.42) 

The linearized piecewise flux linkage functions will appear as shown in Figure 2.15.  [16, 

pp.337-341]   

Alternatively, saturated λ(θ,i) for a given phase can be estimated analytically by 

the motor geometry as in Radun’s SRM design method: 

                                (2.43) 
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where Rg is the rotor radius (center to the rotor pole tip), lstk is the axial length of the 

motor stack (core laminations), stf is an iron stacking factor, N is the number of turns per 

stator pole winding, and α is the rotor-stator pole overlap fraction. [17, pp.1084]  

The flux linkage is often estimated on-line by an approximation of Equation 2.20 

(the voltage equation for a single phase of an SRM), solved for the flux linkage.  This 

results in: 

                       (2.44) 

Equation 2.44 can be integrated to calculate the flux linkage if phase current and phase 

voltage are known.  Hence, we can establish an on-line flux estimation method with only 

two sensors per phase (phase voltage and current).   

 

Fig. 2.15: Saturated Magnetization Curve Piece-wise Linear Approximation 

Rather than integrating, a numerical method is more practical to implement with fixed 

sampling intervals (Δtsample) and ksample number of samples.  This yields an approximation 

for instantaneous flux linkage as: 

       ∑ (        )
           

              (2.45) 



 35 

As the number of samples is increased, the approximation becomes more accurate, and 

can be used to estimate torque or even “sensorless” position estimation if the 

magnetization curves for a given motor are well known.  [18, pp.20-1] 

 

2.8 ESTIMATED SRM TORQUE RELATIONSHIP 

The torque contribution from a single phase of an SRM can be determined by 

    
 

  
∫       

  
 

       (2.46) 

where ik is the instantaneous phase current in phase k.  Single phase instantaneous torque 

can be determined from Equation 2.46 using the linear approximation in Equation 2.40.   

Taking the unsaturated case (        , torque is given by: 
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]   (2.47) 

    
  

   

     
                                  (2.48) 

For case where       , it is necessary to integrate, differentiate, and sum both 

portions of the piecewise function in Equation 2.40 to cover the range from 0 to I. 
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                     (2.52) 

Summing Equations 2.50 and 2.52 provides the torque for a single phase where        : 

         
      

 
      (2.53) 

Combining Equations 2.48 and 2.53, the relationship for instantaneous torque as a 

function of current in a single phase k  is given by: 

        {   

  
   

     
                              

     
      

 
                

    (2.54) 
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The constant Ks contains information relating the inductance to angular position, so 

torque is also a function of position in this approximation, albeit indirectly [19, pp.74-5]. 

For a multiphase SRM, with negligible mutual inductance, superposition can be 

applied to the m number of phase torques, and a net instantaneous torque for the machine 

can be found by: 

    
     ∑    

   
        (2.55) 

[16, pp.335]   

The net instantaneous torque is a periodic function with an associated torque ripple, so 

the average torque is a more useful measure of motor performance.  Average torque is 

given by: 

    
      

 

    
∫     

        

 
       (2.56) 

where Trev is the period of the mechanical revolution (in seconds) [20, pp.154]. 

 

2.9 SWITCHED RELUCTANCE MOTOR EQUIVALENT ELECTRICAL CIRCUIT 

Voltage analysis (similar to Equations 2.15) can again be conducted on a single 

phase of the switched reluctance motor, incorporating the dependence of inductance on 

current and rotor position. 

          
 

  
                     

  

  
  

  

  
 
       

  
  (2.57) 

Since   
  

  
, the voltage equation can be expressed as: 

                
  

  
 

       

  
            (2.58) 

Each term again has physical meaning, where       is the resistive voltage drop, 

      
  

  
 is the inductive voltage drop, and 

       

  
         is the back emf voltage 

induced by the phase coil rotor interaction.  [5, pp.10-11]   
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A single phase equivalent electrical circuit for a single phase of the switched 

reluctance motor incorporating each of these voltage terms is shown in Figure 2.16.  The 

single phase equivalent is representative of all phases of the motor because each phase is 

electrically independent of the others and all phases are very nearly identical in geometry, 

inductance, and resistance.   

 

Fig. 2.16: Single Phase Equivalent Circuit for Switched Reluctance Motor 

2.10 SWITCHED RELUCTANCE MOTOR MODEL EQUATIONS 

The physical (mechanical) behavior of the switched reluctance motor can be 

described by a set of dynamic equations that incorporate the rotor inertia (J), rotating 

friction (due to bearings and windage), and the load torque (Tload).  The rotating friction is 

represented by Bm, the viscous coefficient of friction (with units of N-m/rad/s), and 

depends on the rotor’s angular velocity (ωrotor).  The sum of these forces provide the 

dynamic model for the SRM, given by: 

 
       

  
     

                        (2.59) 

where     
     is given from Equation 2.56.   

Rotor position θk relative to phase k is given by the relationship: 

       
       

 
       (2.60) 

[18, pp.11] 
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The relevant equations from Chapter 2 for modeling the switched reluctance machine 

have been compiled in Table 2.2.    Having examined the operating principles of the 

SRM, we will next examine the different methods for control to determine the 

requirements for a motor drive circuit.    
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Description Equation Equation 

Number 
Fundamental Frequency of 

Phase Current  
 
       

  

  
 

   

  
    (Equation 2.1) 

Mechanical Frequency 

(Torque Fipple) 
 
    

   
 
 (Equation 2.2) 

Instantaneous Phase Torque 
(Integral Relationship) 

    
 

  
∫       

  

 

   
(Equation 2.46) 

Instantaneous Phase Torque 
(Piecewise Linear 

Approximation)         {   

  
   

     
                              

     
      

 
                

 

(Equation 2.53) 

Instantaneous Motor Torque 
    

     ∑    

   

   

 
(Equation 2.55) 

Average Motor Torque 
    

      
 

    

∫     
    

    

 

   
(Equation 2.56) 

Voltage Equation for SRM 

Single Phase Equivalent 

Circuit 
                

  

  
 

       

  
          (Equation 2.58) 

Mechanical Dynamic Equation 

for SRM  
       

  
     

                     
(Equation 2.59) 

Rotor Position  
(Relative to Phase k)        

       

 
 

(Equation 2.60) 

Table 2.2: Model Equations for a Switched Reluctance Motor 

2.11 FOUR QUADRANT OPERATION OF SWITCHED RELUCTANCE MOTOR 

As briefly discussed in Section 2.2, a switched reluctance motor can easily be 

operated in all four quadrants simply by varying the phase current turn-on (θon) and turn-

off (θoff) angles relative to the rising and falling inductance regions for a given phase.  
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The basic control requirements for operating in each quadrant are listed below, and 

depicted graphically in Figure 2.17.  

 

 

Fig. 2.17: Switched Reluctance Machine Four Quadrant Torque-Speed Operation 

a. Forward Motoring 

As explained in Section 2.5, a switched reluctance machine acts as a motor when 

the phase current is applied to each successive phase while the inductance is rising.  This 

produces positive motor torque, the rotating direction of which is determined by the 

phase excitation sequence.  For forward rotation, (which is clockwise, by convention), the 

phases should be excited in negative sequence (i.e. Phase A, then Phase C, then Phase B, 

excited for a three-phase motor).  Forward rotation implies positive angular velocity, so 

forward motoring is characterized by positive torque (produced in the direction of 

rotation) and positive angular velocity.   
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b. Reverse Motoring 

Motoring in the reverse direction is a simple matter.  The phase excitation 

sequence is reversed from negative to positive sequence (i.e. Phase A, then Phase B, then 

Phase C, excited for a three-phase motor).  In this case, the rotation will be counter-

clockwise, and the angular velocity negative, and the associated motoring torque will also 

be negative (again, produced in the direction of rotation).  Hence, no additional 

components or complicated control schemes are required for forward/reverse operation of 

the switched reluctance motor; only the simple reversal of the order in which phases are 

excited.   

c. Forward Generating/Braking 

As mentioned in Section 2.5.b.iii, a switched reluctance machine acts as a 

generator when the phase current is applied to each successive phase while the 

inductance is falling.  Generation mode implies that negative torque is applied (so 

mechanical power is input to the rotor shaft) and phase current is produced and supplied 

back to the electrical source (electrical power is output to the source).  If the electrical 

power is dissipated rather than recovered, the switched reluctance machine acts in a 

braking mode.  The chief difference between the two modes is determined by the 

source’s ability to recover the electrical power.  For a vehicle, generating mode is most 

commonly referred to as “regenerative braking,” and some means of energy storage is 

required to recover the produced electrical power.  It can be stored electrically, in a 

battery or ultracapacitor bank, or mechanically as inertia in a flywheel or the rotating 

mass of an internal combustion engine.  Resistive braking, on the other hand, requires the 

converter to route the electrical power output to a resistor bank, which dissipates the 

produced electrical power as heat in the braking mode. 
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d. Reverse Generating/Braking 

As with forward and reverse motoring, reverse generating depends only on the 

phase excitation sequence.  If the generator is provided a forward torque input, the phase 

sequence should be excited in a negative sequence (but with phase current applied in the 

region of falling inductance).  If the mechanical input is in the reverse direction, phase 

excitation should instead be in positive sequence order.   

 

2.12 SWITCHED RELUCTANCE MOTOR TORQUE SPEED CURVE 

The torque-speed relationship is the most important performance characteristic of 

an electric motor, typically given as a two-dimensional plot.  Power electronic motor 

drives allow operation at any torque/power level at or below the torque-speed curve, so 

the curve effectively defines the performance envelope of the motor.  (Note: The typical 

torque-speed curve assumes continuous operating duty; hence, it describes the operating 

conditions constrained by thermal limits for continuous operation.  Operation above this 

curve is possible for less-than-continuous duty, provided that transient thermal limits are 

not exceeded for the given motor/controller). 

The torque-speed profile typically consists of several well-defined operating 

regions:  

1.) The constant torque region, defined by the operating speeds at which the motor can 

provide rated torque.  Rated torque is possible at speeds up to the “base speed” (or rated 

speed,       
      , which defines a knee on the curve as shown in Figure 2.18.   

2.) The constant power region, where the product of maximum torque and motor speed 

produce a constant power.  Recalling that power is related to torque by           , if 

power is to remain constant with increasing speed, torque must decrease.  The base speed 
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defines the lower limit of this operating region, and the torque decreases as speed 

increases. 

3.) The natural operating region, at high speeds (at or above the motor’s natural speed 

limit,       
       ) where the maximum available torque has decreased such that the 

constant power cannot be achieved.  The maximum torque in this mode decreases 

inversely with the square of the speed.  Not all motors are capable of operating at speeds 

high enough to attain the natural mode of operation, but the upper limit in either case is 

defined by the maximum motor speed (      
   ) as limited by the material limits of hoop 

stress on the rotor. [21, pp.22] 

 

Fig. 2.18: Motor Torque (T) vs. Speed (ω) Operating Regions 

2.13 SWITCHED RELUCTANCE MOTOR CONTROL METHODS 

Switched reluctance motors are capable of flexible control, in that there are 

multiple combinations of control parameters that can achieve a desired performance 

output.  Like conventional DC motors, switched reluctance motors can be controlled by 

varying input current and voltage (with fixed turn-on and turn-off angles as in the 

brushed commutation of a DC motor).  Phase current is then controlled at lower speeds 

(by switching the phase voltage on and off in order to provide the appropriate average 
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current, either by hysteresis or pulse-width modulation) to achieve constant rated torque 

below the base speed (ωbase).  This type of control is called “current control,” and 

effectively controls the average torque output of the motor.  

The turn-on and turn-off angles of a SRM provide two additional degrees of 

freedom in control, allowing performance to be tailored to meet specific objectives over 

an extended speed range.  Controlling turn-on and turn-off angles is called “phase angle 

control.”  Phase angle control is the only feasible control method at higher speeds (above 

rated speed, ωrated) because the current is unable to increase in the time available in each 

stroke due to the rising inductance.   

There are variations on these two primary SRM control methods: Hybrid phase-

angle/current control, which combines these two strategies over the speed range to 

optimize performance toward a particular objective (maximizing torque, efficiency, or 

minimizing acoustic noise or torque ripple); Instantaneous torque control, which varies 

the torque output waveform by carefully shaping the current waveform and turn-on/turn-

off phase angles (to minimize torque ripple, particularly); and Hybrid phase-

angle/voltage control, which is a variation on phase angle control which varies voltage 

during the excitation period (to achieve a desired acoustic noise or torque characteristic, 

typically).  These specialized control strategies can help tailor the SRM performance for a 

given application, such as a servo-motor application, where precise torque control is 

required, or a home appliance, where acoustic noise must be minimized.  The remainder 

of this section will attempt to describe the primary control methods in detail, as current 

and phase angle control are fundamental to SRM operation.   
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a. Current Control for a Switched Reluctance Motor 

Phase current is the most important determinant of torque output in the switched 

reluctance machine.  In a typical implementation, the amplitude and timing of phase 

current in a given phase are determined from the mechanical load’s demand torque, 

which is translated into a reference current value for the controller to produce.  At lower 

speeds, it is possible to regulate the applied phase current at or near the rated current 

value in order to obtain maximum rated torque from the motor.  At higher speeds, the 

increased back-emf and the rising inductance prevent the phase current from reaching the 

rated amplitude for a given stroke.  There is therefore an automatic transition to single-

pulse operation, where a single phase excitation occurs per stroke, and the controller 

should transition to phase angle control for acceptable performance.  Two methods are 

predominately used to regulate the phase current: hysteresis, and pulse-width modulation.   

i. Hysteresis Control  

Hysteresis control attempts to maintain the current within a “hysteresis band” or 

tolerance range (+/-5%, or +/-10 Amps, for example) around a reference current 

amplitude.  This type of current control switches “instantaneously” when phase current 

exceeds the threshold around the reference current, and therefore has faster response than 

fixed frequency switching schemes.  Hysteresis control is, however, also prone to very 

high switching frequency even at low speeds, and the switching frequency is not fixed 

and difficult to estimate.  High switching losses can be a negative aspect at low speed, 

lowering overall efficiency, but hysteresis control has the potential for faster motor 

response and potentially reduced electromagnetic interference (with the rapidly changing 

switching frequency spreading the harmonic content across a wide spectrum of 

frequencies; this makes filter design problematic, but also lowers overall EMI emissions).   
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Current is controlled by switching the applied phase voltage on as the phase 

current is below the lower limit (threshold) around the reference current, and switching 

the phase voltage off if the current threshold is exceeded as shown in Figure 2.19.  If a 

drive is capable of providing a negative voltage, the full negative phase voltage can be 

applied (e.g., by switching both switches in a phase leg inverter circuit) as the threshold is 

exceeded in a scheme called “hard-chopping,” but this leads to excessive switching 

speeds and steep transitions in current.  The alternative strategy uses a zero-voltage 

period to allow the current to decay at the natural time constant, providing a slower, 

smoother transition.  This strategy is called “soft-chopping,” and is desirable under most 

conditions to minimize current ripple and excessive switching.  [3, pp.62-4] 
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Fig. 2.19:  Soft Chopping Hysteresis Current Control of a Single Phase in an SRM 
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ii. Pulse-width Modulation Control 

Pulse-width modulation (PWM), on the other hand, is more of a “feed-forward” 

approach to current control.  The duty cycle (the ratio of the “on-time: to the “off-time” 

during a given switching period, illustrated in Figure 2.20(a)) of the phase voltage is 

adjusted to control the average phase voltage applied to the phase, as shown in Figure 

2.20(b).  This average voltage then determines the phase current.  

 

Fig. 2.20: (a) Duty Cycle in Voltage Pulse Width Modulation (b) Average Voltage from 

Source voltage PWM Chopping 

PWM is somewhat less responsive to changes in phase current than hysteresis 

control, but it is very well suited for fixed speed or industrial  variable speed drives where 

the dynamic load changes are not extreme.  PWM uses a very high switching frequency 

to lower the current ripple and to allow smaller sized energy storage elements to be used 
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(inductors and capacitors decrease in size with increased operating frequency for a given 

current and voltage rated device).  Additionally, higher switching frequencies allow the 

harmonic content to occur at fixed multiples of the fundamental switching frequency (at 

very high frequencies, in other words), allowing easy harmonic filter implementation 

(again with smaller components).  This is very important if an alternating current source 

is used as the power supply, but less critical in a DC bus.   

Within PWM, there are again two variations on switching methods.  Typical 

circuits for SRM control have two switches per phase, which are controlled 

independently.  Soft-chopping PWM (Figure 2.21) keeps one of the phase leg switches 

on while switching the other switch on and off in order to regulate the current.  The 

resulting rate of change of current is gradual, and voltage stresses, noise, and current 

ripple are minimal.  Hard chopping PWM (Figure 2.22), on the other hand, switches both 

of the switches on and off simultaneously, creating more rapid changes in the phase 

current and potentially faster response time.  The disadvantage of hard-chopping, 

however, is higher stress on the components, higher current ripple, and potentially higher 

acoustic noise and torque ripple.  The specific type of chopping control used depends on 

the desired performance outcome and controller complexity; soft-chopping is the most 

commonly used and produces the most satisfactory current output, but hard-chopping 

may be required for generation/braking modes at higher speeds (due to the need for 

overcoming higher back-emf in a shorter amount of time). [3, pp.58-61] 
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Fig. 2.21:  Soft Chopping Voltage Pulse Width Modulation of a Single Phase in an SRM 
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Fig. 2.22: Hard Chopping Voltage Pulse Width Modulation of a Single Phase in an SRM 
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b. Phase Angle Control for a Switched Reluctance Motor 

Phase angle control is unique to switched reluctance machines, and is a basic 

requirement for four-quadrant operation due to the need to adjust the turn-on and turn-off 

angles to correspond to the regions of rising or falling inductance for a given motor 

stroke.  Phase angle control can be used in conjunction with current control methods to 

extend the operating speed range of a SRM to higher speeds, allowing torque production 

to occur when phase current cannot reach the rated current in the time allowed by the 

rotor speed.  Alternatively, phase angle control can be used independently to control the 

motor torque even at low speeds, keeping the motor operating in “single pulse mode” as 

shown in Figure 2.23.  This operating mode has the advantage of very low switching 

frequency (only one switching cycle per switch, per stroke), which can improve 

efficiency and reduce EMI emissions.  The disadvantage is an inability to effectively 

regulate the phase current at low speeds, and reduced torque output over the lower speed 

range.   

The fundamentals of SRM torque production were explained in detail in Section 

2.5, as well as the significance of the different position regions in the idealized L-θ 

profile of Figure 2.10.  The unaligned position (θUA), aligned position (θA), motoring and 

generating angles (θm and θg, respectively) were defined in that section and their 

importance in determining the mode of operation were explained.  The limits for each of 

these fixed phase angles are defined by the physical geometry of the SRM.  The aligned 

and unaligned positions (θA and θUA, respectively) are defined by their respective polar  
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Fig. 2.23: Single Pulse Excitation of a Single Phase in an SRM 
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and interpolar axes and are fixed by the geometry of the motor.  Similarly, the motoring 

angle (θm) is defined by the leading edge of the stator pole tooth, and the generating angle 

(θg) is defined by the trailing edge of the stator pole tooth.  The difference between the 

motoring and generating angles is the rotor pole arc (βrp = θg - θm).  These fixed 

parameters are used in the motor design process to obtain different characteristics, but are 

not adjustable by control. 

Some additional basic terminology is useful in understanding phase-angle control, 

describing the relative positions and durations of the phase excitation.  These angles are 

the control parameters for phase angle control.  We have already discussed the turn-on 

angle (θon) and turn-off angle (θoff) which describe the rotor position at which the phase 

current is applied and commutated, respectively.  The difference between these two 

angles defines the dwell angle (θdwell) which describes the duration that phase current is 

applied from the source.  The dwell angle is defined as: 

                    (2.61) 

Dwell angle selection is dependent on operating speed.  At low speed, the phase 

current is controlled to hold flux constant at the peak over nearly the entire conduction 

stroke because the flux is able to be extinguished very quickly compared to the period of 

the stroke.  In the low speed case, the dwell angle is approximately equal to (or slightly 

less than) the stator pole arc (          ). The dwell angle is particularly important for 

torque production at high speeds (above the base speed).  Neglecting voltage drops and 

resistances, the peak flux linkage for a given stroke is given by               ⁄ .  Hence, 

for a fixed source voltage, as the speed increases, the dwell angle must also be increased 

proportionally to maintain peak flux linkage.  [15, pp.77-9].   

By definition, the source current is no longer applied after commutation at θoff, but 

the current in the phase windings does not instantaneously fall to zero, as shown in Figure 
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2.23.  Instead, the phase current decays at a rate determined by the instantaneous 

inductance of the phase and the applied phase voltage.  As discussed in Section 2.5, 

positive torque is produced when current is applied as inductance is rising, and negative 

torque is produced when the inductance is falling.  Therefore, it is desirable to extinguish 

the majority of phase current and flux prior to the falling inductance region to minimize 

the parasitic negative phase torque.  Most high performance SRM drive circuits will 

automatically provide a negative phase voltage after commutation, which serves to 

extinguish the residual flux linkage more rapidly.   

The angle at which the phase flux linkage goes to zero is called the “extinction 

angle” (θq) as shown in Figure 2.23 in the phase current and flux waveforms.  The entire 

range of position where phase winding current is non-zero is called the “conduction 

angle,” (θcond), depicted on the current waveform of Figure 2.23.  The conduction angle is 

defined as the difference between the extinction angle and the turn-on angle, as in: 

                 (2.62) 

The flux must be completely extinguished during each rotor pole pitch, or else 

current will not ever fall to zero within a given phase.  This condition is called 

“continuous conduction,” and it leads to a ratcheting action where the flux continues to 

build from excitation period to excitation period within a phase.  Thus,            

defines an upper limit for the conduction angle to avoid continuous conduction. [3, pp.56] 

 

i. Phase Angle Control Strategies Overview 

Several phase angle control strategies are possible, with varying degrees of 

effectiveness and complexity.  The first and most obvious strategy is a fixed angle 

strategy, where θon and θoff are preselected to provide acceptable performance over the 

operating range, and remain fixed.  Fixed angle is the most simple strategy, but at the 
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expense of performance over a wide speed range; it is therefore best suited to a limited 

speed range or fixed speed operation or very low cost drives.  A fixed dwell angle 

strategy improves the motor performance over the speed range by keeping the dwell 

period constant, but slightly advancing or delaying the turn-on based on the rotor speed.  

Fixed commutation is a slightly more sophisticated strategy which varies θon while 

keeping a fixed θoff.  It provides a variable dwell angle and greatly improves performance 

over the speed range (increasing positive torque with fixed parasitic negative torque) with 

minimal additional complexity.  A fixed turn-on/variable commutation strategy is similar, 

but changes the turn-off angle while fixing the turn-on angle.  It also provides some 

performance benefits at higher speeds with minimal complexity.  Finally, the turn-on and 

turn-off angles can be varied independently, providing the most flexible phase angle 

control.  This strategy provides maximum performance from phase angle control, and is 

preferable in all but the lowest cost applications.  Since most phase angle control is 

implemented with digital controllers, using predefined look-up tables based on motor and 

drive testing, there is little difference in the hardware and number of components required 

among any of these strategies.  Modern technology allows microprocessor and other 

embedded computing to precisely control these systems in real time with little additional 

complexity in control schemes, so the variable θon and θoff, scheme should be expected for 

a performance motor drive.  

Having defined the key angles of interest for phase angle control and described 

the different control strategies, we will next examine the effect each of these control 

parameters has on motor performance and methods to properly select appropriate phase 

angles. 
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ii. Phase Angle Selection: Turn-on Angle (θon) 

The turn-on angle determines the operating mode for the SRM, so it should be 

selected to occur in the rising inductance region for motoring and in the falling 

inductance region for generating/braking.  Due to the phase coil inductance, the applied 

current cannot rise to full amplitude instantly, and the rate of change is directly 

proportional to the applied voltage and inversely proportional to the phase inductance 

(    
   

  
).  In order to maximize positive torque, it is necessary to apply phase current 

quickly before the inductance rises.  Ideally, we would apply a square wave current pulse 

of peak current amplitude (ipk) instantly (
  

  
  ) at the beginning of pole overlap (θon = 

θm) with a dwell time equal to the region of rising inductance (θdwell =θcond = θA -θm) and 

instantaneous flux extinction at the aligned position(
  

  
         ).  This ideal 

case would ensure maximum positive torque and zero negative torque.  

In a real SRM, the phase inductance is non-zero at all positions, even when the 

poles are unaligned.  The best current turn-on response is therefore achieved when θon is 

selected prior to θm where the inductance is still at its minimum (Lmin), but with sufficient 

time to allow the phase current to reach its peak prior to pole overlap at θm.  The rise time 

for a given Lmin can be determined by considering each SRM phase as a series R-L circuit 

(as in Figure 2.16).  The time domain current response of a series R-L circuit increases 

exponentially at a rate determined by its time constant (τ=L/R) to its final value 

according to the well-known equation for inductor current rise in an R-L circuit.  In this 

case, vL=Vs (the source voltage), R is the phase conductor resistance (Rcond), and L =Lmin, 

so that phase current response is given by: 

   
  

 
(   

  
   ⁄  )  

  

     
(   

  

(         ⁄ ))   (2.63) 
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Solving for the rise time, trise, at which iL=ipk, we arrive at a relationship for the 

minimum time to achieve peak phase current while the poles are not overlapped: 

       (
    

     
)   (  

     

  
   )     (2.64) 

Since the time available depends on the angular velocity of the rotor (  
  

  
), 

there is a need to advance the turn-on angle as speed increases and the time between the 

phase excitations decreases.  The relationship between rise time, rotor speed, and turn-on 

phase angle can therefore be determined by: 

       
        

     
      (2.65) 

Solving for the turn-on angle (θon) yields: 

                       (2.66) 

Substituting Equation 2.64 into 2.66 provides the relationship for turn-on angle selection 

as a function of speed: 

             [ (
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   )]   (2.67) 

The turn-on angle can be advanced well ahead of the beginning of pole overlap 

and preceding unaligned position, even into the previous region of falling inductance at 

very high speeds.  This ensures phase current will be able to reach an adequate level 

before the inductance rises, and necessitates independent phase circuit control if phase 

advance control is to be effective at very high speeds [3, pp.57].   

From Equation 2.64, the current rise time depends on the phase inductance and 

applied voltage level, but also on the desired peak current.  Therefore, it is also possible 

to simply reduce the applied phase current to prevent a negative torque component at 

high operating speeds (particularly in the natural operating region where power reduces 

by the square of the motor speed).   
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iii. Phase Angle Selection: Turn-off Angle (θoff) 

As with the turn-on angle, the turn-off angle is an important determinant for 

motor average torque production.  The average torque for an SRM is given by integrating 

the net instantaneous torque from all the phases over one revolution of the motor (from 

Equation 2.56, where     
      

 

    
∫     

        

 
  ).  The net instantaneous torque is the 

sum of the individual instantaneous phase torques (from Equation 2.55,     
     

∑    
   
   ), so any negative torque resulting from residual phase flux in the falling 

inductance region will act as a parasitic to the net instantaneous torque.   

From this analysis, it seems that average torque would be maximized by ensuring 

that all flux is extinguished before the region of falling inductance (that is, select θoff  

such that θq= θA).  This implies selecting θoff well before the aligned position (θA) which 

reduces the phase current applied during the region of rising inductance and reduces the 

positive torque produced in the stroke.  In practice, some negative torque is often 

acceptable, because the increased positive torque from maximizing phase current in the 

motoring region outweighs the smaller negative torque from residual phase flux.  This 

allows a greater net instantaneous motor torque, but the design tradeoff is the potential 

for greater torque ripple, depending on the overlap between phase torques.   

Additionally, as the rotor passes the aligned position and inductance begins to fall, 

the back-emf changes polarity.  If the back-emf exceeds the applied terminal voltage (Vs, 

which should also have negative polarity after the aligned position), there is a risk that the 

phase current will begin to increase again, rather than decaying as desired.  For this 

reason, it is important that the turn-off angle precede the aligned position by several 
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degrees in single pulse operation, and advanced further ahead of the aligned position as 

speed increases. [3, pp.57] 

A similar analysis for the R-L time constant within the current decay period (from 

θoff  to θq) can help select an appropriate turn-off angle based on a given extinction angle 

(θq).  Considering again the series R-L circuit natural response of a single phase, the 

current now begins at an initial value i0= ic, where ic is the commutation current. (Note 

that we cannot simply consider that the current is at its peak magnitude ipk, because at 

higher speeds the current will not achieve this magnitude.  This initial current, ic, could 

potentially be calculated according to a similar method as Equation 2.75, but since phase 

inductance is not constant over the region, a higher order differential equation is required 

to determine the precise value for the current at the point of commutation.  Phase current 

will however be measured by sensors in a practical drive system, so an analytical solution 

is not required.) 

If we approximate the inductance at the point of commutation and during the 

current decay region as constant at the maximum inductance (Lmax), we can determine the 

current decay time, tdecay, by the well-known first order differential equation for an R-L 

circuit current response.  Here again, R is the phase conductor resistance (Rcond), but with  

L =Lmax, so the current decay time constant is given by (τdecay =Lmax/Rcond).  The time 

domain current response of a series R-L circuit decreases exponentially to its final value 

(here i=0) at a rate determined by its time constant.  The phase current decay time 

response can then be estimated by: 

     ( 
  

   ⁄  )    ( 
  

(         ⁄ ))   (2.69) 

Solving for the decay time, tdecay, given the initial current i0, and for which iL approaches 

zero, we arrive at a relationship for the decay time to extinguish the phase flux: 
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For iL=0, Equation 2.70 is undefined, but the limit as it approaches zero can be 

determined.  A rule of thumb for time constants is that the final value is met for all 

practical purposes after five time constants.  Using this rule of thumb,  
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)      (2.71) 

Alternatively, we can consider the time at which phase current has decayed by an 

arbitrary percentage (Cq) of the initial current (i0).   
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In this case, if we say Cq = 90%, the decay time is given by:             (
    

     
).  

These methods will provide a conservative estimate for the decay time, as inductance will 

be decreasing during the latter portion of the current decay period, and the supply voltage 

polarity reverses at commutation (θoff) for most SRM drive circuits.  These decay time 

estimates provide a suitable starting point for turn-off angles (an effective upper limit for 

turn-off), which can be optimized and adjusted based on experimental testing.   

Since the decay time available again depends on the angular velocity of the rotor 

(  
  

  
), there is a need to advance the turn-off angle as speed increases and the time of 

pole overlap decreases.  The relationship between decay time, rotor speed, and turn-off 

phase angle can therefore be determined by: 

       
(       )

      
      (2.73) 

Solving for the turn-off angle (θoff) yields: 

                         (2.74) 

Hence, given a desired extinction angle (θq), initial phase current, and the rotor speed, an 

appropriate turn-off angle can then be determined.  Having established an appropriate 
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method for relating turn-off angle (θoff) to rotor speed, with respect to the extinction angle 

(θq), the extinction angle is then selected experimentally maximize average torque.   

c. Voltage Control for a Switched Reluctance Motor 

Switched reluctance machines present an inductive load to a drive circuit, and 

require a current commutation to operate.  Typically these drives are implemented with 

voltage sources of a fixed output amplitude that are chopped to provide the appropriate 

average voltage and current for the motor.  Phase voltage, however, can be controlled 

independently to improve performance.  This section will present an overview of SRM 

voltage control. 

In an EV/HEV with a battery, the DC bus voltage is likely to vary significantly 

during operation due to changes in the battery state of charge and with dynamic changes 

in the load, so a truly fixed bus voltage is not practically realizable. [9]  Bus voltage has a 

trickle-down effect on every aspect of machine operation.  Figure 2.24 (from [22]) 

depicts the effect of bus voltage variations on the motor base speed, where rated torque is 

no longer available.  High speed operation is possible for low bus voltages, but available 

torque is greatly diminished.  Hence bus voltage determines the torque-speed 

characteristic of the motor.  As will be discussed further in Chapter 5, efficiency is a 

comparison of output mechanical power relative to the supply voltage and current input.  

Current magnitude determines the conduction losses and heating of the motor and drive 

circuit, and a higher bus voltage allows a lower current magnitude to be used for a given 

power input, reducing losses and allowing cooler operating conditions.  Higher bus 

voltage also increases the motor torque at higher speeds, so mechanical output power will 

be increased and efficiency will improve. [23] 
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For example, if efficiency is mapped over the torque-speed plane, and it is 

determined that the highest efficiency occurs at a “sweet spot” in the mid-speed range 

near the motor base speed (as it appears to in [24, pp.179]) then it follows that varying 

the phase voltage continuously, or in steps will allow the motor to be run efficiently over 

a wider range of operating conditions.  

 

 

Fig. 2.24: Bus voltage variation effect on SRM Torque-Speed Profile  

Additionally, bus voltage determines the rate of change of phase current (from 

Sections 2.13.b.ii-iii).  The higher the phase voltage magnitude, the greater the rate of 

change of the voltage (from 
   

  
 

  

 
).  If the phase voltage is high, the rate of change of 

current is high and the phase turn-on and turn-off will occur more quickly, which will 
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reduce conduction time, improve average torque, and allow higher operating speeds by 

reducing the phase angle advance requirements.  In single pulse mode, phase current 

cannot be regulated by chopping, so varying phase voltage in addition to the phase angles 

allows additional control flexibility.   

One technique that is employed to reduce SRM torque ripple or acoustic noise is 

current or voltage profiling.  This technique varies the phase voltage or phase current 

over the course of a single motor excitation period according to a predetermined profile 

that provides instantaneous torque control or reduces the sharp current transitions that 

cause acoustic noise [9].  These profiles are carefully designed to reduce ripple or 

acoustic noise, but determination of an appropriate voltage or current profile is beyond 

the scope of this paper.   

For these reasons, bus voltage should either be regulated (as a control parameter), 

or measured and accounted for as an independent variable to determine the appropriate 

control parameters for the desired operating condition.   
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Chapter 3:  SRM Drive Circuit Configurations 

3.  SRM DRIVE CIRCUIT OVERVIEW 

From Chapter 2, it is apparent that the motor performance is highly dependent on 

the drive circuit.  The basic requirements for a switched reluctance motor drive circuit 

can be understood from the previous discussion on SRM operation and control.  In this 

section, we will outline specific requirements for a high performance SRM drive circuit 

in a vehicle application.  We will then examine different circuit configurations in the 

literature, and compare them against the requirements to determine which are best suited 

for vehicle drives.   

The purpose of a switched reluctance motor drive is to apply current in each phase 

in coordination with the rotor position to achieve the desired operating mode and torque 

output.  The control parameters for the SRM are the phase current (iϕ), phase voltage 

(Vϕ), turn-on angle (θon), and turn-off angle (θoff), so the controller must be able to control 

the phase voltage, current, and precise timing of the applied current and commutation.  

As mentioned in Section 2.1, one of the chief advantages of the SRM is that it simply 

requires unidirectional current to operate in all four quadrants, which entails fewer 

semiconductor switches to be used in the converter design and opens up the range of 

drive circuit options as compared to other motor types requiring bi-directional or 

sinusoidal current.  Because of the inductive nature of each phase winding, the switches 

must be protected from transients due to the induced voltages after commutation occurs 

and current must always be provided a conduction path, so freewheeling diodes (so 

named because they allow current to circulate or “freewheel” within the circuit after turn-

off) or some other type of clamping mechanism will also be required.   
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3.1 SRM DRIVE CIRCUIT REQUIREMENTS 

For a high performance electric drive wheel application, we will consider circuits 

capable of fulfilling the following basic design requirements: 

1. Current commutation: Current commutation is the most basic requirement for a 

SRM drive.  The drive circuit obviously must be able to turn the current on and 

off (commutation).  The phase current must be applied within the prescribed 

conduction interval, precisely coordinated with rotor position in order to produce 

the desired torque.   

2. Phase Current Regulation:  Current regulation is the ability to control the 

magnitude of the phase current.  This is especially important during low speed 

operation, where the phase current must be held at the desired level throughout 

the conduction interval.  This is typically achieved by chopping the voltage by 

opening and closing switches to achieve the desired current.  The current can be 

maintained within an operating limit by some kind of hysteresis control (requiring 

current feedback) or a set magnitude attained by a simple PWM voltage 

regulation scheme. 

3. Positive Voltage Loop: With the requirement to apply phase current (and flux) 

quickly within the period of rising inductance each stroke, the drive circuit must 

provide the full source voltage to the phase at turn-on.  This establishes a positive 

voltage across the phase winding, of the same polarity as the phase current such 

that the flux is built up in the phase coil.  This is known as a positive voltage loop. 

4. Zero Voltage Loop: When the current is being regulated, it is desirable to allow 

the current to decay slowly in order to reduce current ripple and the number of 

chops over a given interval.  This is accomplished by applying zero volts to the 
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phase, and the circuit is said to be in a zero voltage loop.  If a zero voltage loop is 

used as the phase is turned off in current regulation, it is called “soft-chopping,” 

and provides a gradual current decay and minimizes current ripple.   

5. Negative Voltage Loop: At the time of phase current turn off, the converter 

should be able to force the phase current to zero in order to extinguish the flux as 

quickly as possible, even at high speeds.  This is accomplished by applying a 

negative polarity phase voltage to the motor winding, called a negative voltage 

loop.  If a negative voltage loop is used in current regulation it is called “hard-

chopping.” Hard-chopping is not typically desirable, however, because the rate of 

change of the current is steeper (i.e. higher ripple), and more chops are required to 

maintain the current at the reference value over a given interval.   

6. Energy Recovery: As discussed previously in Section 2.11, the flux must be 

extinguished within the region of increasing inductance in order for the SRM to 

produce positive torque.  The energy required to excite the phase must be 

removed quickly to prevent parasitic negative torque as the rotor continues past 

the aligned position and into the region of falling inductance.  The magnetic 

energy, therefore, is recovered from the phase by dissipation as heat, as in a 

resistance, or by storing the energy for later use.  The recovered energy may be 

returned to the source, stored electrically by a capacitor or battery, or used to 

excited a subsequent phase coil.  Recovering the phase energy for future use is 

critical for efficient operation and can improve performance during turn-on and 

turn-off periods by providing a “boost” of energy to build or extinguish phase 

flux.   

7. Independent Phase Control: Obtaining the highest efficiency or average torque 

output from a SRM drive requires precise management of the phase current 
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relative to the rotor position.  The average torque depends on the sum of the 

individual phase torques, and overlap between phases is required for smooth 

torque output.  Therefore, the drive circuit phase current should allow each phase 

to be energized and de-energized independently, rather than being dependent on 

the state of the previous phase.   

Additionally, one of the chief advantages of the SRM is fault tolerance due to 

each phase being electrically independent, allowing continued operation (albeit 

degraded), despite one or more phases being in a fault condition.  The converter should 

be similarly structured to allow independent phase operation and fault tolerance.  

Therefore, single points of failure should also be avoided within the drive circuit to allow 

motor operation if an individual phase leg of the circuit malfunctions. [25] 

An additional beneficial feature, which is not specifically required, would be the 

ability to provide bursts of energy during the turn-on and turn-off periods, by “boosting” 

the applied phase voltage higher than the DC supply voltage.  This feature can improve 

performance and efficiency, but also requires higher voltage ratings for components.  (As 

a point of clarity, the circuit schematics in this section depict the source as a DC voltage 

source; in reality, there will be a bus capacitor in parallel to “stiffen” the bus, but this 

component is implied in each diagram with the assumption of an ideal voltage source.) 

Having briefly discussed these requirements for a drive circuit, we will examine 

common SRM drive circuit topologies in order to understand their operation and range of 

applications.  First, single switch topologies will be examined as a low-performance, low 

cost alternative.  Next, the asymmetric half-bridge converter (the most common type of 

SRM converter) will be examined in detail, in order to understand its operating principles 

and how its different states relate to the SRM operating modes.  Alternative 

configurations will then be examined, with an eye toward improving asymmetric half-
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bridge circuit transient performance.  These alternatives include the full H-bridge circuit, 

shared switch topologies (such as the Oulton drive circuit), as well as resonant 

converters, which use combinations of capacitors and inductors to exchange energy 

within the circuit to improve performance.  Finally, we will examine how to implement 

braking or energy recovery modes into a drive circuit.   

 

3.2 MINIMUM SWITCH DRIVE CIRCUIT CONFIGURATIONS 

Single switch drive circuits for the SRM are allowed by the unidirectional current 

requirement for an SRM.  These converters use a single switch per phase to excite each 

winding.  The most basic configuration is shown in Figure 3.1(a).  Because of the 

tendency of an inductor to oppose changes in current (Equation 2.4), if a switch were 

opened when in series with an inductor, there would be an induced reverse voltage (di/dt) 

that prevents an instantaneous change in inductor current.  This voltage spike can be 

many times higher than the phase voltage, so an antiparallel diode is required in the 

circuit to allow the phase current from the inductor to “free-wheel” when the switch 

changes state.  The minimum component count for a motor phase is therefore a single 

switch and a diode.  [26, pp.14-15]   

The disadvantage of this configuration is that the phase current must be dissipated 

within the diode alone, requiring a higher rated component and likely reducing diode life 

due to a higher thermal load.  This is suitable only for very small motors, so a solution to 

this is to include a power resistor, known as a suppression resistor, in the free-wheeling 

path as in Figure 3.1(b), which serves to limit and dissipate freewheeling current more 

quickly.   
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Fig. 3.1: (a) Basic Diode-clamped Drive Circuit (b) Diode-clamped Drive Circuit with 

Suppression Resistor (Single Phase Depicted) 

Alternatively, a single suppression resistor shared between phases is shown in 

Figure 3.2, known as an R-dump circuit, where phase energy is “dumped” to the resistor 

after commutation. The obvious disadvantage for a high current application is the 

requirement for a large resistor and the associated high heat losses, translating to 

inefficiency. [27, pp.225-6].   

 

 

Fig. 3.2: R-Dump Drive Circuit 

A completely different approach for a single switch configuration requires 

changes to the motor windings, with two opposite polarity windings on each phase 

(Figure 3.3).  These are called bifilar windings, where the current in each of the coupled 

phase windings flows in opposite directions, allowing the phase magnetic energy in one 
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winding to be used to apply a negative voltage to extinguish flux in the phase.  This type 

of circuit, however, represents a whole class of drives, called resonant converters, which 

store and reuse the phase energy.  Bifilar drives are somewhat unique in that they use 

magnetic energy storage within the phase to remove flux quickly after commutation, as 

opposed to electrical energy from the source or stored in a capacitor.  At commutation, 

the flux is very quickly transferred into the opposite polarity bifilar winding, but two sets 

of windings must exist on the same phase. As such, using bifilar windings reduces the 

effectiveness of the magnetic coupling between the rotor and stator, and requires a higher 

switch voltage rating, so these are typically restricted to lower voltage, lower 

performance circuits where complexity and cost are of particular concern. Other resonant 

converters will be discussed in a later section, but the bifiliar drive is one of the earliest 

examples of this type. [28, pp.726]  

 

 

Fig. 3.3: Bifilar-wound SRM Drive Circuit  

One of the pioneering commercial applications for SRM drives came from a 

group of researchers from the University of Leeds in Great Britain [28].  This topology is 

called the Oulton drive, and it uses a split DC supply (using matched capacitors) to allow 

the use of a single switch per phase (Figure 3.4).  This arrangement allows comparable 

performance with a lower switch voltage rating and is desirable for higher supply 
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voltages compared to the other single switch configurations.  Despite improved 

performance compared to other simple drives, the Oulton drive phases are unable to 

operate independently of each other, so control flexibility is limited [28].   

 

 

Fig. 3.4: Oulton Drive Circuit (Split DC Supply) 

For most applications, the increased cost of adding additional switches to each phase is 

more than offset by improved performance, so we will now examine more complex 

configurations. 

During the early years of power electronics, switching technology options were 

limited and individual component costs were high.  During these initial days when SRM 

drives became feasible, and induction drives were well established and widely available, 

it was important to lower the costs of a SRM drive to make them an attractive alternative.  

With wider component availability, costs have reduced for most switching types (with the 

exception of newer silicon carbide switches, which remain expensive due to limited 

production quantities and development costs).  The lower switch costs have made the 

number of switches of minimal impact on the overall cost of a drive system, especially 

for more complex, high performance  systems as found in vehicles, so current focus has 

shifted to drive performance rather than cost.  However, low cost, high volume 

applications still look to minimize component counts and associated costs.   
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In an effort to minimize component counts, many variations of drive circuits have 

been proposed.  One topology, called the Pollock converter (Figure 3.5), uses a single 

switch and diode per motor phase, but adds an additional single shared switch between all 

the phases.  This shared switch allows for negative voltage polarity and soft-chopping 

current regulation schemes, but is limited to four phase or higher even numbered phase 

motors due to the requirements of timing the extinction and turn-on periods between 

phases.  Control is complicated, and the current fall times are longer due to being limited 

in the periods of time that negative voltage is available. [29, pp.641] 

 

 

Fig. 3.5: Shared Switch “Pollock” Circuit 

Alternatively, an N+1 switch topology can be adopted, using a single switch in 

series with the voltage source (Figure 3.6).  With the N+1 switches, the single phase 

switch performs the commutation, effectively selecting which phase is active, while the 

chopping switch is common to all phases and performs the chopping by providing a 

positive or zero-voltage loop to the active phase.  This topology eases the restrictions on 

the number of phases and allows soft chopping through the common switch, but again 

limits the rate of defluxing due to not having the second switch available for forced 

commutation.  The common chopping switch also presents a single point of failure for 

the drive.  [3, pp.90] 
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Fig. 3.6: N+1 Switch Drive Circuit  

In order to increase the rate of defluxing, a combination of the Pollock, N+1, and 

the suppression resistor topologies uses a common suppression resistor and chopping 

switch for each phase. This dual-decay R-dump converter (Figure 3.7) increases the rate 

of flux decay when the diodes are forward biased and the common switch is not 

conducting, improving performance from the N+1 and Pollock converters.  Compared to 

the R-dump converter described earlier, the dual decay converter allows much of the 

phase energy to return to the source by means of the dump switch.  After the majority of 

the phase energy is removed, the switch opens, and the residual flux is dissipated quickly 

by the dump resistor.  For this topology, efficiency is improved over R-dump 

configurations, and control is simple with minimal additional complexity.  However, 

losses are still high with this configuration because of the dump resistance, as a portion of 

the stored energy is dissipated as heat in the resistor each stroke. Here again, the common 

switch and dump resistor are a single point of failure for the drive operation. [27, pp.225-

6] 
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Fig. 3.7: Dual Decay R-Dump Drive Circuit (Three phase circuit depicted)  

 

3.3 ASYMMETRIC HALF BRIDGE CONVERTER 

The most commonly used drive circuit for switched reluctance motor drives uses 

two switches and two diodes per phase, arranged in an “H” configuration as shown in 

Figure 3.8(a).  Because of the inclusion of a diode, rather than a second switch, in each 

phase leg (also called a half bridge, a phase leg is a pair of switches on either side of the 

“H”), this topology is known as an asymmetric half-bridge circuit.  This configuration 

allows unidirectional current, but has the distinct advantage of allowing independent 

control of each phase and enabling positive, zero, and negative voltage polarity to be 

applied to the phase, as shown in Figure 3.8(b),3.8(c), 3.8(d).  The cost is lower due to 

only requiring two switches, and the diodes help prevent the possibility of a “shoot 

through” fault common to four switch H-bridge inverter topologies (when two switches 

in a phase leg are open at the same time, short circuiting the source to ground).   

Although there are two switches, there are only three useful operating states for 

the asymmetric half-bridge circuit, as mentioned above.  When switches Q1 and Q2 are 

closed, the circuit takes the form shown in Figure 3.8(b). The positive source voltage is 

applied to the phase, and current flows constructively into the phase windings such that 

flux increases.  When switches Q1 is open and Q2 remains closed, as in Figure 3.8(c), the 
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phase is isolated from the source, diode D1 is forward biased, and the phase winding 

current circulates, or free-wheels, inside the loop of diode D1 and switch Q2.  This is the 

zero-voltage loop, and flux decays very slowly due to the conduction losses within the 

elements in that loop.  When switches Q1 and Q2 are both open, as in Figure 3.8(d), then 

both diodes D1 and D2 are forward biased, but the source voltage terminal polarity is 

switched across the phase winding, such that negative source voltage is applied to the 

phase.  This serves to drive current, and flux, in the phase to zero quickly.  This is the 

negative-voltage loop, and is used in hard chopping schemes.  [3, pp.53] 

 

 

Fig. 3.8: Asymmetric Half Bridge Circuit (a) Single Phase Drive Circuit, (b) Positive 

Voltage Loop (Q1 on, Q2 on), (c) Zero Voltage Loop (Q1 off, Q2 on), (d) Negative 

Voltage Loop (Q1 off, Q2 off) 

It can be observed that switch Q1 is the soft-chopping switch, determining 

whether the phase is applied a positive or zero voltage to regulate the current; the switch 

Q2 determines if a given phase is active, enabling current to be applied to the phase.  
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These switching states are very helpful in planning a motor control strategy, allowing 

phase angle control, soft and hard chopping current control, and voltage PWM control.  

The phases operate independently of one another, and there are no restrictions on number 

of phases. [30, pp.1101] 

 

3.4 FULL H-BRIDGE CONVERTER 

If instead of a switch/diode pair, we use two switches per phase leg (four per 

SRM phase), the topology is identical to the full-H-bridge inverter used on AC drive 

circuits.  This topology allows bidirectional current to flow, but has the same operating 

characteristics as the asymmetric half bridge circuit if the switching states are controlled 

to perform the same function as the diodes.  The potential advantage of using this 

topology lies in the ability to more precisely control the diode portion of the circuit, 

adjusting the dwell or dead time between switching states, but at the cost of additional 

complexity and the potential for shoot through faults.  In lower power applications, diode 

losses can be a concern, so using four very fast power MOSFET switches rather than two 

MOSFETs and two diodes can yield lower conduction and switching losses.  In high 

power drives, the phase voltage is much greater than either the diode or switch forward 

voltage drops, so the efficiency advantage is negligible and outweighed by the cost and 

risk of shoot through fault.  In short, there appears to be little advantage to using a full H-

bridge for the unidirectional current SRM application where the asymmetric half-bridge 

is suitable.   
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3.5 RESONANT CONVERTERS 

Increasing the defluxing rate, while still maintaining efficiency, presents an 

interesting problem.  The magnetic energy stored in the phase inductance is critical to the 

conversion of electrical to mechanical energy in the SRM.  The SRM operating and 

control principles in Chapter 2 show how it is important to establish and extinguish flux 

in the winding quickly to maximize positive torque each stroke, which can be 

accomplished by applying a positive phase voltage in the turn-on period and a negative 

voltage in the turn-off period.  The phase inductance opposes the resulting changes in 

phase current, which slows down the fluxing and defluxing processes, and the stored 

magnetic energy must go somewhere according to the law of conservation of energy.  It 

can, therefore, either be dissipated as heat in a resistor or freewheeling diode, or 

exchanged with another energy storage element.  If the energy is dissipated, the 

subsequent flux energization period will require additional energy from the source, which 

is typically a fixed voltage, or is at least not capable of very rapid changes in the voltage 

magnitude.  It is clear from this discussion that energy recovery would be preferable, 

especially if the energy could somehow be locally converted to a higher voltage and 

applied appropriately to contribute to faster fluxing/defluxing.  This energy exchange 

process is the basis for resonant converters, which work on the principle of exchanging 

energy between energy storage elements in the circuit (inductors and capacitors). 

If we again consider the asymmetric half bridge circuit, but add an additional 

diode and capacitor on the source side of the bridge as shown in Figure 3.9(a), the voltage 

during the turn-on stage of the motor phase is “boosted” by the capacitor’s discharge, 

providing a burst of energy to push the current up to the rated magnitude quickly.  

Similarly, during phase turn-off, the capacitor charging pulls the phase current down 
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quickly.  When the phase is first energized, the capacitor boost voltage is zero, so the 

boost diode (Dboost) is forward biased and the phase is energized by the source.  Once the 

phase has been energized by the source, and the initial commutation occurs (Q1 and Q2 

are off and the diodes D1 and D2 begin conducting), the phase current is forced into the 

boost capacitor, charging it and rapidly forcing the boost voltage higher than the source 

voltage.  This reverse biases the boost diode, and isolates the phase from the source.  The 

boost voltage continues to rise until phase current continues to decay to zero, while 

diodes D1 and D2 prevent current from reversing back into the phase winding inductance.  

At this point, the phase current is zero, and the boost capacitor is at its maximum boost 

voltage.  When the phase is activated again, switches Q1 and Q2 are closed, and the 

capacitor boost voltage is applied to the phase winding, causing a rapid rise in phase 

current during the turn-on stage.  When the capacitor is discharged, the capacitor boost 

voltage has decayed to the point that the boost diode (Dboost) is forward biased, so current 

is again applied by the source to maintain the phase current, beginning the boost 

charge/discharge cycle again.     

 

Fig. 3.9: (a) Parallel- and (b) Series-Boosted Asymmetric Half Bridge Circuit (Single 

Phase Depicted) 
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The boost capacitor is selected to provide a small RC time constant, so, 

effectively, the boost only occurs during turn-on and turn-off stages and allowing faster 

cycling of the phase.  The advantages of this boosting method are higher efficiency, 

reduced speed ripple, improved energy recovery, and higher speed operation, with 

minimal additional complexity.  Additionally, this method provides simplicity of control, 

because the process occurs automatically with the boost diode in place.  The parallel 

boost diode, however, prevents regenerative braking operation and recovering energy to 

the source without additional circuitry; the capacitor would be required to absorb a great 

deal of energy each phase excitation cycle, making it infeasible for a high power drive.  

All components must also be rated for the high boost voltage, increasing cost and stress 

on the components, however. [23] 

Alternatively, the boost stage can be connected in a series arrangement as in 

Figure 3.9(b), which has similar boosting benefits, but provides slightly lower boost 

capacitor voltage, while still allowing energy to be transferred to the source when 

required.  This is advantageous from the perspective of voltage stress, and allows lower 

component ratings throughout the circuit [41].  A similar series-boost method can be 

employed on each individual phase, using additional switches and control logic to control 

the timing of charging and discharging.  This provides a switched capacitive energy 

discharge (CED) pulse during turn-on and turn-off, but control is more complicated than 

the simple parallel or series boost circuits above [31].  

Another converter with the capability to recover defluxing energy and voltage-

boosting performance during the turn-off period is known as the C-dump converter 

(Figure 3.10).  The structure is similar to the R-dump and N+1 converters from the 

previous section, but a capacitor and inductor are substituted for the suppression resistor.  

The dump capacitor can provide negative voltages which can be much higher than the 
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source voltage during the defluxing period, while the additional common inductor and 

switch acts as a chopper, allowing some of this energy to be returned to the source while 

maintaining the capacitor voltage at a safe level.   

Similar to the R-dump and N+1 topologies, the chopper stage presents a single 

point of failure, and the phases are not independently controllable in this configuration.  

Control is somewhat complicated by the need to time the charging and discharging of the 

capacitor with each phase in a coordinated manner, and voltages are maintained at a high 

level for all components, increasing stress.  This circuit does however provide an 

example of an effective method for energy recovery and performance improvement at 

turn-off [27]. 

 

 

Fig. 3.10: C-Dump Drive Circuit (Three phase circuit depicted) 

As with the asymmetric H-bridge circuit, many variations on this basic 

configuration exist to improve different aspects of its performance.  A 2+1 Converter, 

shown in Figure 3.11, adds an additional pair of switches and diodes to the chopper 

portion of the C-dump circuit, but with a single diode and switch per motor phase.  The 

2+1 converter derives its name from the direction of current flowing within the three 

motor phase windings—two phases have current in the same direction, the third phase 

conducts current in the opposite direction.  This allows easier management of the energy 
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stored in the dump capacitor, but the SRM torque production mechanism is 

unidirectional, making the current direction irrelevant from the motor perspective.   It 

should be noted that the C-dump chopper portion is a buck-boost converter equalization 

stage for the drive, which regulates the dump capacitor voltage at twice the source 

voltage.   

 

 

Fig. 3.11: 2+1 C-Dump Drive Circuit (Three phase circuit depicted)  

An expanded version of this C-dump topology is shown in Figure 3.12, where 

each SRM phase is provided an independent asymmetric H-bridge converter.  This 

provides a great deal of flexibility in managing the stored energy.  The control scheme is 

complex, but this converter is capable of independent phase control, current regulation, 

and positive, negative, and zero voltage loops, with a boosted voltage capability.  Its 

various operating states are defined in Table 3.1.   The switch states are selected from a 

look up table, in order to best utilize the dump capacitor energy to establish flux in the 

subsequent motor phase winding [32].  
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Fig. 3.12: Full Bridge C-Dump Drive Circuit with Equalization Leg (Three phase circuit 

depicted)  

 Active Phase Switches   
(ON state) 

(All Others Implied Q&D=OFF) 

Current Polarity 

Configuration 

Name 
Phase 
A 

Phase 
B 

Phase 
C 

“3+0” Q
A2

&D
A1
 Q

B2
&D

B1
 Q

C2
&D

C1
 + + + 

“2+1” Q
A2

&D
A1
 Q

B2
&D

B1
 Q

C1
&D

C2
 + + - 

“2+1” Q
A2

&D
A1
 Q

B1
&D

B2
 Q

C2
&D

C1
 + - + 

“2+1” Q
A1

&D
A2
 Q

B2
&D

B1
 Q

C2
&D

C1
 - + + 

“1+2” Q
A2

&D
A1
 Q

B1
&D

B2
 Q

C1
&D

C2
 + - - 

“1+2” Q
A1

&D
A2
 Q

B2
&D

B1
 Q

C1
&D

C2
 - + - 

“1+2” Q
A1

&D
A2
 Q

B1
&D

B2
 Q

C2
&D

C1
 - - + 

“3+0” Q
A1

&D
A2
 Q

B1
&D

B2
 Q

C1
&D

C2
 - - - 

*[compiled from Silva, Bossche, and Goldemberg, “A New Three Phase Full-Bridge C-Dump Converter  
Applied To Switched Reluctance Motor Drives”]  

Table 3.1: Full Bridge C-Dump Converter Configuration States [32] 

Another interesting variant of the C-dump drive that eliminates the equalization 

inductor and allows independent phase control is known as the sequential boost 



 84 

converter, shown in Figure 3.13.  This circuit requires a high number of components, 

with a common chopper stage to limit the DC link current as well as a boost capacitor for 

each individual phase.  Each phase passes its phase energy to the successive phase’s 

capacitor, which is used to energize the next phase.  When a phase is initially activated by 

the source, the main phase switch (QA2, QB2, QC2) is closed for the active phase, and the 

main diode (DA1, DB1, DC1) for that phase conducts current from the source and through 

the phase winding.   Upon commutation, the main phase switch is closed and the 

energized phase winding transfers its energy through that phase’s second diode (DA2, 

DB2, DC2) to its phase capacitor (CA, CB, CC).  When the next phase is to be turned on, the 

succeeding phase main switch is closed, and the auxiliary switch between the previous 

and active phases (QA1, QB1,QC1) is closed until the capacitor voltage for the active phase 

reaches zero during the phase turn-on period.  This cycle is repeated for each phase, and 

energy is recovered and reused each stroke by each phase in sequence.   

 

 

Fig. 3.13: Sequential Boost Drive Circuit (Three Phase Circuit Depicted) 

Independent phase control is possible.  Each phase is merely assisted by the 

previous phase, rather than being dependent on it for operation, so the loss of a single 
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capacitor does not cause total failure for multiple phases.  Current regulation, however, is 

performed by the common chopper switch, which does present a single point of failure 

for the drive circuit.  The drawbacks of this topology are higher component counts, costs, 

and volume because of the large number of capacitor’s required.  Additionally, this 

circuit produces unavoidable voltage and current spikes during transitions between 

phases that cause torque pulses [33]. 

 

3.6 DRIVE CIRCUITS WITH EXTRA DC-DC CONVERTER STAGES 

The previous topologies used additional boost or equalization converter stages to 

improve performance, highlighting the potential for combining DC-DC converters with 

the standard phase drive circuits.  Many of the previous topologies, in fact, are variations 

on classic DC-DC converter topologies.  In some cases, an extra DC-DC converter stage 

to the drive system may be beneficial for performance, and often required for powering 

gate drives and control circuits at a much lower voltage and current level than the motor.  

These external DC-DC converter circuits are less integrated than the capacitive boost 

drive topologies above, and can be considered as a separate system from the drive circuit.   

Adding a boost converter stage to the DC link before the drive circuit, for 

example, could provide a higher bus voltage than that provided by the source.  DC-DC 

converters can allow the output voltage to be regulated to within desired limits, even with 

a range of input values (as the battery state of charge varies in an electric vehicle, for 

example).  Compared to the integrated resonant circuits, which were capable of 

improving both turn-on and turn-off performance, external converters are typically 

limited to improving one or the other of the transient performances because of the rapid 
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response times required for phase current transitions.  However, as discussed in Section 

2.13.c, independent voltage control provides a number of universal benefits for motor 

performance in both transient and steady-state operation [30].  

 An interesting solution for an integrated “active” DC-link control structure is 

described in [34].  This topology uses a simple voltage boost stage at the DC link, 

supplying a variable voltage to an asymmetric half bridge circuit.  The voltage controller 

for this topology was determined to interact with the phase current regulation control, so 

additional control was required to deconflict the two controllers.  This topology did 

achieve improved transient performance, however [34]. 

An external DC-DC converter may be appropriate for regenerative braking or 

energy recovery, especially if an ultracapacitor or battery bank is part of the system.  

Ultracapacitors and batteries operate at lower voltages compared to high performance 

motor drives, so a buck converter is required to step down the input voltage to a safe level 

for battery or capacitor charging, or for powering vehicle auxiliary power systems.  When 

the stored energy is needed for reuse, a boost converter, or buck-boost converter, is 

required to step the voltage back up to useable levels in the drive.  Numerous DC-DC 

converter topologies exist and are well understood in the literature.  As such, a 

description of these topologies is not presented.   

 

3.7 ASYMMETRIC HALF BRIDGE SWITCHING MATRIX CONVERTER CIRCUIT 

A potential drive circuit configuration for a reconfigurable circuit is a 

combination of the asymmetric half bridge circuit and a switching matrix converter.  

Switching matrix converters are just combinations of a number of switches that can be 

controlled to provide flexible voltage and current waveforms by varying the switch 
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combinations and timings.  In the case of the SRM, where unidirectional current is 

required, we can take advantage of the fact that current is divided among parallel 

components, according to Kirchoff’s current law.  IGBT’s and MOSFET’s have a 

positive temperature coefficient, meaning that the switch will conduct less current as 

junction temperature rises.  This allows these switches to be connected in parallel by 

providing a mechanism for more evenly distributing the current and heating between 

switches.  This parallel combination is fundamentally how commercially high-current 

rated IGBT modules are constructed, but they are combined within integrated packages 

such that stray inductances and conduction losses within connectors are minimized. 

Conduction losses in IGBT’s typically decrease with decreased collector current.  

Switching losses, however, remain the same, or may actually increase, with parallel 

connected switches.  The switching characteristic is still decided by the device geometry 

and material properties, but the lower collector current also tends to reduce switching 

losses in an individual device.  Additional benefits to parallel connected switches are 

redundancy and fault tolerance, the potential for greater heat dissipation capacity, and 

circuit layout flexibility with components spatially distributed more evenly on the board.  

Drawbacks for parallel connections include increased stray inductance (and potentially 

higher EMI emissions), increased complexity, component count and cost, and the 

requirement for additional gate drive circuitry for each of the individual switches [35]. 

With these ideas in mind, connecting four equally rated switches in parallel in a 

“matrix” for a given phase leg of an asymmetric half bridge drive circuit, as in Figure 

3.14, gives the potential for deciding the current capacity of the converter each cycle and 

sharing the thermal load between the four switches in lower current demand conditions 

by selecting which combination of the four are active.   By independently controlling 

the state of each switch within the matrix, we can then define different converter 
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operating modes based on the desired current level and the speed at which the phase must 

be energized (shown in Table 3.2).  If high current operation is required, all four switches 

within the switching matrices can be active, dividing the phase current between the four 

switches and providing four times the current to the motor coil that a single switch could 

provide.   This mode might be useful in low speed high torque operation or at start up.  In 

the mid-range of torque and speed, a pair of switches may be activated one phase 

excitation cycle (e.g. Q1a&Q1b/Q2a&Q2b), providing double the current capacity of a 

single switch.   

 

Fig. 3.14: Asymmetric Half Bridge Switching Matrix Converter Circuit 

The subsequent phase cycle, the remaining switch pair could instead be activated, 

allowing a lower per-switch duty cycle and reduced thermal load on the individual 

components (e.g. Q1c&Q1d/Q2c&Q2d).  At higher motor speeds, when torque and current 

demand are low due to back emf, a single switch from the matrices can be activated, and 

subsequent phase excitations can cycle through the four different switches to reduce 

individual component heating even further (i.e. Q1a and Q2a, then Q1b and Q2b, then Q1c 

and Q2c, and then Q1d and Q2d in succeeding phase strokes). 
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Configuration 

Description 
Positive Voltage Loop 

Active Switches(ON state) 
Phase Leg 
Current 

Rating 

Notes 

High Current 
Low Frequency 

Q
1a 

& Q
1b 

& Q
1c 

& Q
1d

 

(All four switches) 

Q
2a 

& Q
2b 

& Q
2c 

& Q
2d

 

(All four switches) 
4 

x 

I
sw,rated

 Turn-on and Turn-off times 

may be slightly slower 

Medium-High 

Current 
Medium-Low 

Frequency 

Q
1a 

& Q
1b 

& Q
1c 

OR Q
1d

 

(Any combination of 

three switches) 

Q
2a 

& Q
2b 

& Q
2c 

OR Q
2d

 

(Any combination of 

three switches) 

3 
x 

I
sw,rated

 Single switch can be “rested” 

allowing moderate thermal 

load sharing 

Medium Current 
Medium 

Frequency 

Q
1a 

& Q
1b 

OR Q
1c 

& Q
1d

 

(Any combination of 

switch pairs) 

Q
2a 

& Q
2b 

OR Q
2c 

& Q
2d

 

(Any combination of 

switch pairs) 

2 
x 

I
sw,rated

 Thermal load sharing 

distributed between 

alternating pairs of switches 

each leg 

Low Current 
High Frequency 

Q
1a 

OR Q
1b 

OR Q
1c 

OR Q
1d

 

(Any single switch, 

chosen in sequence) 

Q
2a 

OR Q
2b 

OR Q
2c 

OR Q
2d

 

(Any single switch, 

chosen in sequence) 

I
sw,rated

 Active switch alternates 

sequentially each cycle, 

Table 3.2: Asymmetric Half Bridge Switching Matrix Converter Circuit Positive Voltage 

Loop Switching State Combinations 

 A similar method was suggested for high frequency, high current, induction 

heating applications, where turn-off switching losses were found to dominate.  Parallel 

connected modules were found to reduce the individual switch current, which, in turn, 

reduced  turn-off losses.  The paralleled modules had the additional benefit of lowering 

the per switch operating frequency, which reduced stress on individual components and 

allowed them to be operated at higher current levels and still remain in the safe operating 

area (SOA) [36]. 

 

3.8 ENERGY RECOVERY AND BRAKING 

Dynamic braking capability is a unique feature of electric and hybrid electric 

vehicles, where mechanical energy is converted to electrical energy and dissipated as heat 

in a resistor bank as the vehicle slows.  Dynamic braking can sufficiently slow the vehicle 
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to allow minimal use of mechanical braking systems and reduce wear and maintenance 

on those brake components.  Fortunately, implementing dynamic braking is simple, and 

requires minimal additional components.  A basic dynamic braking stage consists of a 

chopper switch in series with a dynamic braking resistor bank.  The dynamic braking 

stage is placed in parallel with the source on the input side of the drive circuit as shown in 

Figure 3.15.  When the vehicle brakes, load torque is applied to the motor, and 

mechanical energy is converted to electrical energy.  In order to prevent damage to the 

motor, drive, and source, the rate of current returning to the source must be limited, so the 

braking resistor is used as a chopper, dissipating a portion or all of the braking current in 

the resistor bank. 

 

 

Fig. 3.15: Dynamic Braking Circuit Stage Motor Drive 

Regenerative braking, on the other hand, recovers a portion of the braking energy 

by some means of energy storage.  If a battery is included for energy storage, the rate of 

charging from regenerative braking must be limited, so a capacitor bank is typically 

employed as a buffer to store the large pulses of power so that they can be used to charge 
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the battery at a slower rate.  A circuit that is capable of this plus the dynamic braking is 

depicted in Figure 3.16.   

 

 

Fig. 3.16: Regenerative Braking Circuit Stage for Motor Drive 

Here, the switch QRegen enables regenerative charging, from the “condenser” capacitor 

Ccond and inductor Lcond that store the large current pulses, and the dynamic braking 

circuit limits the current across the condenser to ensure it stays within safe operating 

limits.  When the both these switches are open, the source powers the drive as normal 

[37]. 

 

3.9 HIGH PERFORMANCE DRIVE CIRCUIT CANDIDATES 

The circuit configurations which meet the requirements for a high-performance 

traction drive, as discussed in Section 3.1, are the Asymmetric Half-Bridge Circuit 

(AHB), the Parallel-boosted Asymmetric Half-Bridge Circuit (PB-AHB), the Series-

boosted Asymmetric Half-Bridge Circuit (SB-AHB), the Sequential Boost Drive Circuit 

(SQB), and the Asymmetric Half-Bridge Switching Matrix Circuit (AHB-SM).  Each of 

these circuits allow positive, negative, and zero-voltage loops, independent phase control, 
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current regulation, turn-on and commutation control, and recovery of voltage to the 

source; all but the AHB and AHB-SM circuits additionally allow voltage boosting.  

These circuits have the required characteristics for both high efficiency and 

responsiveness, and so are excellent candidates for consideration.   

The AHB is the minimum cost option of the three, and is the most commonly 

employed SRM drive circuit.  The PB-AHB and SB-AHB circuits require only a minimal 

additional number of components for the boost feature, so offer a potential performance 

advantage with some extra complexity and cost.  The AHB-SM requires additional 

components and control circuitry, but offers the best opportunity for dynamically 

reconfiguring the circuit during operation, and could be combined with a voltage 

boosting stage or external DC-DC converter to incorporate the same performance 

benefits as a PB-AHB or SB-AHB.  The SQB, on the other hand, requires additional 

capacitors as well as switching components, and is likely to be the highest cost option.  

The additional capacitors in the SQB and Boosted AHB’s present a reliability concern, in 

that capacitors are prone to fail at higher rates than any other component, so performance 

benefits may not outweigh increased costs, complexity, and reduced reliability.  The 

higher voltages will improve both efficiency and drivability performance, but also 

increase voltage stresses on the motor winding insulation, capacitors, switches, and 

diodes, which tend to decrease the life of the components.   

 

3.10 RECONFIGURABLE DRIVE CIRCUIT RECOMMENDATION 

Given the complexity and cost of the SQB circuit, with the reliability concerns 

from its additional capacitors, it seems apparent that the greatest potential for improved 

performance and reliability lies with a variation on the asymmetric half bridge circuit.  



 93 

Specifically, the increased performance gains resulting from combining a series-boost 

stage to a switching matrix AHB, in the proposed drive circuit shown in Figure 3.17 

would appear to improve both transient performance (phase turn-on and turn-off) and 

steady state performance (current and thermal capacity).  The boost stage can provide 

pulses of energy to improve the transient voltage performance of the converter (during 

phase turn-on and turn-off intervals), while the switch matrix configuration provides the 

option for higher and lower current operating modes in addition to 4N redundancy and 

improved thermal capacity for the switching components.   

 

Fig. 3.17: Voltage-Boosted Asymmetric Half Bridge Switching Matrix Converter Circuit  
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Chapter 4:  Converter Responsiveness and Drivability Performance 

4.  VEHICLE MOTOR DRIVE SYSTEM PERFORMANCE OVERVIEW 

When rating a vehicle’s performance, three criteria are typically evaluated in 

detail by manufacturers and considered by consumers—fuel economy, responsiveness, 

and drivability.  From the perspective of the power electronic converter in hybrid electric 

vehicles, fuel economy is directly related to converter efficiency, and will be considered 

in Chapter 5.  Responsiveness and drivability are perhaps more important measures in a 

military application, describing how the vehicle accelerates or climbs obstacles in 

response to user commands, and how it feels to the driver in terms of predictable 

performance and comfort.  Chapter 4 will provide an overview of vehicle responsiveness 

and drivability characteristics from the perspective of a traction motor and drive system.   

As with other electrical system designs, starting with the load defines the ratings 

and operating requirements for the drive system, so we will first consider a vehicle’s road 

load characteristic.  Specific vehicle performance characteristics will then be examined 

and related to motor performance.  A cursory analysis of the load torque profile presented 

by an assumed 20 ton armored vehicle with in-wheel electric drive motors will be 

conducted, assuming several vehicle responsiveness performance design goals (also 

known as demand cycles).  These performance characteristics will be related to the motor 

drive converter circuit, in order to enable a qualitative analysis of drive circuit design for 

maximizing responsiveness and drivability.  Finally, we will recommend converter 

configurations that can best meet the various steady state and intermittent performance 

requirements defined by the demand cycles. 
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4.1 MOTOR PERFORMANCE AND VEHICLE DYNAMICS 

In order to relate the vehicle dynamics (i.e., responsiveness and drivability) to the 

power electronic converter, we must first establish the physical relationships between the 

vehicle and motor, then examine the electrical relationships between the motor and power 

electronic converter performance.  The relationships between the vehicle velocity/force 

and the motor torque and speed will be defined.  A series hybrid electric vehicle is 

assumed in this discussion, with an internal combustion engine and battery system 

providing all demanded power to the converter (from an infinite bus).  An in-wheel drive 

motor with an integral gear train is assumed for each wheel, such that the total tractive 

effort of the vehicle is shared equally among the motors.   

a. Motor to Vehicle Mechanical Relationships 

The governing physical equations relating vehicle performance to the motor are 

derived from Newton’s second law of motion: 

     ∑     ̃     (4.1) 

where the net force (sum of the forces, in N) acting on a body are equal to the product of 

the mass of the body m (in kg) and its acceleration ã (in m/s
2
).  The linear acceleration ã 

is related to the velocity v (in m/s) and position u (in meters) by: 

    ̃  
  

  
 

   

   
      (4.2) 

For rotating body on a fixed axis, Newton’s second law can be similarly 

expressed in terms of net torque T (in N-m),  the body’s angular acceleration α (in rad/s
2
), 

and its moment of inertia J (in kg-m
2
) as: 

     ∑          (4.3) 

The angular acceleration α is related to the angular velocity ω (in rad/s) and angular 

position θ (in radians) by: 

    
  

  
 

   

   
      (4.4) 
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Mechanical power is related to angular and linear motion by: 

                    (4.5) 

[20, pp.21-2] 

For an in-wheel electric drive vehicle, the mechanical power is transmitted from a 

motor through a gear train to the wheel and tire.  In this case, if we neglect wheel slip, 

tangential velocity at the wheel/ground point of contact is the vehicle velocity vveh (m/s), 

which is related to the wheel rotational velocity ωwh (rad/s) by the wheel radius rwh (m) 

in:  

                 (4.6) 

 [20, pp.239]   

Combining Equations 4.5 and 4.6 provides a relationship between wheel torque 

and wheel tractive force (tangential force between the tire and the road surface):  

                               (4.7) 

which simplifies to: 

                 (4.8) 

Wheel angular velocity is related to motor velocity by the hub’s gear ratio, GR.  GR is a 

velocity reduction ratio between the motor and wheel sides of the gear train.  Hence, the 

gear ratio is the ratio of the rotational velocities (ωin and ωout) on the input and output 

sides of the gear train, expressed by the relationship: 

      
   

    
     (4.9) 

[20, pp.233-5]   

Using conservation of energy and Equation 4.5 for the input and output power, an 

efficiency term  ηgear can be introduced to account for losses in the gear train: 

                      (4.10) 
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The use of a gear train allows the motor to be operated at higher speeds for a given power 

output, allowing a smaller motor to be used for a given application while still obtaining 

the required torque at the wheel.   

Combining Equations 4.6 and 4.10, neglecting slip at the wheels, we can relate 

motor speed to the vehicle speed, where ωin = ωmotor, ωout = ωwh.  The vehicle velocity is 

then given by: 

                  (
      

  
)    (4.11) 

[Note: In the case of a multispeed drive wheel, this average wheel torque is transmitted 

through a dual speed gear train by the two gear ratios: a high and low ration of GRH and 

GRL.  The GR used in Equation 4.11 should be of the currently engaged gear set for a 

multispeed drive wheel, so this will require a piecewise function based on motor speed.]   

Vehicle tractive Force Ftr can be similarly defined in terms of motor torque by 

combining Equations 4.8 (where           ⁄  ) and 4.10 (solving for Tout with Tin = 

Tmotor, Tout = Twh).   

    
   

   
 

(               )

   
 (        )

      

   
   (4.12) 

Note that the gear ratio multiplies torque in Equation 4.12, while it reduces speed in 

Equation 4.11.  For a vehicle with Nwh number of driven wheels, the net force on the 

vehicle is given by the sum of the individual wheel forces by: 

    
   ∑   

       
        (4.13)  

If all wheels are assumed to be operating with equal tractive force,    
  , this becomes the 

simple product: 

    
         

       (4.14)  

Relating this to acceleration from Newton’s second law (Equation 4.1):  

    
   ∑   

       
          

         ̃       (4.15) 

Substituting    
   from Equation 4.12: 
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   ∑ [(    

    
)

  
     

   
]

     
       (    

    
)

      

   
  (4.16) 

Considering that the motor inertia also factors into the effective mass of the vehicle as 

seen from the motor, we can translate the rotating mass inertia (J, in kg-m
2
) to the wheel 

using Equation 4.3, 4.8 and 4.11 by the relationship: 

   
   

   

   
 

  

   
  

    ⁄

   
  

  
 

   
   ⁄  

   
 (

 

   
 )

  

  
  (4.17) 

The net apparent mass incorporating the inertia of multiple drive wheels, assuming 

identical wheels and hub drives, is then given by: 

   (
 

   
 )= Net Rotating Mass     (4.18) 

These relationships define the mechanical tractive force from the motor applied to 

the vehicle at the wheels.  This expression does not specifically account for tire slip and 

different terrain conditions, but serves as a first approximation sufficient for the 

discussion of motor drive design.  The net tractive force interacts with the forces acting 

on the vehicle to determine the vehicle’s motion, so we will next examine the dynamic 

load presented by the vehicle.  

b. Vehicle Dynamic “Road Load” 

There is a minimum load force that a vehicle must overcome in order to move 

forward from a stop.  This minimum force is called the “road load” (Fw), and is composed 

of the rolling resistance (Fro), aerodynamic drag (Fdrag), and the climbing resistance 

(Fclimb) if any slope exists on the road surface, all in Newtons.  Road load can be 

expressed as:  

                        (4.19) 

Rolling resistance is a function of the vehicle mass (Mveh, in kg, with g as the 

gravitational constant) and the tires’ coefficient of tire rolling resistance (µtire), which is 
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assumed constant for this discussion (tire rolling resistance actually increases with 

vehicle speed and while turning).  The rolling resistance is calculated by: 

                      (4.20) 

Aerodynamic drag is also a function of vehicle speed, caused by the viscous 

resistance of air passing around the vehicle body.  With air density ρair (kg/m
3
) and head 

wind velocity vwind (m/s), and vehicle aerodynamic drag coefficient Cd (dimensionless), 

and frontal area Aveh (m
2
),  Fdrag is given by: 

      
 

 
                         

    (4.21) 

[21, pp.20]   

Recalling that vehicle velocity vveh (m/s) is related to the wheel rotational velocity ωwh by 

Equation 4.11, the drag force becomes: 

      
 

 
             ((     

      

  
   )       )

 

  (4.22) 

Climbing resistance, Fclimb is calculated from the vehicle weight and grade angle 

given by: 

                             (4.23) 

The slope angle of the road, βhill, is shown in Figure 4.1, along with a depiction of the 

climbing resistance.   It is common to express the slope of a hill in terms of the percent 

grade, which is the tangent of the slope angle 

                           (4.24) 

[21, pp.20]   
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Fig. 4.1: Illustration of Slope of a Road and Percent Grade 

c. Vehicle Net Force and Acceleration 

Considering a force balance on the vehicle, which must satisfy Equation 4.1, a 

dynamic equation describing the vehicle mechanics can be written by combining the 

tractive force from the motor torque input, the inertia force (due to acceleration of vehicle 

mass and total drivetrain inertia), and the road load. 

    
     

  
 (   

  

   
 )

     

  
     

         (4.25) 

Combining acceleration terms (where  ̃       ), and substituting for the road load 

(Equation 4.19) provides the dynamic equation for motion of a vehicle with multiple 

drive wheel motors.   

(        
  

   
 )  ̃      

                      (4.26) 

[38]  

The tractive force required from the drive system to accelerate from a stop must 

overcome the road load, so the corresponding net accelerating force on the vehicle is the 

difference between the tractive force Ftr and the road load Fw.  (Note: If Ftr >Fw, the 

vehicle accelerates; if Ftr <Fw, the vehicle decelerates). [21, pp.21]    Assuming equal 
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torque contribution from all drive wheels, solving for net tractive force and substituting 

Equation 4.16 into Equation 4.26, we obtain an expression for the load torque the vehicle 

demands on the motor for a given vehicle acceleration ( ̃ : 

   (        )
      

   
 (        

  

   
 )  ̃                           (4.27) 

Solving Equation 4.27 for motor torque gives the required motor load torque for a given 

vehicle performance. 

       (
   

            

) [(        
  

   
 )  ̃                  ]   (4.28) 

 

4.2 VEHICLE DEMAND CYCLES 

Vehicle driving characteristics are often evaluated over a specified driving 

pattern, called a “duty cycle.”  These duty cycles are standardized usage profiles that 

attempt to represent an average driver behavior patterns while operating the vehicle in 

particular conditions, such as urban driving, or highway driving, over a period of time.  

Duty cycle analysis provides a tool for side-by-side comparison of efficiency or 

performance of different models and classes of vehicles.  Drivability criteria, on the other 

hand, provide a means for quantifying the ride quality and comfort of a vehicle’s 

performance from the driver’s perspective.  Drivability is related to the smoothness of the 

drivetrain’s torque production, gear shifts, and vehicle suspension and geometry, and will 

not be considered in this initial analysis.  

From the motor and power electronic converter design perspective in a hybrid 

electric vehicle, however, it is more useful to consider more focused vehicle performance 

measures, called “demand cycles.”  Demand cycles are evaluations of vehicle 

performance of a specific task, such as acceleration from a stop to cruising speed, or 

changing lanes, or climbing a hill of a certain grade at a specified speed.  Demand cycles 
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can be used as design goals for a given vehicle, and drive motor power rating and 

maximum torque and speed, as an example.  Figure 4.2 depicts the power requirements 

during various demand cycles for hybrid electric armored combat vehicles, as predicted 

by a National Research Council study.  From Figure 4.2, it is apparent that each demand 

cycle is characterized by a torque, speed, and time duration, translating to a power 

requirement for the electrical system and motor drive circuit to provide.   

 

Fig. 4.2: Hybrid Electric Armored Combat Vehicle Power Requirement [98] 

Some demand cycles define the continuous torque and power ratings for a motor.  

Certain demand cycles, however, characterized by high torque demand and short 
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duration, define the peak torque and power rating of a motor and drive circuit.  From 

Figure 4.2, it is apparent that hard acceleration and obstacle negotiation can require 

extreme bursts of acceleration for short durations (5-25 seconds), while hill climbing and 

towing can present high continuous torque demands.  Therefore, it is important to 

characterize these continuous and transient loads when determining the motor and drive 

circuit component ratings.   

For evaluating the influence of a motor drive circuit design on the drivability of 

our intended armored vehicle application, we will consider the published requirements 

for the OshKosh Defense M-ATV armored vehicle and the Joint Light Tactical Vehicle 

(JLTV), which are both modern armored tactical wheeled vehicles designed to be 12.5 

tons gross vehicle weight (GVW).  This is slightly less than our target of 20 tons GVW, 

so the performance objectives will provide a high benchmark for a heavier vehicle.  The 

M-ATV (Mine-resistant Ambush Protected All-Terrain Vehicle) has been used in combat 

operations in both Iraq and Afghanistan, intended as a short-term, highly-survivable 

replacement for the high mobility multipurpose wheeled vehicle (HMMWV), as a troop 

carrier, utility vehicle, and combat platform.  The JLTV is a current contracting program 

that is intended to serve as the long-term replacement for the HMMWV.  The 

performance requirements for each vehicle pertinent to this discussion are the top speed, 

acceleration, and gradeability (the ability to climb a hill).    

For the M-ATV, the vehicle was required to maintain a 65 mph operating speed 

on level paved surfaces, and also be able to accelerate from 0 to 30 mph in 12 seconds.  It 

was required to sustain a 45 mph operating speed on a 5% grade, and sustain 10 mph 

while ascending a 40% grade.  [39]  The JLTV is required to accelerate on dry, level hard 

terrain from 0 to 30 mph (48.3 kph) within 9.4 seconds at a minimum, with a desired 

accelerating time of 7 seconds.  The gradeability minimum requirement is for sustaining a 
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45 mph speed on a 5% grade, but the design target is to be able to sustain 60 mph speed 

at 5% grade.  [40] 

Our goal in examining these demand cycles is to establish suitable motor 

continuous torque rating estimates within which we can make a comparison of realistic 

components and drive circuit configurations.  In evaluating different drive circuit 

topologies for drivability, we will therefore attempt to characterize the motor torque 

required for three demand cycles:  

1. Acceleration from a stop, 0-30 mph. 

2. Maintain Cruising Speed While Climbing a Specified Grade 

3. Maximum gradeability from a stop  (Hill Climbing) 

As mentioned in Chapter 1, we will consider a 20 ton armored combat vehicle 

with four 5-ton rated in-wheel drive motors and characteristics as listed in Table 4.1.  For 

initial design purposes, the drive wheel hubs will be considered to have a single gear 

ratio, but the evaluation can easily be expanded for multiple speed gear trains.  The motor 

will be sized appropriately for 70 mph (112.7 km/hr) top speed.  A 52” diameter tire is 

assumed for this vehicle (rwh=0.6604 m), with gear efficiency of η = 95% in the hub 

drive.  The high gear ratio will be assumed as GRH = 20:1 for the hub for high speed 

tests, and a low gear ratio of GRL=60:1 will be assumed for low speeds.  A gear shift 

point of 10,000 rpm motor speed, or ~25 mph (11.18 m/s) vehicle speed, between the low 

and high gears is assumed.  With the assumed parameters, the maximum vehicle speed of 

70 mph also coincides with 10,000rpm motor angular velocity in the high gear range.   
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Vehicle Specification Assumed Value for Model 

Gross Vehicle Weight (M
veh

) 20 Tons (18144 kg) 

Frontal Area (    ) 5 m
2 

 (96” width, 100” height, 20” ground clearance) 

Drag Coefficient (C
d
) 0.6 

Wheel radius (r
wh

) 
(52” Tires) 

0.6604 m 

Coefficient of Rolling 

Resistance (μ
tire

) 
0.05 

Number of Wheels (N
wh

) 4 

Gear Ratio (High/Low) (High=20:1)/(Low=60:1) 

Gear Efficiency (η
gear

) 95% 

Driveline Inertia (J)  
(per wheel) 

15 kg-m
2
 

Density of Air (    ) 1.18 kg/m
3
 

Gravitational Constant (g) 9.81 m/s
2
 

Head Wind Velocity (v
wind

) 0 m/s 

Table 4.1: Assumed Armored Vehicle Characteristics for Model 
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a. Demand Cycle 1: Vehicle Acceleration from Stop (0 to 30 mph) 

One of the most well-known performance characteristics of commercial vehicles 

is the time, in seconds, for a vehicle to accelerate from 0 to 60 mph.  This demand cycle 

performance is a published statistic and advertised for all vehicles, and indicates a 

vehicle’s ability to accelerate to highway speeds.  For an electric vehicle, if a maximum 0 

to 60mph acceleration time is a required design constraint, it can be the determining 

factor for the peak motor torque or the peak power required from the electrical supply.  

Considering the size and weight of armored combat vehicles, however, which typically 

operate at lower top speeds, a common performance metric is the ability to accelerate 

from 0 to 30 mph.   

If we consider that vehicle acceleration from Equation 4.2 can be rewritten as: 

 ̃  
  

  
 

  

  
 

     

     
       (4.29) 

where vf is the final vehicle velocity, v0 is the initial vehicle velocity, tf is the finish time, 

and t0 is the initial time. For this demand cycle, the time, Δt, that it takes to reach the final 

velocity of 30 mph from an initial velocity of 0 mph is the only unknown in this case.   

Given that vf  = 30 mph = 13.4 m/s, v0 = 0 mph = 0 m/s, if we specify a time, it 

will determine the motor power (torque and speed) required to accelerate in the given 

time, as derived from Equations 4.27 and 4.28: 
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) [(        
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)                  ]  (4.30) 

Alternatively, if two motor drive circuits are to be compared side by side, 

Equation 4.27 can be solved for the time Δt required to accelerate to the desired speed, 

given a motor torque rating: 
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                 ]

    (4.31) 
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The time, Δt, from Equation 4.30 then becomes the basis of performance comparison. 

Using the values for our assumed armored vehicle in Table 4.1, and considering a 

constant acceleration and that drive is operating only in the low gear range (GRlow=20:1), 

the torque demanded of a single drive wheel motor to accelerate the vehicle from 0 to 30 

mph (13.4 m/s) in the JLTV design goal of 7 seconds is shown in Figure 4.2. 

 

 

Fig. 4.3: Assumed Armored Vehicle Road Load Profile for 0-30mph Acceleration 

The constant acceleration assumption likely reduces the estimated torque demand 

compared to the actual requirement, because acceleration will be non-uniform in real 

driving conditions, but this does provide a first approximation for motor torque rating. 
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 If we contrast this modest acceleration to the obstacle negotiation requirement of 

1-G’s of acceleration for 5 seconds (using the same analysis, considering vehicle 

acceleration now 9.81m/s
2
), however, we observe a peak torque demand of 546 N-m (402 

ft-lbs).  This is likely to define the upper limit on motor peak torque, and thermal design 

should account for this type of transient load. 

b. Demand Cycle 2: Cruising Speed on Grade 

The ability to sustain a high operating speed while ascending a moderate slope is 

expected of any vehicle.  For a hybrid electric vehicle, this requirement is directly 

connected to the motor drive and electrical supply power rating, as the road load is 

sustained at a high level due to vehicle aerodynamic drag forces while climbing a hill, 

while the motor is operating at a higher speed, likely in the constant power region, where 

maximum torque is unattainable.  Since batteries and other energy storage media have a 

finite capacity, sustaining this speed requires the generation system be sized for this level 

of performance in the steady state.   

The power required to maintain the cruising speed at a given velocity is found 

from Equation 4.5, where product of the tractive force,     
  , and the cruising velocity, 

vveh=vcruise=60 mph, determines the power required from the motor.  Since the tractive 

force at steady state velocity is determined by the road load force, Fw, the maximum 

tractive force can then be found by substituting for the road load force components and 

combining terms: 

    
       

                                                            (4.32a) 

    
                                    

 

 
                      

      (4.32b) 
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This maximum power assumes no headwind for the aerodynamic drag calculation.  

Accounting for the efficiency of the gears and dividing the tractive power by the number 

of wheels determines the power motor must then provide to meet demand:  

    
      

    
  

         
       (4.33) 

Given this tractive force and power rating, the required motor torque can be 

determined by:  

       
    
     

      
     

  (
   

            

)     (4.34) 

Using the assumed vehicle parameters from Table 4.1, and assuming the wheel 

hub is in high gear ratio (GRH=20:1), the load torque seen by a single drive wheel motor 

is approximately 175 N-m (130 ft-lbs).  Similarly, if we consider the demand cycle to 

allow 10 mph cruising speed on a 40% grade, assuming low gear (GRL=60:1) we see a 

much greater torque demand of 218 N-m (160ft-lbs).  Here, we can begin to see how the 

steady state torque is defined by the different demand cycles.  For the 0-30 mph 

acceleration requirement, the peak motor torque is only ~128 N-m (94 ft-lbs), while the 

“speed on grade” requirements demand torques more than double that requirement.  It is 

therefore important to consider all demand cycle requirements to ensure properly rated 

electrical components.   

c. Demand Cycle 3: Vehicle Maximum Gradeability 

The maximum grade of a hill that a vehicle can climb from a stop is a good 

indication of the maximum torque the drivetrain can provide.  For a passenger vehicle or 

even a medium-duty truck, the majority of its operating life will be spent on the road.  An 

armored combat vehicle, on the other hand, is required to operate off-road in all weather 

conditions, and maneuver to positions with good visibility and fields of fire—often at the 
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top of a hill.  As such, the maximum grade that a military vehicle can ascend is a critical 

performance criteria.    

With a vehicle climbing a very steep grade, the vehicle will be very nearly stalled, 

so its velocity and acceleration will also be approximately zero in this condition.  The 

effects of drag and rolling tire friction are therefore minimal as compared to the high 

speeds of acceleration tests, so it can be assumed that Fdrag and Fro are negligible as the 

vehicle climbs a maximum grade.  Given that vveh ≈ 0 m/s,  ̃ ≈ 0 m/s
2
, Fro ≈ 0 Nm, and 

Fdrag ≈ 0 Nm, and recalling from Equation 4.23 that the climbing force is given by 

                        , Equation 4.27 can be re-written as: 

   (    
    

)
      

   
             (4.35) 

Solving for the slope angle,       gives the maximum slope the vehicle can climb: 

     
         [(

 

      
)   (    

    
) (

      

   
)]     (4.36) 

The maximum grade can then be determined from the      
    using Equation 4.24. [20, 

pp.28-9]   

Given the vehicle parameters in Table 4.1, we can estimate the maximum slope 

that the vehicle can ascend for various single drive wheel motor torque outputs, depicted 

in Figure 4.4.  This calculation does not, however, account for the effects of the high 

center of gravity common to armored military vehicles, or how wheel slip reduces 

tractive force.  These factors will further reduce the vehicle’s maximum gradeability.  

Regardless, it does provide an initial estimate of the motor and drive system capability to 

ascend a hill.  From this analysis, for our assumed vehicle, if we require a 60% maximum 

gradeability, the per-wheel torque requirement would be Tmotor=265.3 N-m(196 ft-lbs).   
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Fig. 4.4: Maximum Vehicle Gradeability vs. Single Drive Wheel Motor Torque, Assumed 

Armored Vehicle (No slip, and Low Gear Ratio assumed GR=60:1) 

To summarize the above analysis, vehicle road load and demand cycles determine 

the motor continuous and intermittent torque rating, which, in turn, determine component 

ratings.  The resulting individual wheel motor torques for the assumed armored vehicle 

are listed in Table 4.2. 
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Demand Cycle Duration Single Wheel Motor Torque  

(Four drive-wheel motor vehicle assumed) 

0-30 mph in 7 sec Continuous 128 N-m (94 ft-lbs) 

Obstacle Negotiation  

(1-G’s Acceleration,5 sec) 

Intermittent 546 N-m (402 N-m) 

60 mph on 5% grade Continuous 175 N-m (130 ft-lbs) 

10 mph on 40% grade Continuous 218 N-m (160 ft-lbs) 

60% Maximum 

Gradeability 

Continuous 265 N-m (195.7 ft-lbs) 

Table 4.2: Estimated Motor Torque Requirement forAssumed Armored Vehicle Demand 

cycles 

 

4.3 CONVERTER INFLUENCE ON RESPONSIVENESS AND DRIVABILITY PERFORMANCE 

The motor torque determines each drive wheel’s contribution to the vehicle 

tractive effort, as seen in Equation 4.16.  In order to determine the converter’s influence 

on vehicle performance, we must recall the principles of average torque production for a 

switched reluctance motor.  From Chapter 2, the torque produced by the excitation of 

each phase in the switched reluctance machine is a function of the phase current and rotor 

position, as given by Equation 2.59. 

    
 

  
       = 

 

  
∫         

    

    
    (2.46) 

The resulting net instantaneous torque (    
    ) for each SRM can be found by the 

summation of the individual phase torques (   ) in the machine: 

    
     ∑    

   
         (2.55) 

The average torque for a given wheel motor is then given by : 
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∫     

        

 
       (2.69) 

where Trev is the period of the mechanical revolution (in seconds).   

For the purpose of general discussion, it is easier to consider the linear torque relationship 

of Equation 2.31 to understand how the current magnitude affects torque production.   

   
 

 
  

     

  
       (2.31) 

The single phase torque can be estimated from Equation 2.31 by approximating 

     

  
: 

   
 

 
  (

      

     
)      (4.37) 

Given measured motor inductances, the phase current required to meet the torque 

demand determined for the demand cycles above can be estimated from Equation 4.37.  

Unsaturated inductances are much greater than saturated inductances at the aligned 

position, so accounting for saturation will increase the required current for a given torque.  

Hence, current estimates should be confirmed in simulation and experimentally to ensure 

nonlinear effects are properly accounted for in component ratings.  These ratings 

determine the thermal limits of the system, and can be exceeded on an intermittent basis 

(for example, IGBT modules rated at 300A can have a peak current rating closer to 600 

A).  A safe operating area (SOA) is given on datasheets by manufacturers depicting the 

safe continuous current rating as a function of duty cycle.  The SOA essentially tells us 

that if a switch is off for longer periods of time, then it can handle higher current loads 

when it is conducting.  Motor winding insulation operates with similar constraints, so the 

characteristics of the motor and drive circuit lends itself to short term motor 

“overloading,” producing bursts of greater than continuous rated torque, so long as 

sufficient cooling periods are provided.   
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From Chapter 2, it is apparent that, to obtain the greatest amount of average 

torque from a given motor, the maximum rated phase current must be applied to each 

phase during the region of rising inductance for each motor stroke.  Additionally, the 

produced phase torques must overlap between phases to provide smooth average net 

torque from the motor.  Phase current should be applied before the rotor and stator poles 

begin to overlap, so that it will be at rated current when the inductance increases (which 

makes changes in current more difficult).  This phase advance is critical for torque 

production, and is the chief trade-off with motor efficiency—the longer that the phase 

current is conducting, the higher the conduction losses in the motor.  The phase turn-on 

should therefore be selected as late as possible to allow rated current to be achieved 

before inductance begins rising (and torque can be produced).  Any current applied 

outside of the region of rising inductance, therefore, contributes nothing to torque 

production, but early turn-on is required to maximize torque from a given phase.   

Similarly, negative torque results if the flux is not extinguished after the aligned 

position, as inductance begins to decrease.  For this reason, flux should be extinguished 

very quickly either at or just after the aligned position to minimize negative torque 

produced each stroke.  Ideally, there would be no negative torque produced, but the 

inductance at the aligned position is at its maximum, and it is physically impossible to 

decrease phase current instantaneously (this would require infinite applied phase 

voltage!).  In practice, some negative torque is acceptable, because the positive torque 

obtained from keeping the phase energized later in the phase overlap is greater than the 

negative torque that results from the residual flux after commutation.  If phase current 

can be increased and decreased more quickly, the current waveform will more closely 

approximate the ideal square waveform with maximum rated phase current as its 
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magnitude.  This suggests the use of higher phase voltages, and voltage boosting circuits 

to supply pulses of energy during turn-on and commutation. 

 

4.4 CONVERTER CONFIGURATIONS FOR RESPONSIVENESS AND DRIVABILITY 

If a motor drive is to be designed with responsiveness and drivability performance 

as the chief goal, SRM average torque should be maximized by the power electronic 

converter and control scheme.  For this analysis, we will consider only the hardware 

aspect of average torque production, because different control techniques can be applied 

to a given drive to dynamically change its performance for any given hardware 

configuration, and requires optimization or extensive performance mapping beyond the 

scope of this paper. 

From Chapter 3, we determined several candidate SRM drive circuit 

configurations which meet the requirements for a high-performance circuit.  The 

candidate circuits were: the Asymmetric Half-Bridge Circuit (AHB), the Series-boosted 

Asymmetric Half-Bridge Circuit (SB-AHB), and the Asymmetric Half-Bridge Switching 

Matrix circuit (AHB-SM).  Of these candidate circuits, the series boosted configuration 

appears best suited for average torque production, providing improved instantaneous 

torque production for each motor phase by reducing turn-on and turn-off transition times.   

Figure 4.5 depicts how a series boost capacitor stage improves motor torque.  Figure 4.6 

depicts how voltage boost allows the phase current to achieve the rated current magnitude 

at higher speeds, increasing available torque at higher speeds. [41]  

If peak torque is a prime concern, current rating must be improved, so the 

switching matrix configuration is recommended, with its inherently greater current rating, 

or the ability to provide individual switches with greater off-times to expand the effective 
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circuit SOA.  A series-boosted AHB-SM, as recommended in Section 3 could provide the 

best of both worlds, and is recommended as the topology with greatest potential to 

improve responsiveness and drivability.   

 

 

Fig. 4.5: Average Torque Improvement from Series Voltage-boosted Drive Circuit (Non-

boosted, Cboost=10μF, and Cboost=33μF shown) 
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Fig. 4.6: Improved Maximum Applied Current vs Speed from Series Voltage-boosted 

Drive Circuit (Non-boosted, Cboost=10μF, and Cboost=33μF shown)   
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Chapter 5:  Converter Efficiency Performance 

5.  MOTOR DRIVE EFFICIENCY OVERVIEW 

As mentioned in Chapter 4, one of the most important performance measures of a 

hybrid electric vehicle is fuel economy, and this is directly related to the motor and drive 

efficiency.  While fuel economy is measured by a standardized series of driving duty 

cycle tests over time, representing various driving conditions, if losses in the motor and 

drive are low, then this implies effective use of fuel in the vehicle and good efficiency.  

The losses in the converter and motor represent heat that must be dissipated by the device 

in order to prevent excessive operating temperatures and component failure.  Thermal 

design is critical for system durability, so an understanding of losses allows proper 

cooling system design.   

In this section, we will examine the design criteria that affect motor drive 

efficiency.  Our goal is to determine the influence of component attributes and control 

strategies that allow the drive to operate in a high efficiency mode.  We will define 

efficiency, examine the sources of loss in a power electronic motor drive and motor, and 

then discuss a design approach to minimize the losses.  This understanding will then be 

incorporated in a drive system model in Chapter 6, allowing different drive circuits to be 

compared in terms of efficiency performance.   

 

5.1 POWER CONVERSION AND EFFICIENCY OVERVIEW 

As discussed in Chapter 1, the main goal of integrating electromechanical energy 

conversion into the hybrid electric vehicle is to improve operating efficiency.  We define 

efficiency as the ratio of total output and total input power: 

  
    

   
          (5.1) 
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Our efficiency objective will always be 100%, in order to minimize losses and maximize 

useable energy from the system.  Power is given in Watts (N-m/s), so it is the time rate of 

energy.  Input power, Pin, is produced mechanically by a prime mover, and provided to a 

converter which controls the switched reluctance motor.  From Chapter 2, input power is 

easily quantified by the product of source voltage Vs and source current, Is, according to 

Equation 2.29:  

Pin=Vs Is        (2.16) 

Input power taken from the source encompasses the applied voltage and current used in 

all of the motor phases. 

Output mechanical power is given by the product of torque and rotational velocity, as in 

Equation 2.30: 

                (2.17) 

It is important to note that both the input and output power are periodic, time-varying 

quantities, and must be averaged over each period to provide a meaningful representation.  

Average input power can be determined by: 
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           (5.2) 

while average output power can be determined from: 

    
    

 

    
∫     

       
    

 
              (5.3) 

where Trev is the period of the mechanical revolution (in seconds),      
        is the 

instantaneous net torque of the SRM phases (in N-m), and           is the motor angular 

velocity (in rad/s).   
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5.2 CONVERTER LOSSES 

Converter losses are defined as any portion of the input electrical power that is not 

available for use in the motor, and represent thermal energy that must be dissipated by the 

device during operation.  Understanding the losses is especially important for power 

semiconductors, in order to properly cool the devices and maintain an appropriate 

junction temperature, or the device will be damaged, and component durability is directly 

tied to operating temperature. [1, pp.473] 

A flowchart showing the various losses in a motor drive are depicted in Figure 

5.1, with the input electrical power to output power flowing from left to right.  Converter 

losses owing to the different device components can be generally categorized into 

conduction losses, switching losses, copper losses, passive component losses, quiescent 

or control losses, and stray losses.  The rest of this section will discuss each of the 

sources of converter power losses in detail, in order to obtain an analytical description of 

efficiency as a function of both torque and speed of a motor, and allowing the 

development of a model for simulation.   

a. Conduction Losses 

 Conduction losses in a motor drive are due to the on- and off-state resistance of 

the semiconductor devices in use, whether switches or diodes. These on- and off-states 

are also known as static states, as the device will be operated in these states for the 

majority of the time. [1, pp.452]  Device type, materials, size, geometry, and temperature 

are some of the key determinants for the static state losses, and these attributes are 

essentially fixed at the time of component selection.  Therefore, careful consideration 

should be given to component selection if static state losses are to be minimized.   
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Fig. 5.1: Motor Drive Power Losses 
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 For a real semiconductor, there is a finite resistance in the on-state that is subject 

to the entire phase current passed through the device, causing a voltage drop across the 

device terminals.  This is called the forward voltage drop, Vfwd, or on-state voltage, Von, 

and is typically very small (on the order of 1-2 volts for modern switches, but can be as 

high as 5-7 volts for high voltage, high power IGBT’s).   

Depending on the type of device, this voltage drop can be a function of the gate 

drive current or voltage, the device temperature, or the current passing through the device 

(drain to source or collecter to emitter); however, the variation is typically small, so this 

voltage can be assumed constant.  Component datasheets will typically furnish the device 

voltage drop (VCE for IGBT’s), or the device on-state resistance (drain-to-source 

resistance, RDS for MOSFET’s), which can be used to compute the device forward 

voltage drop.  In all cases, it is directly related to the time that the switch is on, ton.  

Switching energy losses during the on-state of each switching period can therefore be 

approximated as 

Won = Von Is ton = Is
2
Rfwd ton = Von Is DTsw    (5.3) 

and average switching power loss during the on-state can be approximated by 

         
   

   
    

                  (5.4) 

where Tsw is the switching period and D is the duty cycle or percentage of on-time of the 

switching function. [2, pp.22-3]  The total converter on-state average switching losses 

can then be approximated by multiplying Equation 5.4 by the number of switches, ns and 

switching frequency, fsw. 

The off-state converter losses are due to finite leakage current that passes through 

the device even in the off-state that interacts with the full open circuit voltage applied to 

the device.  Off-state losses are typically very small, so conduction losses are dominated 

by on-state losses.  However, the off-state power loss can easily be approximated in the 
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same manner as the on-state.  Considering that many switches (MOSFET’s especially) 

have an integral reverse diode, the reverse characteristic in the off state is determined 

entirely by the voltage drop of the integral reverse diode.  (Note that this arrangement 

may also influence the MOSFET on-state reverse behavior, as the device reverse voltage 

drop will be the lesser of the diode voltage drop or the RDS) [1, pp.460].  For reverse-

blocking switches, since the device is open or reverse-biased in the off-state, it is subject 

to the full open circuit source voltage, Vs.   The small leakage current, Ileak is typically 

given on datasheets for IGBT’s as the collector cutoff current, ICES,(on the order of 1 

mA), for MOSFET’s as the zero gate voltage drain current, IDSS (on the order of 10-100 

µA) or by the reverse leakage resistance, Rleak, which is typically very large.  The off-

state static energy losses for each period can therefore be approximated by 

Woff = Vs Ileak toff = Vs Ileak (1-D)Tsw    (5.5) 

and average switching power loss during the off-state approximated by 

            
    

   
                 (5.6) 

The analysis is similar for diodes, using the forward voltage drop and leakage current in 

the same way.  The total converter off-state average switching losses can then be 

approximated by multiplying Equation 5.5 by the number of switches, ns and switching 

frequency, fsw.   

b. Switching Losses 

The third state for a non-ideal switching device is the dynamic state, which 

describes the transitional period from on- to off-state and from off- to on-state.  The 

losses caused during these transitional periods are known as switching losses, and they 

can account for the majority of the power loss in lower power converters due to the high 

switching frequencies of modern drives.  Large instantaneous pulses in energy lost are 
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possible, as the full open circuit voltage and full phase conduction current can interact 

during these transitional periods, as shown in Figure 5.2 with power plotted over a 

switching period.   

 

Fig. 5.2: Switching Voltage (top), Current (middle), and Power Losses (bottom) 

Switching losses are difficult to precisely capture from data sheet parameters 

because of the strong dependence on the external circuit topology.  For example, a simple 

resistive load would have a lower switching loss than an inductive load due to the energy 

required to magnetize the inductor at turn on and stored in the inductor at turn off [1, 



 125 

pp.468].  Additionally, the energy loss can vary between the turn-on and turn-off periods 

due to device construction (IGBT’s, for example, have a longer turn-off period due to the 

current required to recover the charges across the junction).  Calculation of the actual 

switching loss for a turn-on or turn-off requires integration of the switching trajectories in 

each transitional period. [1, pp.462-3]  However, a fairly accurate approximation for any 

arbitrary device type and external circuit topology is more readily calculated using 

datasheet parameters and a geometric representation of the switching trajectory as a 

triangular area. [2, pp.22]   

To estimate the energy loss in each turn-on transitional period: 

Wswitch(on) = ½ Voff Is tsw(on)     (5.7) 

For the off-state, this general approach can be refined by the addition of a commutation 

parameter, a, to account for the different types of loads in the external circuit 

(linear/resistive load, inductive load, etc.).  [1, pp.468]   This yields the switching energy 

loss equation for each turn-off (or commutation) period: 

             
           

 
     (5.8) 

For a more conservative estimate, a = 1.5 could be used, but we will consider a clamped 

inductive load with a = 2 as a good general case in the absence of a complete knowledge 

of the external circuit. This allows the total switching energy loss equation for each 

switching period to be estimated as: 

Wswitch = ½ Voff Is (tsw(on) + tsw(off))    (5.9) 

A manufacturer will typically also provide a nominal switching energy loss or a graph of 

switching losses for each switching period, given in Joules, to allow direct estimation of 

average switching losses.  These switching energy losses can then be multiplied by the 

switching frequency and number of switches to estimate the converter average switching 

losses.  Average switching power loss can then be estimated by:  
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  Pswitch = fsw Wswitch     (5.10) 

[1, pp.463] 

For diodes, a similar loss occurs, but the terminology is slightly different.  When 

the diode becomes forward biased, there is a finite switching period as with other 

switches, and loss is determined as in Equation 5.7.  When the diode becomes reverse 

biased, the turn-off interval is known as “reverse recovery time,” and there is again a 

voltage applied to reverse bias the diode, and reverse recovery current.  The diode 

switching energy loss is then calculated from the product of the voltage, reverse recovery 

current, and reverse recovery time.   

c. Copper Losses 

Copper losses, also known as Ohmic or I
2
R losses, result from the resistance of 

the conductors and connections within the converter.  The resistivity of the materials 

used, as well as their cross-sectional area and length, determine the equivalent resistance 

of the conductors or connectors in the circuit.  Ohm’s Law states that the real power 

dissipated in a circuit can be given by the equation:  

                
  

 
     (5.11) 

where I and V are the conductor current and voltage, respectively, and R is the resistance.  

For a given power level, it is desirable to operate at the highest voltage possible.  This 

minimizes the operating current and the associated conduction losses in the circuit. 

Resistance is a material property, and for a given conductor with material 

resistivity ρ, length  , and cross-sectional area A, can be found by the relationship: 

     
 

 
  

 

 
      (5.12) 

Resistance is also frequency dependent due to skin effect, which is caused by the 

interaction of the conductors’ current and magnetic field and makes the conductor appear 
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smaller than its physical size.  The skin depth, δ, is the portion of useable conductor 

cross-sectional area due to the skin effect, and is given by 

     √
  

    
      (5.13) 

where µ, the conductor’s magnetic permeability, is a material property (as also discussed 

in Chapter 2).  Thin or bundled conductors help to minimize the skin effect at high 

frequencies. [1, pp.400]  The resistance of conductors also varies with temperature, 

depending on the material used.  Resistance for most metals increases linearly with 

temperature (Copper, for example, increases ρ by 0.39% per 1°C rise), although some, 

such as Tungsten (used in light bulb filaments), can increase dramatically in resistivity 

past certain operating temperatures. [1, pp.399]   

A given conductor can dissipate heat energy at a rate determined by its current 

density J (in A/m
2
) and material volume ( A in m

3
).  For a given conductor volume, heat 

energy dissipation can be estimated by:  

  Wheat = ρJ
2
      (5.14) 

So from Equation 5.12 and 5.14, we see that there is a thermal limit for the current 

density a given conductor material can handle with passive cooling. [1, pp.395]  Current 

density is also an important consideration in transformer, motor, and coupled inductor 

design, where the density of primary and secondary winding conductors should be 

matched to prevent thermal imbalances between the two sides. [1, pp.399] 

From this, we see that to minimize copper losses, we should design the device 

with conductors with minimum resistivity, large cross-sectional area, shortest length, and 

operated at the lowest temperature possible.  More importantly, the current density should 

be limited, and the device should operate with the lowest current or highest voltage 

magnitude possible to achieve a given power rating.  An empirical design rule for copper 
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conductors is to limit current densities to the range of 100 to 1000 A/cm
2
, with the lower 

densities selected for wires in enclosures and higher densities for better air flow 

environments. [1, pp.396]   

d. Linear Component Losses 

Resistors are linear, passive devices that are designed to dissipate energy, limiting 

current or determining the voltage of a circuit according to Ohm’s Law, as described by 

Equations 5.11 and 5.12.  Power resistors are often wire-wound devices, so a series 

inductance Lw is also present.  The same temperature dependence as conductors exists, 

but it is often less pronounced because of the addition of special alloys for that purpose.  

[1, pp.400-1]  Power resistors are used when energy dissipation is required, as in dynamic 

braking circuits or if a damping resistance is required for a resonant circuit.  Current 

sensing measurements can also be made by high precision resistors, but it is preferable to 

use a Hall-effect type sensor instead to minimize the resistance within these high current 

circuits in the drive and motor. 

  Capacitors and inductors are energy storage elements in a circuit, and are also 

considered linear devices.  Losses incurred in inductors and capacitors are called passive 

component losses, and generally are related to the non-ideal characteristics of the real 

components, such as internal resistances and inductances of the wire leads.  

Understanding the losses in these devices is critical for properly selecting the current, 

voltage, and frequency ratings in a practical circuit design.   

Capacitors store energy electrically in the charge separation between two 

conducting plates, and are subject to a series wire resistance (Rw), leakage resistance 

(Rleak), and losses within the dielectric.  There is also inductance (Lw) created by the wire 

leads and the capacitor’s geometry.  On data sheets, capacitive losses are often lumped 
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into a single equivalent series resistance (ESR) term that accounts for the material 

properties and geometry, and the inductance is lumped together as an equivalent series 

inductance (ESL).  Given a circuit’s fundamental switching frequency f (in Hz) and the 

capacitor’s series and leakage resistances and capacitance (C), in Farads, ESR can be 

estimated by     

        
 

      
 
     

     (5.15) 

but this value is frequency dependent and non-linear, so datasheets commonly provide 

the ESR at 120 Hz. [1, pp.384-5]   

Losses can vary significantly between types of capacitors (electrolytic vs. 

ceramic, for example), so consideration must be given when selecting a device within 

required operating conditions and ratings. [2, pp.727-8]  Electrolytic capacitors provide 

larger capacitance values and much less pronounced resonant behavior, but tend to have 

higher DC leakage current and power losses.  Dielectric capacitors are available in lower 

capacitances and have a characteristic resonant notch, making them well suited for filters, 

but leakage and high frequency operability very for different insulating materials. [1, 

pp.388-91]  Switching frequency is of particular concern for capacitors, as there is a 

resonant frequency for each, above which the device inductance dominates and the 

capacitor instead behaves as an inductor [1, pp.384-7]. Filters take advantage of this 

resonant behavior to cancel harmonics at particular frequencies, but for rating a capacitor, 

the resonant frequency typically establishes an upper limit on operating frequency to 

prevent inductance from dominating the impedance.  In general, larger capacitances or 

higher operating frequencies tend to have lower ESR.  Parallel combinations for 

capacitors can be used to lower the ESR and extend the range of operating frequencies, 

but at the expense of larger circuit volume and more connections. [1, pp.388]  ESR can 
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cause voltage jumps that compound the voltage ripple of a circuit, especially at lower 

operating voltages [1, pp.393-5]. 

Inductors, on the other hand, store energy magnetically, and are subject to both 

eddy current and hysteresis losses as well as a winding direct current resistance (DCR).  

They are often constructed of coils of wire wound around a ferrite core, similar to the 

windings of a transformer or motor.  As such, the sources of loss in inductors and motors 

are the same, so an understanding these losses is especially useful from a drive efficiency 

perspective.   

Conduction or Ohmic losses are the most obvious form of loss within these 

devices, due to current conducting within the wires and coils.  DCR is a result of the 

resistance of the winding wires and connectors, as governed by Equations 5.11 to 5.14 

and can be the dominant form of loss in high current circuits.  In addition, changes in the 

electromagnetic fields within the inductor induce current “eddies” within the ferrite core 

and conductors.  Eddy currents circulate within the core or conductors, but not in the 

intended longitudinal direction, so they incur additional Ohmic losses and heating.  These 

are termed eddy current losses.  The magnetic properties of the ferrite core also lead to 

hysteresis losses, where energy is required to align and unalign the magnetic fields within 

the core. These eddy current and hysteresis losses are known collectively as core losses.   

Core losses are influenced by the materials, geometry, frequency, and DC 

operating current of the device, and are non-linear effects. Hysteresis losses are 

approximately proportional to flux density and operating frequency, so they are 

minimized by adjusting the operating frequency and current of the device.  Operating at 

lower currents or lower frequency can decrease the flux density within the device, 

lowering hysteresis losses.  To an extent, inductor core size can be increased, providing 

more core material and lowering the hysteresis loss per unit mass.  Eddy current losses 
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are minimized by high resistance core alloys and laminated construction, which reduce 

the magnitude of the eddy currents. [1, pp.423-5]  Core losses can be approximated 

empirically by material constants, but manufacturers will commonly provide an estimated 

core loss Pcore (in Watts per unit weight) for particular operating conditions. [1, pp.427]  

e. Control, Quiescent Losses and Stray Losses 

Power electronic switches require control circuitry to energize the transistor gates, 

sensors for current, temperature, and voltage, and timers or microcontrollers to help 

synchronize or generate the switching action.  The energy consumed by this control 

circuitry is known as control loss.  These circuits consume power whenever the drive is 

powered, so their associated losses are also known as quiescent losses, because there is 

energy consumed even in the off- or quiescent-state.  Gate drives are a critical part of the 

overall system design, and the requirements differ between types of semiconductor 

switches.  MOSFETs and IGBTs are voltage controlled devices, requiring minimal 

current to operate the gate, whereas bipolar transistors and thyristors require a significant 

current source or pulse to activate.  Gate drive losses, therefore, vary greatly.  Gate drive 

losses can be considered in the steady state, and an average control loss can be estimated 

to represent the total control loss based on the current and voltage of each control signal, 

the duration of the control signal relative to the switching period, and the number of 

switches in the circuit.  Control losses are associated with powering sensors, interfaces, 

cooling, and other required circuit elements.  Again, these are design dependent, and can 

be considered as a lumped steady state loss based on the sum of the rated current and 

voltage characteristics of these individual elements.   

The final source of loss is a catch-all for any undefined source of loss, which 

could be thermal, mechanical, chemical or any other means.  Any unknown source of loss 
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is called a stray loss, which accounts for any physically measured loss that is not 

otherwise accounted for.  These can be neglected from a practical standpoint, but help 

satisfy the law of conservation of energy in an analytical description of the energy losses.   

 

5.3 MOTOR LOSSES 

This discussion is centered on the power electronic converter, but if total 

combined drive and motor efficiency is to be considered, motor losses should also be 

included.  Losses in a switched reluctance motor can be categorized into winding losses, 

iron losses, and mechanical losses.  The conduction and core losses are exactly the same 

phenomena as in inductors.  Winding losses are simply I
2
R conduction (or copper) losses 

associated with the resistance of the wires in each phase.  For a motor with m phases, the 

total copper losses can be determined by: 

     
                        

     (5.15) 

where Rcond is the resistance of the motor phase windings and Iphase,rms is the root-mean-

square phase current (because current is a periodic function).   

Iron losses are the core losses associated with the eddy current and hysteresis 

losses occurring in the motor’s iron core (and to a lesser extent, the conductors of the 

windings).  These are difficult to predict analytically, so are often measured and 

represented by empirical constants or simulated by finite element methods.  In general, 

iron losses increase as motor speed increases, but dominate only at low excitation levels 

(where current is low).  As current increases, the copper losses are greater than core 

losses, regardless of speed.  When applied current is high, conduction losses are the 

dominant form of loss, especially at lower speeds. [42], [43] 
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Mechanical losses result from motor bearing friction, while windage losses are 

caused by air resistance to the motor’s rotation.  The friction and windage losses can be 

measured at no-load conditions, for a specified operating speed.  Just as a fan’s load 

increases with rotating speed, the windage losses, intuitively, will increase with the 

operating speed due to increased air resistance.  Friction and windage losses can be 

estimated analytically, but are typically represented implicitly in the dynamic equation of 

the motor as a lumped “viscous damping” coefficient, Bm (with units of N-m/rad/s). [44]  

These can be reduced with high quality mechanical parts and motor design, but not 

eliminated.  In fact, forced cooling systems such as integrated motor fans can contribute 

to the windage loss, but may be required for maintaining safe operating temperatures.  

[10] 

Motor losses have been estimated by finite element methods in the literature, 

providing an idea for the most efficient operating regions that strike a balance between 

motor mechanical output and conduction/iron losses [24]. Figure 5.3 depicts a 

representative efficiency map for a 30kW switched reluctance motor intended for a 

hybrid electric vehicle application.  This efficiency map does not account for converter 

losses, only the motor losses.  The study conducted by Mokhtari and Tara did, however, 

compare the motor efficiency for a vehicle operating in two driving duty cycles: FTP75 

(simulating an urban driving cycle) and US06 (simulating aggressive highway driving).  

The conclusion in that work was that the efficiency characteristics of the SRM were best 

suited for city driving rather than sustained high speed highway driving, but the motor 

was operating as a direct drive with no gear reduction or transmission [24].  It is apparent 

that efficiency performance can be improved with a multispeed gear train, keeping the 

motor operating within the efficiency “sweet spot” over a greater range of vehicle speeds.    
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Fig. 5.3: Example Switched Reluctance Motor Efficiency Map 

 

5.4 CONTROL PARAMETER INFLUENCE ON EFFICIENCY 

The previous discussion has centered on the loss mechanisms in the drive circuit 

and motor at the component level.  However, efficiency is determined more at the system 

level, by its control and operating conditions, not just by the individual components.  As 

discussed in Chapter 2, the control parameters for a switched reluctance motor are the 

voltage, phase current magnitude, turn-on angle, and turn-off angle.  These parameters 

each have a direct effect on the efficiency of the motor, as they determine the torque and 
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speed output of the motor.  For the motor’s drive circuit, the voltage and phase current 

magnitude also directly influence losses, but the efficiency is largely determined by the 

method by which the drive controls the motor phase current or voltage.   

Many approaches to optimizing SRM efficiency in the literature attempt to 

minimize the torque per ampere (TPA) from a motor and drive.  This approach ensures 

the mechanical performance goal is met with the least electrical power input possible 

[42], [13], [45].  Alternatively, the efficiency of the system can be the objective function 

to be maximized, subject to performance constraints, considering the input electrical 

power and output mechanical power as measured from the DC supply link [46].  The 

advantage of using the DC link is that it encompasses the entire electrical system input of 

the converter and the motor, ensuring a more “global” optimum for a given drive/motor 

combination efficiency.   

Phase current is the single most important determinant of system efficiency, as 

can be noted from its appearance in almost every loss equation in this chapter.  From 

examination of the SRM operating principles, phase current is also the most important 

factor in torque production from the SRM.  As such, controlling the phase current is vital 

to efficiency in terms of both required input power and output power production.  The 

square of the RMS current is dependent on the magnitude of the DC current from the 

source as well as the duration of the applied current in the phase.  In general, the lower 

the magnitude of the phase current and shorter the conduction time, the lower the loss for 

a given mechanical output.   

Phase current is regulated to provide the desired torque over each motor stroke at 

low speed.  The current can be controlled by PWM or by hysteresis control, as discussed 

in Chapter 2.  In PWM control, a feed-forward approach is used, with the phase voltage 

switched at a fixed duty cycle to provide the desired average phase current.  The 
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switching frequency is fixed, but the duty cycle increases as the poles overlap to hold the 

phase current at the desired level despite the increasing inductance.  Hysteresis control, 

on the other hand, uses a feed-back approach, holding the phase current within a desired 

band of a reference current command by switching the phase voltage on when the current 

is below the band and off when the current is above the band.  Switching frequency is 

very difficult to predict in advance for hysteresis control, and, depending on the size of 

the band, the number of “chops” can be very high each motor stroke, especially at lower 

speeds.   

Each time phase current is chopped, a switching loss occurs, so switching 

frequency and switching losses are directly related.  As switching frequency increases, or 

at higher motor speeds, the switching losses can dominate converter conduction losses, so 

the number of chops should be minimized for a given operating point if converter 

efficiency is the chief concern; on the other hand, motor efficiency is improved by 

increasing the number of chops.  From a system perspective, hysteresis current control 

typically provides a higher switching frequency and faster response than PWM control.  

One approach to striking a balance between the converter and motor efficiency in 

hysteresis control limits the number of chops per stroke.  A search algorithm is employed 

to “fine tune” the other control parameters so that the desired current profile is provided 

with the minimum number of chops per stroke [46].   

The timing of the applied phase current in relation to relative rotor position 

determines whether the switched reluctance machine operates in motoring or generating 

mode, as discussed in Chapter 2.  For motoring, the current must be turned-on prior to the 

rising inductance region to establish flux in the windings for positive torque production; 

the flux must also be extinguished prior to the falling inductance region to prevent a 

parasitic negative torque, so phase current must be turned-off prior to the aligned 
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position.  The difference between the turn-on and turn-off angles is the dwell angle, θdwell,  

while the period where current is conducting in the phase is called the conduction angle, 

θcond.  It is the period of conduction in each stroke that determines the duration of the 

applied phase current, so the phase current turn-on and turn-off angles must be selected to 

provide the minimum conduction time possible to provide a desired output torque.   

Of the two angle control parameters, θon has the greatest influence on the RMS 

phase current.  In practice, the phase current must be turned-on prior to the rotor-stator 

pole overlap where inductance is at a minimum so that flux can build up quickly during 

the stroke; at high speeds, the turn-on angle is advanced to provide more time for the 

phase current to build up, even as far as the period of falling inductance for the previous 

phase.  If the turn-on angle is too early, the phase current is applied for longer than is 

required to reach the desired magnitude, and conduction losses are increased without the 

benefit of additional torque output.  The turn-off angle, on the other hand, influences 

average torque production, but is held within a narrow range of angles near the aligned 

position because of the constraints of motor geometry.  Turn-off timing only significantly 

impacts efficiency at high speeds, when the phase current must decay in less time due and 

θoff must be advanced well into the region of rising inductance.  Advancing the turn-off 

angle then prevents negative torque production, but also inevitably limits the average 

torque produced in the phase [42]. 

The bus voltage indirectly influences efficiency by determining the current for a 

given motor power rating.  To minimize conduction losses, the bus voltage should be as 

high as possible.  Phase voltage also directly affects the converter efficiency, in that off-

state conduction losses depend on the magnitude of the phase voltage.  Motor efficiency 

is increased by higher phase voltage, due to the ability to overcome the back emf, 

effectively increasing the rated speed of the motor, and also extending the constant power 
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region.  A higher phase voltage also allows more rapid phase current turn-on and turn-off 

transitions for in the windings, according to 
  

  
 

  

 
.  This allows shorter dwell angles, 

lowering conduction losses and improving average torque output.  

The number of components in the current path for each state of the drive circuit 

also influences conduction losses, where each switch or diode causes a nearly fixed, 

albeit small, voltage drop.  If the source voltage is high, as in a high power motor drive, 

where 350-700V are not uncommon, the individual switch voltage drops are relatively 

very small compared to the source voltage, and are not a driving factor for efficiency; as 

the voltage magnitude decreases, or for lower power rated devices, these voltage drops 

become more of a factor.  In any case, minimizing the number of components in the 

conduction path reduces power losses and increases efficiency, even if only marginally.   

Fast switches minimize the rise and fall times for the switch current, and so 

provide the lowest switching losses.  For this reason, switches with the highest frequency 

rating are desirable from a switching loss standpoint.  The relative magnitude of 

switching loss vs. conduction loss are dependent on the current regulation scheme and 

motor speed, so it is difficult to generalize which form of loss is dominant.  For very high 

switching frequencies and low operating currents, as in hysteresis or PWM current 

control at low motor speeds/torque demands, switching losses can dominate; otherwise, it 

is likely that conduction losses will be more significant, given the relatively large voltage 

drops associated with high power switches.  It is, however, likely that motor losses will 

dominate the drive efficiency for a high power traction application [47]. 

Additionally, all components are not created equally, in that switches and diodes 

of higher current and voltage ratings switch more slowly and have larger voltage drops, 

switching losses and conduction losses.  If a lower current and voltage rating is suitable 

for a given power level, then it is desirable to use the minimum rated component that can 
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operate safely in a given application because lower power rated switches tend to be faster 

and more efficient.  Switches typically cannot withstand any over-voltages, however, 

even in a transient period, so this may impose a limit on the number of commercially 

available devices in a high power drive.  It should be possible, however, to implement a 

dual-converter drive circuit, where a lower power rated circuit is able to drive the motor 

in a “low” electrical range, when required current is low, and a “high” electrical range 

circuit that operates when higher currents and power levels are required.  This topology 

would add a great deal of complexity to a system, but would provide the advantage of 

inherent redundancy (with at least partial drive capability), and more efficient operation 

in the low range.   

Given the analytical descriptions of the different sources of loss in a motor drive, 

it is possible to model the efficiency of the system over its entire operating range.  As 

depicted in Figure 5.1, the total loss in a motor drive is the sum of the losses due to each 

of the individual loss mechanisms.  If we consider a circuit with Nsw number of switches 

and Ndiode number of diodes, operating at a switching frequency of fsw with known device 

datasheet parameters, it is possible to approximate the losses in the converter from 

Equations 5.3 to 5.15 above.  For the SRM drive circuit, the total losses can be estimated 

by:  

     
                   

        
                                             (5.16) 

Losses within the motor can be represented by the sum of conduction (copper) losses, 

core (iron) losses, and friction and windage losses: 

     
             

           
               

         (5.17) 

If motor losses are also considered, the total drive losses are approximated by: 

     
           

               
          (5.18) 
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Modeling the efficiency allows comparison of different components and 

topologies to select those that will yield the most efficient drive possible.  Unfortunately, 

with the nonlinearities inherent with a switched reluctance motor and power electronic 

drive, accurately predicting currents, voltages, and switching frequencies within the 

system can be extremely difficult in an analytical model.  As such, a physics-based model 

in simulation software is recommended to provide the best possible estimate of drive and 

motor combined efficiency.  Annex A presents a model of an SRM and drive circuit 

system.   

 

5.5 CONCLUSIONS ON SRM DRIVE EFFICIENCY 

From the analysis of converter and motor losses, the phase voltage should be as 

high as possible to reduce the required phase current and improve motor efficiency, and 

all SRM control parameters should be selected for maximum efficiency based on 

operating conditions.  The optimization is best performed off-line and stored in a lookup 

table given the highly non-linear nature of the SRM and drive circuit.   

It appears that a drive circuit with voltage-boosting capability is well suited for 

efficient operation.  This is confirmed in [41] with the improved efficiency from a series 

voltage-boosted drive circuit configuration.  Figure 5.4 depicts the measured efficiency 

gains for various boost capacitors, but improved efficiency is apparent in both cases, 

particularly as speed increases. 
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Fig. 5.4:Efficiency Improvement from Series Voltage-boosted Drive Circuit (Non-

boosted, Cboost=10μF, and Cboost=33μF shown) 

The series-boosted asymmetric half bridge is therefore recommended to improve 

transient efficiency performance.  The switching matrix configuration also promises 

improved efficiency by reducing individual switch conduction loss and switching loss.  

By sharing the current among parallel switches, some of the IGBT non-linear effects 

provide additional efficiency benefits.  As shown in Figure 5.5, from a technical 

datasheet for a state of the art high-frequency IGBT, if IGBT collector current is reduced, 

the IGBT will switch faster, reducing switching losses.  Lower collector current also 

results in a smaller collector emitter voltage drop (VCE), lowering conduction losses.  

Hence, by sharing current among switches in a matrix, losses are reduced and converter 

efficiency improved, while simultaneously increasing the circuit’s ability to handle 

excess thermal loading (sharing the current between the matrix switches) [48]. 
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Fig. 5.5: IGBT Switching Loss vs. Collector Current (left) and Collector-emitter Voltage 

vs. Collector Current (right) 

For these reasons, the series-boosted asymmetric half bridge switching matrix circuit is 

expected to provide efficiency improvements both in transient and steady-state operation.   
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Chapter 6:  Conclusion and Future Work 

6.  CONCLUSION 

 This text has examined the fundamental operating principles of the 

switched reluctance motor and basic methods for SRM control.  Various SRM drive 

circuits have been examined, and criteria for selecting a high performance drive circuit 

have been outlined.  The series-boosted asymmetric half bridge switching matrix circuit 

has been proposed as a suitable high efficiency and fast responsiveness candidate for a 

reconfigurable drive circuit.  A motor and converter drive system simulation model has 

been developed for future comparative evaluation of drive circuits in Appendix A.  A 

survey of the literature on reconfigurable power systems is also presented as a reference 

in Appendix B.  Drivability metrics for use in future drive system evaluations are 

presented in Appendix C.  Conclusions drawn from this text are summarized in Table 6.1.   

 From the analysis in this text, it is apparent that the switched reluctance motor has 

great potential for use in military in-wheel drive systems.  It is inherently fault tolerant, 

rugged, and capable of high speed operation.  Drive circuits are similarly fault tolerant 

and much simpler than induction motor and brushless DC motor counterparts, allowing 

greater reliability, reduced cost, and high performance.  The flexible control schemes 

allowed by these motors allow performance to be tailored to specific user or mission 

requirements such as maximum torque or maximum efficiency modes.  The flexibility 

provided by modern power electronics allow these modes to be selected dynamically, 

either by reconfiguring the circuit topology or through simple control changes.   

 The prospects are great for a revolution in electric vehicle technology, and current 

semiconductor switch technology supports fast dynamic changes to circuit topologies and 

efficient operation.  Power electronics is a rapidly evolving field, with a steady stream of 
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new components that are progressively faster, smaller, more durable, and of greater 

capacity.  As an example, this research began in Spring of 2011, and the fastest IGBT 

module rated for 1200V, 100A at that time was only capable of 20kHz switching 

frequencies; at the completion of this document in Fall 2011, new fast-switching IGBT 

modules are available up to 50kHz switching frequency and silicon carbide MOSFET’s 

are now commercially available at similar voltage and current ratings.  The components 

continue to improve while costs continue to reduce for these components as the 

production volume increases; these factors will lead to greater efficiency, more 

competitive pricing and improved drive performance.   

 This analysis has focused on drive circuit characteristics that enhance SRM drive 

system efficiency and responsiveness.  A reconfigurable drive circuit appears to provide 

the potential for both improved efficiency and improved torque and vehicle acceleration 

performance by boosting the applied phase voltage and by allowing short term phase 

current peaks much greater than the continuous phase current rating, providing bursts of 

peak torque to negotiate obstacles and maneuver quickly.  From Appendix B, it is 

apparent that reconfigurability is beneficial in enhancing system availability, especially 

during faults or in combat situations where battle damage may occur.  If systems are to be 

upgraded, drive circuits should be modular and backwards compatible, able to adapt to 

newly installed motors in a plug-and-play open architecture.  Modular systems also 

provide easier maintenance and reduce costs in the long run.   

 Drive system costs are partially dependent on components, but currently design 

and development for SRM drives require extensive testing and carefully matched motor 

and circuit combinations, increasing system costs.  If a modular, plug-and-play system 

were implemented, allowing motors and drive circuits to be replaced in an open 

architecture, these costs would quickly fall as components become more widely produced 



 145 

in the market.  Digital control and continually improving computational capability in 

microcontrollers and embedded computing systems allow systems to respond to changes 

in user demand requirements, hardware and environmental conditions.  The additional 

complexity of these future systems are very likely to produce performance gains, reduced 

maintenance costs, and operational flexibility that more than offset the initial investment 

required for a reconfigurable, open-architecture system. 

 

  



 146 

# Conclusions Section 

Reference 

1 Electrical energy allows more flexible drivetrain layout, more 

efficient and reversible energy conversion, and is easily scalable. 

Section 1.1 

2 Power electronics allow compact, efficient electrical energy 

conversion, flexible control and are inherently reconfigurable. 

Section 1.2 

3 The switched reluctance motor is rugged, fault tolerant, uses 

simple construction and mimimal iron and copper, and is well 

suited for variable speed traction applications.  Disadvantages 

include torque ripple, acoustic noise, bus current ripple, and EMI 

generation, so the SRM must be carefully matched to the 

converter 

Section 2.1 

4 The unidirectional current required by the SRM allows simple, 

robust drive circuits that are not prone to “shoot-through” faults. 

Section 2.1 

5 Increasing the number of SRM phases reduces torque ripple, but 

increases the number of required components, drive circuit VA 

rating, and reduces the motor’s torque density. 

Section 2.2 

6 SRM torque production depends on the magnitude of phase 

current, applied during the region of rising inductance. 

Generating occurs when phase current is applied during the 

region of falling inductance.  

Section 2.5,  

7 Four quadrant operation of the SRM is accomplished simply by 

varying the phase excitation sequence (forward or reverse), while 

motoring and generating modes are determined simply by the 

turn-on and turn-off angles relative to the regions of rising 

inductance (motoring) and falling inductance 

(generating/braking). 

Sections 2.2, 

2.5, 2.11 

8 The SRM torque-speed characteristic defines the continuous duty 

rating and operating envelope of the motor, subject to thermal 

constraints.  Operating at higher torques and speeds than rated is 

possible for shorter periods of time provided proper cooling and 

transient thermal limits are not exceeded. 

Sections 2.12, 

4.3, 5.5 

9 The phase voltage magnitude determines the SRM rated torque 

and speed, which occurs where the back-emf is equal to the phase 

voltage.  Higher speeds, with less-than-rated torque, are possible 

in the constant power region and the natural mode, up to the 

maximum determined by the rotor hoop stress. 

Section 2.12 

 

 

 

Table 6.1: Conclusions on SRM and Drive Circuit Performance (continued next page) 
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10 SRM control parameters are phase current magnitude, phase 

voltage magnitude and polarity, turn-on angle, and turn-off angle, 

providing an additional degree of freedom compared to induction 

machines.  High performance applications require controlling all 

parameters simultaneously to achieve desired operating 

characterstics. 

Section 2.13 

11 Phase voltage can be varied within a phase excitation period to 

shape the torque and current ripple waveforms, reducing torque 

ripple and acoustic noise. 

Section 2.13 

12 Phase current must be regulated to prevent overcurrents and 

obtain maximum torque at speeds below the base speed.  Soft-

chopping is preferred for lower voltage stress and torque/current 

ripple, but hard-chopping may be required at high speeds and in 

generating mode to overcome the back-emf. 

Sections 2.13.a, 

2.13.b. 

13 Hysteresis current control provides fast response, but potentially 

high switching frequency and losses at low speeds; PWM current 

control is less responsive and more suitable for fixed speed 

drives.   

Sections 

2.13.a.i, 

2.13.a.ii. 

14 Phase angle control is required at high speeds in the single pulse 

operating mode, when the phase current cannot be regulated at 

the rated current in the time available.  The magnitude of applied 

phase current is reduced above the base speed, hence torque is 

reduced. 

Section 2.13.b. 

15 Varying the turn-on and turn-off angles independently at each 

operating point provides the greatest control flexibility with 

minimal additional complexity.  Phase angle control (while still 

regulating current) at lower speeds requires a lower switching 

frequency and can improve torque production and efficiency. 

Section 2.13.b. 

16 The dwell angle required for achieving peak flux linkage in a 

phase excitation period is determined by the rotor speed and the 

magnitude of the applied voltage, so either the dwell angle or the 

phase voltage can be increased to increase phase torque.   

Section 2.13.b 

17 Parasitic negative torque is reduced by applying a negative 

polarity voltage at turn-off; higher speeds require advancing the 

turn-off angle or increasing the applied negative voltage or 

residual flux will interact with the falling inductance to produce 

negative torque.   

Section 2.13.b.i 

 

 

 

Table 6.1: Conclusions on SRM and Drive Circuit Performance (continued next page) 
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18 Alternatively, the applied phase current magnitude can be 

reduced at very high speeds to allow shorter dwell angles, rather 

than advancing turn-on and turn-off to extremes 

Section 

2.13.b.iii 

19 Lower component costs, improved switch capability, and wider 

commercial availability have reduced the importance of 

minimizing the number of components in a high performance 

drive circuit. 

Section 3.2 

20 The asymmetric half bridge circuit is a simple, robust and capable 

drive circuit configuration, providing tolerance to shoot-through 

faults and allowing current commutation and regulation (soft and 

hard chopping), positive, zero, and negative voltage loops. 

Section 3.3 

21 Resonant converters use capacitors and inductors to recover and 

reuse magnetic energy stored in a phase winding.  These 

topologies allow voltage boosting and energy recovery, 

promising improved efficiency and average torque production 

Section 3.5 

22 Series voltage boosting stages can be easily added to asymmetric 

half bridge circuits, improving transient performance with 

minimal additional components.  Torque and efficiency 

improvements are obtained using the boosted topology. 

Section 3.5 

23 Component voltage ratings must be selected to account for the 

additional boost voltage, and higher voltage stresses are a 

potential tradeoff, reducing component durability 

Section 3.5 

24 DC-DC converters are required to interface with batteries, 

ultracapacitors, and other energy storage systems; regenerative 

braking requires regulating the voltage and limiting the current 

returned from the motor 

Section 3.6, 3.8 

25 A parallel switching matrix topology can be incorporated with the 

asymmetric half bridge circuit, improving switch conduction 

losses and increasing current ratings and circuit thermal limits.  

Gate drive complexity is increased, but redundancy, 

reconfigurability, and potentially longer component service life 

are gained by this topology 

Sections 3.7, 

4.4, 5.5 

27 Dynamic braking is easy to implement in a drive circuit, simply 

requiring a current chopping switch and braking resistor bank.  

Regenerative braking requires a capacitor bank to buffer large 

pulses of braking energy from the motor to the battery or other 

storage medium. 

 

Section 3.8 

 

Table 6.1: Conclusions on SRM and Drive Circuit Performance (continued next page) 
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28 The motor and drive circuit component ratings are determined 

from the vehicle responsiveness performance requirements.  The 

vehicle’s road load and peak torque demands will define the 

converter’s requirements 

Section 4.1.b 

29 Semiconductor components cannot exceed their voltage ratings, 

but are capable of peak currents much greater than their steady 

state current ratings.  This characteristic lends itself to short term 

“overloading” to provide surges of current to the motor, provided 

the thermal safe operating area is not exceeded. 

Section 4.3 

30 Higher continuous phase voltages and transient boosted voltages 

allow phase current and flux to be achieved quickly, improving 

motor torque and efficiency.   

Section 4.3 

31 Motor and drive circuit losses determine system efficiency and 

thermal design, and vehicle fuel economy.  Thermal design is 

critical for semiconductors, determining component ratings and 

durability. 

Section 5.2 

32 Converter losses can be categorized by copper losses, conduction 

losses (on and off steady states), switching losses (on and off 

transients), and linear component losses (resistors, capacitors, and 

inductors), and control losses (gate drives, sensors and logic 

circuitry).   

Section 5.2 

33 Motor losses can be categorized into mechanical and windage 

losses, copper losses, and iron losses (hysteresis and eddy current 

core losses).  Motor winding copper losses dominate at all but the 

lowest operating currents, but hysteresis and eddy current losses 

are significant with high operating frequencies and low speeds.   

Section 5.3 

34 Phase current is the single most important determinant of system 

efficiency; a lower phase current and shorter conduction time will 

provide the highest efficiency for a given operating point. 

Section 5.4 

35 Switching losses can be reduced by minimizing the number of 

chops (switching frequency) during current regulation, or by 

using the fastest switching component possible. 

Section 5.4 

36 For the converter, as frequency increases (during low motor 

speed current regulation or at high motor speed single pulse 

operation), switching losses can dominate converter conduction 

losses; motor power output is improved by increasing switching 

frequency at low speed and for high speed operation, so a balance 

must be found between converter and motor efficiency for 

maximum efficiency. 

 

Section 5.4 

Table 6.1: Conclusions on SRM and Drive Circuit Performance (continued next page) 
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37 Minimizing the number of components in the conduction path of 

a circuit will marginally reduce losses  

 

Section 5.4 

38 Phase voltage influences efficiency by reducing the required 

current for a given power level, and by increasing the motor’s 

base speed capability (increasing the mechanical output power).  

Higher phase voltage also allows faster phase turn-on and turn-

off, reducing conduction times and improving average motor 

torque output.. 

Section 5.4 

39 Components of lower power ratings tend to have lower 

conduction losses and faster switching times than higher power 

rated components, suggesting that a low-power range circuit and 

high-power range circuit topology could improve efficiency at 

low torque operating points. 

Section 5.4 

40 Voltage Control can help minimize torque ripple, acoustic noise, 

and improve available torque at increasing speeds 

Section 2.13.c 

41 Acceleration events can demand intermittent peak torque ratings 

more than double the motor continuous torque rating 

Section 4.2.a 

43 Switching loss modeling requires very small simulation time 

steps (nanosecond range).  The motor operating time scales are 

orders of magnitude longer (milliseconds to seconds) so 

simulations are computationally intensive and very long in real 

time. 

Section A.5 

Table 6.1: Conclusions on Switched Reluctance Motors and Drive Circuit Performance  
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6.1 SUMMARY OF RECOMMENDATIONS 

The end goal of this text is to lay the framework for determining the possibility of 

using a reconfigurable power electronic converter, where an efficiency-mode or surge 

mode is available to respond to user commands.  Recommendations from this analysis are 

summarized in Table 6.2.  In brief, it is recommended that a drive circuit be able to 

control all of the SRM control parameters: phase voltage, phase current, turn-on angle, 

and turn-off angle.  Independent motor phase drive circuits are also recommended to 

retain the inherent SRM fault tolerance.  Off-line optimization or performance mapping is 

recommended for SRM control parameters to obtain the greatest efficiency or maximize 

torque from a given SRM and converter system due to the non-linear nature of these 

systems.   

The characteristics of  losses in the SRM and power electronic converters suggest 

that voltage boosting can improve motor torque and efficiency performance.  It is 

recommended that a series-boosted asymmetric half bridge switching matrix drive circuit 

topology be adopted and analyzed to confirm these findings.  The series-boosted 

asymmetric half bridge switching matrix circuit (Figure 3.17, re-shown below for 

convenience) appears to provide the greatest potential for improving efficiency and 

providing intermittent surges in peak torque performance.  Not only does it improve 

transient performance by voltage boosting, which, in large part, determines the efficiency 

and average torque performance of a SRM, but the switching matrix portion promises 

improved efficiency and allows greater sustained current ratings and thermal loading for 

a given set of rated switches.  This topology also allows inherent fault tolerance with the 

redundant switches in each phase leg.  Future development and testing is required to 
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determine if the performance benefits merit the increased expense and complexity of 

additional gate drive circuitry, but this topology appear to be an excellent candidate for a 

reconfigurable SRM drive circuit.   

 

Fig. 3.17: Voltage-Boosted Asymmetric Half Bridge Switching Matrix Converter Circuit  

 

From the demand cycle analysis in Section 4.2, it is apparent that some type of 

intermittent torque surge capability will be required.  Standard IGBT’s allow short 

duration peak current surges at nearly double the continuous switch rated current, but the 

duty cycle must be limited to allow the switch to cool, or it will exceed thermal safe 

operating limits and fail.  The switching matrix topology promises to allow individual 

switches to be driven harder and rested longer, improving the surge capability for a given 

circuit.  Hence, the switching matrix topology is recommended as a reconfigurable drive 

circuit candidate well suited for acceleration surges.   
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# Recommendations Section 

Reference 

1 Transient motor thermal limits should be understood in addition to 

the continuous limits determined by the torque-speed curve. 

Section 2.12, 

4.3, 5.2 

2 Phase voltage magnitude should be as high as possible from an 

efficiency and performance standpoint, but component voltage stress 

and safety should be considered. Higher continuous phase voltages 

and transient boosted voltages allow phase current and flux to be 

achieved quickly, improving motor torque and efficiency.   

Section 2.12, 

4.3, 5.4 

3 SRM control parameters are phase current magnitude, phase voltage 

magnitude and polarity, turn-on angle, and turn-off angle, providing 

an additional degree of freedom compared to induction machines.  

High performance applications require controlling all parameters 

simultaneously to achieve desired operating characteristics. 

Section 2.13 

4 Phase voltage variation within a phase excitation period to shape the 

torque and current ripple waveforms should be considered to reduce 

torque ripple and acoustic noise. 

Section 2.13 

5 Soft-chopping schemes should be employed for lower voltage stress 

and torque/current ripple, wherever possible.  Hard chopping should 

be employed only on commutation and when specifically required 

during generating mode. 

Section 

2.13.a, 2.13.b. 

6 Hysteresis current control is recommended for a vehicle traction 

drive, due to its fast response.  

Section 

2.13.a.i, 

2.13.a.ii. 

7 Turn-on and turn-off angles should be controlled independently at 

each operating point in order to provide the greatest control 

flexibility with minimal additional complexity.  Single pulse 

operation (phase angle control) should also be considered speeds 

below the base speed in order to improve efficiency. 

Section 

2.13.b. 

8 Turn-on angle should be advanced before the inductance begins to 

rise to achieve rated phase current while inductance is low, but 

should be selected to minimize conduction time for efficiency.   

Section 

2.13.b.ii 

9 Turn-off angle should be advanced to prevent significant negative 

parasitic torque, but not so far as to reduce average torque; 

Optimization will be required at each operating point to determine 

appropriate turn-off for maximum average torque 

 

Section 

2.13.b.iii 

 

Table 6.2: SRM and Drive Circuit Performance Recommendations (continued next page) 
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10 Alternatively, the applied phase current magnitude can be reduced at 

very high speeds to allow shorter dwell angles, rather than advancing 

turn-on and turn-off to extremes 

Section 

2.13.b.iii 

11 High performance SRM drive circuits should be able to provide: 

Phase current commutation and regulation, positive, zero, and 

negative voltage loops, energy recovery, independent phase control, 

fault tolerance, and transient voltage boosting. 

Section 3.1 

12 Component voltage ratings must be selected to account for the 

additional boost voltage, and higher voltage stresses are a potential 

tradeoff, reducing component durability 

Section 3.5 

13 Extra DC-DC converter stages can be incorporated at the DC supply 

to increase or decrease the steady state voltage magnitude.  Either 

transient turn-on or turn-off performance could be improved from an 

external DC-DC converter, but not both due to the fast response times 

required. 

Section 3.6 

14 A combination of a sequential boost stage and asymmetric half bridge 

switching matrix circuit is recommended to provide transient torque 

and efficiency improvements as well as steady state surges of torque 

and improved thermal safe operating area.  The high performance 

SRM drive circuit requirements are satisfied with minimal additional 

components, and redundancy is an additional benefit. 

Section 3.9, 

3.10 

15 Efficiency should be determined by the input power at the DC link to 

the converter and the motor mechanical output power. This enables a 

balance between converter and motor efficiency for maximum system 

efficiency. 

Section 5.4 

16 The lowest phase current and shortest conduction time should be 

employed to provide the highest efficiency for a given operating point. 

Section 5.4 

17 The number of chops (switching frequency) during current regulation 

should be minimized, and the fastest switching component available 

should be employed to minimize switching losses. 

Section 5.4 

18 The number of components in the conduction path of a circuit should 

be minimized to reduce losses. 

Section 5.4 

19 The lowest rated component (voltage and current ratings) permissible 

for a given application should be employed, so long as safe operating 

limits or transient rating requirements are satisfied; lower rated 

components are generally more efficient than higher power 

components. 

Section 5.4 

20 A physics-based SRM and drive system model or experimental testing 

are recommended for performance evaluation rather than analytical 

models 

Section 5.4, 

A.1 

Table 6.2: SRM and Drive Circuit Performance Recommendations 
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6.2 SUMMARY FUTURE WORK  

This work has established criteria for high efficiency, highly responsive drive 

circuits, and proposed suitable candidate drive circuit topologies.  Suggestions for future 

work are summarized in Table 6.3.  Future work should evaluate the performance of 

SRM drive circuits presented in Section 3.9 in side-by-side simulations, mapping 

efficiency over the entire motor operating range.  Future work should also attempt to 

“tune” the motor control parameters by selecting optimal turn-on and turn-off angles for 

each operating point, either for efficiency or for maximizing average torque, depending 

on the desired operating mode.  The simulation presented could be expanded to include a 

vehicle road load model for comparing the various drive circuit topology responsiveness 

characteristics in simulation of various vehicle demand cycles or duty cycles.  It is 

recommended that all simulations be confirmed by experimental measurement in future 

work due to the inherent non-linearities in the SRM and drive system. 

From Chapter 5, switches and diodes of higher current and voltage ratings switch 

more slowly and have larger voltage drops, switching losses and conduction losses.  

These characteristics of power electronic components suggest that efficiency can be 

improved by a reconfigurable topology where high-power circuit (with high current/high 

voltage components) is used for the high-torque, high-current range, and a low-range 

circuit with more efficient, and a low-power circuit (with lower current rated, high-speed 

switching components) is used over a constrained operating range.  This topology should 

be further developed and tested to determine if the efficiency gains merit the additional 

cost and complexity. 

Some remaining challenges for implementing open architecture systems will be 

establishing interoperability standards to ease in design and allow plug-and-play 

capability for motors and drives from different manufacturers.  When energy storage 
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elements (capacitors and inductors) are inserted into power electronic systems, care must 

be taken that unwanted resonant conditions and instability do not occur.  Layered control 

systems, such as a regulated phase voltage loop feeding a hysteresis current controlled 

motor, should also be designed to remain robust and stable when interacting within other 

control systems.  These challenges appear well within the reach of current technology and 

knowledge, and simple require applying well-known power electronics concepts to a 

motor drive system in a slightly different way.   
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# Recommended Future Work 

1 Optimum combinations of control parameters (phase current, voltage, turn-on and 

turn-off angles) should be determined for each motor operating points for maximum 

efficiency or maximum average torque. 

2 High performance SRM drive circuit candidates should be tested and compared to the 

asymmetric half bridge circuit as a baseline.  Performance benefits of each topology 

could then be understood in terms of costs and benefits. 

3 Combined SRM motor and drive circuit efficiency should be mapped over the 

torque-speed plane.  Each of the control parameters should be mapped for torque, 

speed, and efficiency to illustrate operating choices. 

4 An algorithm to limit the number of chops during hysteresis current regulation could 

be developed to reduce switching losses at speeds below the motor base speed. 

5 The efficiency gains of employing a low-power range circuit at low torque operating 

points and high-power range circuit topology for high torque operating points should 

be determined. 

6 A vehicle model should be incorporated with the motor and drive system model to 

allow circuit responsiveness and drivability performance evaluations between circuit 

configurations. 

Table 6.3: Recommendations for Future Work on Reconfigurable Drives 
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Appendix A: Motor Drive Model 

A.  MOTOR DRIVE MODEL OVERVIEW 

This chapter describes the SRM drive system model developed as a virtual testbed 

for comparing the efficiency and responsiveness/drivability performance of different 

drive circuit configurations.  As discussed in Chapter 2, modeling the switched reluctance 

motor and drive analytically is difficult because of the inherent nonlinearities of the 

system.  The magnetic effects of core saturation, variable switching frequency from 

hysteresis current regulation, position-dependent inductance, and time-varying load 

torque and rotor speed all compound the difficulty of accurately representing losses by a 

set of equations.  A physics-based model is therefore the most effective and accurate 

approach to approximating losses in the total drive system.  A model-based approach is 

adopted in this text, using Matlab/Simulink SimPowerSystems software to model the 

switched reluctance machine, converter and control scheme.   

First, we will describe the drive system model at the system level (as shown in 

Figure A.1), including the control scheme and the model’s outputs.  The switched 

reluctance machine model will then be explained, followed by a description of the 

assumed motor parameters used for this model.  Next, the converter block will be 

described, first explaining the organization and interconnections and then outlining the 

different phase leg circuit configuration models suggested in Chapter 3.  Finally, an 

example simulation will be shown, verifying the model’s correct operation and 

highlighting the potential limitations of this approach.   
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Fig. A.1: SRM Drive System Simulink Model Top-level Diagram  
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A.1 SRM DRIVE SYSTEM SIMULINK MODEL  

In order to predict the performance of the highly non-linear SRM drive and motor 

system, a physics-based model has been implemented in Matlab/Simulink using the 

SimPowerSystems software toolset.  The top-level block diagram of the combined SRM 

and Converter system is shown in Figure A.1.  This model makes the assumption of a 

constant, ideal DC voltage source (no impedance and infinite capacity to meet motor 

demand).  This model is implemented as a discrete system, and the simulation step size 

must be 1x10
-6

 second or less, or the motor model will not function properly.  To 

incorporate switching losses, the step size may even need to be as low as 1x10
-9

 seconds, 

due to the 100 nanosecond time scale of fast IGBT switching times.   

The drive system implements a soft-chopping hysteresis control method, using 

Simulink logic and signal processing blocks.  Hard-chopping could easily be 

implemented instead (by tying the Q1 and Q2 gate signals together for all switches), but it 

is less desirable as a control method as discussed in Chapter 2.  Similarly, instead of 

hysteresis control, PWM control could be implemented with a PI control current 

feedback loop and a voltage chopping stage; however, the control input would change 

from a current reference to a duty cycle for PWM control.  For the sake of simplicity and 

generality, the drive control logic is implemented in Simulink with logic blocks, rather 

than a circuit based control model.  As such, gate drive and control losses are not 

accounted for in the model.   

Gate signals are created in the position sensor block, which enables the 

appropriate phase based on rotor position, and according to the phase angles provided by 

the phase angle control subsystem.  In this basic configuration, constant phase angles are 

selected, but a lookup table or phase angle optimization algorithm could easily be 

implemented in this model as it exists. 
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The model outputs the motor parameters, input power, output power, and 

efficiency for each time step to a MAT file, which can then be accessed in Matlab for 

data processing.  System variables are most easily entered and updated in Matlab, so the 

entire model is controlled and accessed by an M-file, rather than by changing individual 

blocks in Simulink.  The simulation M-file is included in the Appendix as a reference.   

 

A.2 SIMULINK SWITCHED RELUCTANCE MOTOR MODEL 

The SRM model equations in Table 2.2 (as derived in Chapter 2) are implemented 

in a Simulink SimPowerSystems machine model for a 8/6 pole, four phase switched 

reluctance motor.  The Switched Reluctance Machine model block , as shown in Figure 

A.2, represents the voltage equation (Equation 2.58) of each motor phase on the left-hand 

side, and the motor kinematic model on the right-hand side.  The resulting phase current 

and phase torque produced by the applied voltage is determined by two dimensional 

lookup tables generated by the magnetization curve characteristic.  The model bases these 

lookup tables on the magnetization curves, which are shown in Figure A.3.  The model 

inputs are the applied phase voltage (from the converter) and the required load torque, 

while it outputs the phase voltage, phase flux linkage, phase current, instantaneous net 

motor torque, motor speed, and rotor position.   
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Fig. A.2: Switched Reluctance Motor Simulink SimPowerSystems Model 

 

a. SRM Electrical System Model 

The built-in physical modeling interface of SimPowerSystems provides the 

applied voltage and current value from the converter to the motor model, which then 

determines the voltage, current, flux, and torque in each phase.  The magnetization curves 

provide information on the inductance profile for different phase currents and rotor 

angles.  In this particular model, the phase inductance is approximated as a sinusoid.  The 

voltage equation (Equation 2.58) is modeled within the Simpowersystems model as 

shown in Figure A.2 on the far left-hand side.  The input voltage is decreased by the 

voltage drops due to the current interaction with resistance and flux linkage, while the 

phase current is determined by a current lookup table (ITBL) generated by the 

magnetization curves.   
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Fig. A.3: Magnetization Curve Plots for Simulink SimPowerSystems, 8/6 Pole Switched 

Reluctance Motor Model 

 

b. Switched Reluctance Motor Kinematic Model 

Individual phase torque is similarly determined from a torque lookup table 

(TTBL), and the total machine torque is found from the sum of the phase torques.  The 

mechanical dynamic equation of the motor (Equation 2.59) is modeled within this system 

in the block diagram shown in Figure A.4.  The viscous damping coefficient term 

provides information on friction and windage losses.  The load torque is modeled as a 

constant value for the efficiency model.  This block outputs the motor speed, ω (rad/s), 

and rotor position, theta (in radians).  The model sums the individual phase torques to 
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provide the average motor torque output, Te (in N-m).  This torque, along with the load 

torque, determines the output speed, ω (in rad/s).   

 

Fig. A.4: Switched Reluctance Motor Dynamic Mechanical System Model 

c.  Assumed Motor Parameters 

A four-phase, 8/6 pole SRM is modeled, with 450 A maximum current, 700V 

source, and maximum speed of 12000 rpm.  In order to achieve the high motor speed, 

while providing relatively short simulation times, the motor inertia has been selected as 

Jmotor = 0.01 kg-m
2
 and the viscous coefficient of friction kept very low at Bm=0.001 

Nm/rad/s.  Otherwise, the motor is unable to attain such a high operating speed.  An 

unaligned inductance of LUA=0.67 mH, aligned inductance of LA =23.6 mH, and saturated 

aligned inductance of LA,sat=0.15 mH are assumed, which produce the magnetization 

curve shown in Figure A.3.  A hysteresis band of 1% is assumed, which amounts to 

almost 20 A under peak conditions.   
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A.3 SWITCHED RELUCTANCE MOTOR CONVERTER AND DRIVE CIRCUIT MODEL 

The high-level diagram of the motor converter model subsystem is shown in 

Figure A.5.  The converter subsystem takes gate drive signals from the hysteresis 

controller and the position sensing and phase activation controller, along with voltage 

provided by the DC bus voltage source (as shown on the left-hand side of Figure A.5).  It 

outputs a current and voltage magnitude for each of the motor phases (as shown on the 

right hand side of Figure A.5). 

 

 

Fig. A.5: Switched Reluctance Motor (8/6 pole, 4-phase) Power Electronic Converter 

Macro-model 



 166 

The converter high-level subsystem contains a drive circuit model block for each 

individual motor phase winding (as shown in the center of Figure A.5, AHB_LEG 1 to 

4).  Each of the identical phase drive circuit blocks contain models of the drive circuit 

topology being implemented for a given simulation run.  Figure A.6 displays the model 

for a basic Asymmetric Half Bridge (AHB) circuit.  It is a physical model, so just as in a 

real circuit, the inputs are the source voltage terminals and gate drive signals (G1 and G2, 

one per switch in the circuit), while the output is a current and voltage applied to the 

motor phase winding terminals.   

 

 

Fig. A.6: SRM Power Electronic Converter, Asymmetric Half Bridge Circuit, Single-

phase Model 

A circuit model for a Series-boosted Asymmetric Half-Bridge (SB-AHB) Circuit 

can similarly be implemented, as shown in Figure A.7, the Asymmetric Half-Bridge 

Switching Matrix (AHB-SM) is shown in Figure A.8, and the combined Series-Boosted 
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Asymmetric Half-Bridge Switching Matrix (SB-AHB-SM) is shown in Figure A.9.    

Control requirements remain the same for the AHB and SB-AHB models, but additional 

gate signal control logic is required for the switching matrix configurations, unless all 

four switches are intended to switch simultaneously in each matrix.   

 

Fig. A.7: SRM Power Electronic Converter, Series-Boosted Asymmetric Half Bridge 

Circuit, Single-phase Model 

 

Fig. A.8: SRM Power Electronic Converter, Asymmetric Half Bridge Switching Matrix 

Circuit, Single-phase Model 
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Fig. A.9: SRM Power Electronic Converter, Series-Boosted Asymmetric Half Bridge 

Switching Matrix Circuit, Single-phase Model 

 

A.4 SRM DRIVE MODEL CONTROL SYSTEMS 

The SRM Drive model contains several control systems that represent the 

complex control logic and gate drive components in a real system.  These blocks are the 

Position Sensing and Phase Activation Block, the Hysteresis Current Control Block, and 

the Phase Angle Controller Block.  Each is implemented in basic Simulink logic 

components, rather than represented by a physical model of a gate drive or digital control 

scheme.   

a. Position Sensing and Phase Activation Block 

The Position Sensing and Phase Activation Block estimates the rotor position 

based on the speed of the motor, ad compares that position to phase angle limits 

established by the phase angle controller.  In this model, the phase angle controller is set 

at a constant turn-on and turn-off angle.  Figure A.10 depicts the Position Sensing and 

Phase Activation Block.  The current rotor relative position is compared to the range of 
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angles that define each motor phase; if the poles are aligning with a given phase, that 

phase becomes active, and a gate signal is triggered for the lower switch (Q2) of the 

phase leg if the position is at or past the turn-on angle, and remains active until the rotor 

moves past the turn-off angle.  Once the turn-off angle is reached, the gate signal goes to 

zero, and this automatically triggers a “hard chop” as both Q1 and Q2 are triggered off.   

b. Hysteresis Current Control Block 

The Hysteresis Current Control Block is implemented using the “Relay” Simulink 

block.  This takes a reference current input, and multiplies it by the active phase gate 

signal; therefore, if a phase is inactive, the reference current is zero.  The difference 

between the active phase current and the current feedback signal for that given phase is 

then the current error for a given phase.  The current error is passed through the Relay 

block, which determines if it is above or below the desired threshold around the reference 

current input error.  It then triggers the gate signal G1 for the top switch in each active 

phase, turning it ON if the phase current is below the threshold, and turning it OFF if the 

phase current is above the threshold.  The Hysteresis controller error signal generation is 

shown on the left-hand side of Figure A.1, and the Hysteresis block itself is shown in 

Figure A.11.   

c. Power and Efficiency Calculation Block 

Efficiency is calculated in the efficiency and power processing block on the top-

right hand side of the model in Figure A.1, where input power is calculated by the 

product of the source input current and voltage, integrated each electrical period, and the 

output power is taken from the product of the motor torque and speed, integrated each 

motor revolution.  The contents of this block are shown in Figure A.12. 
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Fig. A.10: Position Sensing and Phase Activation Block 
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Fig. A.11: Hysteresis Current Control Logic Block 

 

Fig. A.12: Power and Efficiency Calculation Block 

 

A.5 MODEL CHALLENGES AND LIMITATIONS 

One challenge with a physics based simulation is the time-steps required to fully 

capture the loss mechanisms are very small compared to the time required to reach 

steady-state.  Switching losses, for example, occur within several hundred nanoseconds 

for IGBT’s, while high load-torque and motor inertia may cause the motor to not reach 

steady state for ten seconds or more.  The simulation times may therefore be extremely 
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long in these cases in order to capture the switching losses in the steady state over the 

motor’s operating range.   

Additionally, it is very difficult to fully capture the nonlinearities of the motor 

core losses, and those associated with the characteristics of the semiconductor switches.  

For example, in Simulink, the IGBT model is limited, in that it does not incorporate the 

effects of gate inductance and capacitance, and of the capacitance between the device 

collector, emitter, and gate.  These characteristics are important in determining the 

transient characteristics of the switch, but are simplified to provide an effective turn-off 

time and current “tail” time.  There is also a strong voltage drop, VCE, dependence on the 

collector current for a real IGBT, and temperature effects on almost all parameters.  No 

model is able to capture all of these effects, so it is recommended that the model be used 

to understand trends for parameter effects on the efficiency, but to rely on actual testing 

to confirm efficiency performance of a drive system.   

 

 

Fig. A.13: SimPowerSystems IGBT Block Model (From Simulink Documentation) 

Computational time is very extensive for these efficiency simulations; as an 

example, on a 2.53 GHz processor with 6.0 GB of RAM, this model takes up to 15 
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minutes to run a five second simulation at a sample step size of Ts=1x10
-6 

seconds.  

Running the motor at smaller sample step sizes increases the simulation time by the same 

order of magnitude.  Unfortunately, at high torque loads and low current, the motor can 

take seconds to achieve steady-state speed, so this is an inevitable conflict for efficiency 

simulations for electromechanical systems.   

 

A.6 SRM DRIVE SYSTEM MODEL OBSERVATIONS AND RESULTS 

To demonstrate the correct operation of this model, it is used to simulate the 

assumed 8/6 pole, four phase SRM under no load conditions at a 200 amp reference 

current.  The resulting plot of inductance, phase voltage, phase current, and net torque are 

displayed in Figure A.14.  During this plotted interval, the motor is at low speed, and 

operating in current regulating mode, chopping the phase voltage to maintain current at 

the 200 amp reference.  It should be noted that soft-chopping provides a positive and 

zero-voltage during regulation, while the final chop applies a negative voltage to 

extinguish phase flux.  The 8/6 pole SRM provides good phase overlap for torque, 

reducing ripple compared to a 6/4 motor, but the constant phase angle control 

implemented in this model exacerbates the torque ripple problem, suggesting 

improvements to the control scheme for better representation of motor and drive 

performance.    The no-load torque-speed curve is depicted in Figure A.15, showing the 

large torque ripple, but the model’s torque-speed profile does display the characteristic 

SRM constant torque, constant power, and natural operating regions. 

Simple efficiency calculations are run for the no-load condition, over the entire 

motor speed range.  The resulting efficiency plot is shown in Figure A.16.  This plot 

demonstrates how efficiency is not uniform over the motor operating range, so an optimal 
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efficiency can be achieved by properly selecting control parameters or holding the motor 

operating range within the efficiency “sweet spot” by mechanical gearing.   

 

 

Fig. A.14: 8/6 Pole SRM Simulation Results: Inductance, Voltage, Current, and Torque 

vs. Rotor Position 
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Fig. A.15: 8/6 Pole SRM Simulation Results: Instantaneous Net Torque vs. Motor Speed 

at 200A Reference Current, No Load condition 

 

Fig. A.16: 8/6 Pole SRM Simulation Results: Efficiency vs. Motor Speed at 200A 

Reference Current, No Load condition 
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For a better representation of efficiency, steady state performance should be 

considered, allowing the motor to reach steady state operating speed and torque before 

sampling the average efficiency.  In Appendix B, the included Matlab m-file source code 

demonstrates how this can be accomplished with the model presented here.  Each 

simulation run, the motor is allowed to run until a steady state speed is reached, and 

efficiency is measured by averaging the motor output power over a revolution and the 

input power from the source averaged over an electrical cycle during steady state period.  

Load torque is varied from 0 to 200 N-m, representing the torque required from a single 

5-ton rated drive wheel on a conceptual armored vehicle.  The reference current provides 

the control input that determines motor output torque, and is also held constant each 

iteration, while the hysteresis band is taken as 1% of the reference current.  Future work 

should focus on obtaining the steady state motor efficiency maps.   

 

A.7 MATLAB SOURCE CODE 

This section includes the source code for the SRM and converter drive system 

simulation model, in Matlab M-file format. 

   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Switched Reluctance Motor and Converter Simulation 
% Based on Hoang Le-Huy's SRM Model (from Simulink included Demos) 
% 'power_SwitchedReluctanceMotor.mdl' 
% Adaptation by John Cunningham 
% University of Texas at Austin 
% Robotics Research Group 
% Started August 25, 2011, Completed November 21, 2011  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
clear all          % Clear Workspace 
close all          % Close Open Figures 
clc                % Clear Command Line 
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open_system('SRM_Simulation4phase');     %Opens Simulink Model file 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Simulation Variable Initialization 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Ts=1e-6;                        %Sample Time 
Sim_Length=2;                 %Simulation Duration (seconds) 
Sim_Steps=(Sim_Length/Ts)/(Ts/1e-6)+1;    %Number of Simulation Steps 

(defines the matrix/vector time dimensions) 
index=0; 
Sample_low=round((Sim_Steps*.9)/1); 
Sample_high=round(Sim_Steps/1); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Motor and Controller Parameters 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Bm_motor=0.001; %Viscous Damping Coefficient (N-m/rad/s) 
J_motor=0.01;  %Motor Inertia (kg-m^2) 
% Rfwd_on=.021; % IGBT Forward Conduction Resistance (Ohms) 
% Vfwd=5.0; %IGBT Forward Conduction Voltage Drop (V) 
% t_fall=70e-9; % IGBT switching current fall time (s) 
% t_tail=280e-9; % IGBT switching current tail time (s) 
%  
Vmax=700;         %Max Source Voltage 
thetaON=30;       %30deg Turn on angle 
thetaOFF=60;      %60deg Turn off angle 
Iref=200;         %Reference Current Input 
TLoad=0;      %Specified Load Torque Input 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%      
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% Single Run Simulation section 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
sim('SRM_Simulation4phase') 
load('SRM_4phaseOutput.mat','SRM_output') 
% wmech=(30/pi)*(SRM_output(8,:)); %speed in rad/s 
% Tmech=(SRM_outfast(7,:)); 
% efficiency=(SRM_outfast(6,:)); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Motor Output Plots 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure 
plot(SRM_output(8,:)*30/pi) 
title('Speed') 
ylabel('Speed(rpm)') 
xlabel('time(s)') 
xlim([0 Sim_Length]) 

  
% plot efficiency vs speed 
figure  
plot(SRM_output(8,:)*(30/pi),SRM_output(6,:)) 
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title('Efficiency vs Speed') 
ylabel('Efficiency (%)') 
ylim([0 105]) 
xlabel('speed(rpm)') 
xlim([min(SRM_output(8,:)*(30/pi)) max(SRM_output(8,:)*(30/pi))]) 

  
% plot efficiency vs torque 
figure  
plot(SRM_output(7,:),SRM_output(6,:)) 
title('Efficiency vs Torque') 
ylabel('Efficiency (%)') 
ylim([0 105]) 
xlabel('Torque(Nm)') 
xlim([min(SRM_output(7,:)) max(SRM_output(7,:))]) 

  
% plot torque vs speed 
figure  
plot(SRM_output(8,:)*(30/pi),SRM_output(7,:)) 
title('Torque vs speed') 
ylabel('Tmech (N-m)') 
ylim([min(SRM_output(7,:)) max(SRM_output(7,:))]) 
xlabel('speed(rpm)') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Per Phase L, V, i, and Torque vs Theta Plots (Low Speed) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
thetamax=720; 
thetamin=0; 
% thetamax=(max(SRM_output(:,18)*180/pi)-… 

mod(max(SRM_output(:,18)*180/pi),360)); 
% thetamin=(max(SRM_output(:,18)*180/pi)-… 

mod(max(SRM_output(:,18)*180/pi),360))-720; 
figure  
subplot(4,1,1) 
plot(4*SRM_output(17,:)*180/pi,(SRM_output(16,:)./SRM_output(21,:))) 
title('Inductance vs theta: Current Regulating') 
ylabel('Inductance,L (H)') 
ylim([min((SRM_output(16,:)./SRM_output(21,:))) 

1.01*max((SRM_output(16,:)./SRM_output(21,:)))]) 
xlabel('theta(deg)') 
xlim([thetamin thetamax]) 
subplot(4,1,2) 
plot(4*SRM_output(17,:)*180/pi,SRM_output(9,:)) 
title('Phase Voltage vs theta') 
ylabel('Voltage (V)') 
ylim([-Vmax-50 Vmax+50]) 
xlabel('theta(deg)') 
xlim([thetamin thetamax]) 
subplot(4,1,3) 
plot(4*SRM_output(17,:)*180/pi,SRM_output(18,:)) 
title('Phase Current vs theta') 
ylabel('Current i (A)') 
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ylim([min(SRM_output(18,:)) 1.01*max(SRM_output(18,:))]) 
xlabel('theta(deg))') 
xlim([thetamin thetamax]) 
subplot(4,1,4) 
plot(4*SRM_output(17,:)*180/pi,SRM_output(7,:)) 
title('Torque vs theta') 
ylabel('Torque (Nm)') 
ylim([min(SRM_output(7,:)) 1.01*max(SRM_output(7,:))]) 
xlabel('theta(deg)') 
xlim([thetamin thetamax]) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Calculate steady-state Average Torque, speed, and efficiency  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% AVGvalues=zeros(5,400); 
% efficiency=zeros(3,Sim_Steps); 
% for Tload=0:10:Tmax 

% for Iref=0:10:Imax 

%         sim('SRM_Simulation4phaseFast') 
%      index=1; 
%         load('SRM_4phasefast.mat','SRM_outfast') 
%         wmech=(30/pi)*(SRM_outfast(3,:)); %speed in rad/s 
%         Tmech=(SRM_outfast(2,:)); 
%         efficiency=SRM_outfast(6,:); 
%         AVGvalues(1,index)=mean(Tmech((Sim_Steps-2000):Sim_Steps)); 
%         AVGvalues(2,index)=mean(wmech((Sim_Steps-2000):Sim_Steps)); 
%         AVGvalues(3,index)=mean(efficiency((Sim_Steps-…           

%         2000):Sim_Steps)); 
%         AVGvalues(4,index)=Iref; 
%         AVGvalues(5,index)=TLoad 
% end; 

% end; 

 

%% plot the efficiency vs torque and speed 

% figure 

% plot3(AVGvalues(2),AVGvalues(1),AVGvalues(3)); 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix B.  Review of Reconfigurable Motor Controller State of the 

Art 

B.1.  RECONFIGURABILITY OVERVIEW 

One major objective of this converter design is achieving dynamic 

reconfigurability in a vehicle motor drive to allow for real-time adjustments of the power 

supplied to the drive motors of a ground combat vehicle.  Military applications of power 

electronics require special considerations, because systems must have a high degree of 

reliability, high performance, and provide operational flexibility over a wide range of 

environmental and severe-use conditions in addition to allowing simple maintenance in 

the field.  A reconfigurable design achieves all of these objectives by providing a 

modular structure and flexible, conditions-based control.  Reconfigurability can be 

implemented through hardware or software changes, and can be performance-based, 

fault-based, or maintenance-based, depending on the application and the required 

reliability or performance level.  The inherent flexibility of switch-mode power 

converters lends itself to many forms of reconfigurability and  is particularly well suited 

for modular architectures.  The remainder of this section will survey literature concerning 

the different forms of reconfigurable electrical  systems to observe the state of the art in 

performance-based reconfigurability, fault tolerance, and maintenance-based adaptability.   

B.2  PERFORMANCE-BASED RECONFIGURABILITY 

Performance-, or mission-based reconfigurability implies dynamically changing 

the hardware or control of  a system to achieve a desired objective.  This type of 

reconfigurability is aimed at maximizing the performance of a drive by responding to 

operating conditions or user commands.  The converter configuration or performance can 

be adjusted on different time scales—transient, temporary, and steady-state.  For 

example, a given converter can be operated in efficiency-mode by keeping the prime 
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mover or motor within the most efficient operating region, but dynamically respond to 

changes in terrain by maximizing torque to climb a hill or accelerate.  These types of 

reconfigurable systems have been previously implemented in mechanical systems.   

Commercially available examples of this type of reconfigurability in automotive 

mechanical systems are Ford’s variable displacement engines, and Honda’s variable 

cylinder management V-6 engines which adjust the combustion engine to meet varying 

power demands mechanically.[49],[99] These complex mechanical systems provide a 

limited set of adjustability for different demands, but offer little flexibility or user choice 

in how the systems responds.   Multi-mode hybrid electric vehicles also adjust to driving 

conditions by mechanically changing how power is split between the prime mover, 

motor/generator, and transmission, but these changes require complex and in-depth 

mechanical designs that are not reconfigurable once constructed [50].   The electrical 

component to the hybrid system offers improvements in efficiency over a limited set of 

condition (city driving), but the system is programmed a priori based on projected duty 

cycles and is not dynamically adjustable.   

Even limited dynamic reconfiguration can help minimize fuel consumption while 

meeting peak demands for acceleration and torque, but mechanical implementations are 

complex, expensive, and cannot be easily changed from the original physical 

configuration once they have been manufactured, especially in operation.  These types of 

dynamic adjustments are easily implemented in electrical systems by monitoring 

conditions and controlling semiconductor switches that can not only redirect the flow of 

current and the voltage, but can change the entire topology of a circuit.   
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a.  Reconfigurable Architectures 

Several patents have been filed that propose a reconfigurable battery bank that can 

dynamically reconnect the cells within a battery bank to provide either higher current, 

parallel operation, or higher voltage, series operation of the battery [51],[52],[53].  This 

would provide a reconfigurable power supply with multiple voltage and current levels to 

a given converter within a vehicle system, but a battery based reconfigurable system 

would be best served for steady state conditions or battery life could be shortened 

considerable.  Another topology is proposed by Toth in a separate patent which manages 

multiple energy input sources to meet the demands of an electric vehicle.  A system 

including a high capacity, long term storage battery source is proposed, in conjunction 

with a shorter term, high output battery source, to meet both range and performance 

demands [54].  This type of system appears to support short term power boost modes 

while preserving the main battery bank.  Hybrid energy storage systems (HESS) combine 

batteries and other energy storage devices,  such as battery and ultracapacitor combined 

systems.  A HESS is also reconfigurable in the sense that peaking power on short time 

scales is provided by the ultracapacitor, and long duration steady-state power is provided 

by the battery.  A frequency-weighted control strategy can be implemented to control the 

short and long duration charging and discharging, allowing an additional degree of 

freedom within the device [55]  . 

A power converter with capacitive energy transfer and fast dynamic response was 

filed by Perreault, et al that uses a reconfigurable switch controlled capacitor bank 

coupled with a DC-DC converter stage to widen the input and output voltage ranges of 

the circuit [56].  This topology could extend the efficient operating area of a 

generator/motor set by providing higher voltage output at lower prime mover speeds or 

provide a steady state boost in performance in short time scales.   An efficient shipboard 
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propulsion system has also been proposed using multiple diesel combustion engine 

generators on a highly-variable voltage DC bus to always operate the prime movers  in 

efficient operating speeds [57].  This contrasts with the typical approach of a fixed DC 

voltage, and promises efficiency improvements for the chief load in the form of the 

propulsion motors, but comes at the cost of additional conversion complexity for 

auxiliary power systems, which do require fixed voltages.   

b. Multilevel Converters 

Many variations of reconfigurable electrical systems have been implemented in 

literature.  Pulse width modulation (PWM) is a technique that can provide control the 

average voltage or current from a DC source by switching on and off at high frequencies 

according to a prescribed duty cycle.  The average value cannot exceed the maximum 

magnitude of the DC source unless a step up or boost converter stage is included, but the 

magnitude can be varied or duty cycle modulated in order to synthesize almost any 

desired waveform.  These converters can be coupled in an H-bridge configuration with 

two level inputs, and thus provide positive and negative voltages and currents as in a 

sinusoidal AC waveform [2].  They can also be cascaded by placing an additional H-

bridge in series with the converter in order to allow additional flexibility in the generated 

waveshape [58].  Multi-level, multiple input converters that allow the integration of 

several power sources to match generation to demand in power systems or even change 

the waveshape and frequency of supplied power are currently available.  Multilevel 

converters can be cascaded or layered to synthesize DC inputs to a very nearly sinusoidal 

output by superimposing the various layers onto each other.  This type of converter has 

lower switching frequency than pulse width modulation drives, and promises lower dV/dt 

stresses on switches due to the layered voltage levels, as well as lower total harmonic 
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distortion [59].  Lower frequency and lower voltage stresses on the switches are key 

advantages, translating to higher efficiency, increased component durability, and lower 

EMI emissions.  In large scale motor drives, where high currents and voltages are 

present, semiconductor switches are not currently capable of the ultra-fast switching 

times required for efficient high frequency switching, so multilevel converters are useful, 

particularly where sinusoidal or trapezoidal waveshapes are required (e.g. for AC 

induction, synchronous, Brushless DC, and Permanent Magnet Synchronous Motors).   

These configurations are best suited when multiple input sources are available, but are 

capable of operating from a single source using carefully timed switching with capacitive 

storage [58],  although there is a limited operating region for single source voltage 

regulation [60].   A comprehensive survey of multilevel converter topologies  is presented 

by Jose Rodriguez, et al in [61]. 

c. Parallel configurations 

In cascaded and multilevel converter configurations, H-bridges are connected in 

series to synthesis an average voltage or current magnitude or waveshape.  Parallel 

configurations are similarly possible, allowing capacity for larger current and higher 

frequencies with a given set of components.  Higher currents are permitted as the parallel 

share the load current, although switches with a negative temperature coefficient will 

require additional control to be paralleled [1, 473-9].  Operating lower current rated 

switches, which tend to be faster than high-current rated switches, in parallel may allow 

the use of high-frequency switching PWM control in a high current rated drive.   With 

coordinated control, an overall higher current rating or duty cycle possible if the parallel 

switches are operated sequentially at a higher current and with lower conduction losses 

than a single switch could operate, although efficiency is still limited by the device 
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switching losses, and the maximum operating frequency limited by the individual device 

turn-off times.    A chief benefit of parallel configurations is redundancy, which provides 

additional reliability, allowing limited functionality if a portion of the system were to fail.   

A parallel, stand-by portion of the switching circuit could be included with high 

current rated switches that could be activated only when current demand reaches a 

predefined threshold, allowing the routine use of faster, more efficient switches at lower 

torque/current demand levels or as required in a hysteresis control mode.  Additionally, 

having a stand-by parallel portion of the circuit could provide a boost mode for the 

converter, where an additional power source such as an ultracapacitor bank, could 

provide a short term boost in performance above nominal rated conditions, then return the 

system to normal operating mode.  This would essentially provide a “high range” and 

“low range” converter mode for efficient dual electric speed operation.   

 d. Resonant Energy Configurations 

Many circuit topologies take advantage of the energy stored within inductors and 

capacitors in the circuit.  These resonant energy converters can use the back 

electromotive force generated by the inductance of a motor’s windings to charge a 

capacitor, which can then be discharged to change the switching trajectory in turn-on or 

turn-off to achieve better switching dynamics [31].  Controlling this capacitive discharge 

allows the circuit to be reconfigured on the transient time scale, and is particularly useful 

in reducing the turn-off “tail” of IGBT switches.  These types of resonant converters can 

help extend the maximum torque achieved during single-pulse operation of a SRM  up to 

higher speeds by energizing and de-energizing each phase more quickly.  There are 

several variations on this idea, such as a C-dump converter, which stores the energy from 

an off-going phase in a capacitor, and “dumps” it into a subsequent phase to energize it 
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faster  [62].  Dual time constant motor controllers have also been implemented, where a 

resistor is switched in to help dissipate the phase current during the free-wheeling turn-

off period, helping to prevent negative torque as phase flux is extinguished faster [27].    

Resonant, or soft-switching schemes are additionally used to control the transient 

current and voltage spikes that occur in inductive load switching, which can greatly 

reduce the stresses on the individual components.  These are essentially capacitors or 

inductors in parallel with each switch, that act as controlled snubber circuits [63].  Soft-

switching, in general, can reduce losses and component stress by ensuring zero voltage or 

zero current across the main switches during commutation, and energy recovery is even 

possible with dedicated power electronic converters [1, pp.296-316]. 

e. Matrix Converters 

Arguably the most flexible type of converter incorporates an array of switches, 

and is commonly known as a Matrix converter.  Matrix converters allow multiple paths 

and multiple elements to be connected and isolated in a controlled way.  Matrix 

converters can be used to reconnect M input lines to N output lines using M x N switches 

[1, pp.40].  A direct switch matrix circuit is essentially the same as a telephone 

switchboard, reconnecting sources and loads directly through various combinations of 

switches.  This type of matrix converter can be used to switch auxiliary power sources or 

energy storage input elements into the converter to provide for a “boost” mode of 

operation.  A second type is the indirect switch matrix, also known as an embedded 

converter, which incorporates the energy storage elements within the matrix itself [1, 

pp.40-6].   Indirect switch matrices are less modular than direct matrices, but provide 

essentially the same function.  Indirect matrix converters can be considered as a 
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generalization of cascaded and multilevel inverter topologies, and the concept provides a 

framework from which to analyze these circuits.   

f. Flexible Control Schemes 

Switched reluctance motors require external power electronics control in order to 

excite each phase coil in the proper sequence.  The incorporation of power electronics 

control gives inherent flexibility and reconfigurability to SRM drives.  In order to 

maximize torque at low speed, the excitation current in each energized phase must be 

maintained at the optimum level, typically through hysteresis or PWM control.  As the 

motor speed increases, it becomes impractical to regulate current in the phase because the 

time constants of the inductance and resistance in each coil will not allow the phase coil 

to reach the peak current level, so it becomes necessary to change control strategy from 

hysteresis mode to single pulse mode.  Even in single pulse mode, the coil inductance 

prevents the flux in each phase from extinguishing completely as the subsequent phase is 

excited, creating a negative torque, so the phase angles of turn-on and turn-off 

(commutation) are carefully controlled to maximize positive torque and minimize 

negative torque obtained by each phase.  Phase angle control during single pulse 

operation allows for establishing different distinct modes of operation depending on 

motor speed.  For example, a motor rated for 12000 RPM is capable of providing full 

rated torque up to the rated speed of 12000 RPM, meaning it should operate in hysteresis 

or PWM mode up to that rated speed to obtain rated torque.  At speeds above 12000 

RPM, the motor switches to single pulse operation, where setting the phase firing angles 

can establish additional distinct operating modes: normal mode for lower speed range 

single pulse operation, boost mode for high speed single pulse operation, and advanced 

mode for very high speed operation.  [3, pp.102-4]  Additionally, braking or regeneration 
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can be easily implemented by exciting the stator later in the relative position to the rotor. 

[3, pp.92-5]  Speeds above 12000 RPM are possible up to the speed limits of the rotor 

materials and the capability of the source voltage to exceed back EMF, although torque is 

greatly reduced at speeds above the rated speed.   Phase angle control is the only feasible 

control above rated speed, but offers simple yet flexible control at less than rated speeds 

if maximum torque is not required [3, pp.53-7].  Hysteresis control or chopping typically 

requires high frequency switching, which is inherently lossy. [3, pp.58-67]  If lower 

torque is acceptable at lower speeds, single pulse operation requires much lower 

switching frequency, but consideration must be given to current limiting due to decreased 

back EMF at lower speeds. [3, pp.64]  Resonant converter topologies discussed above 

could be coupled with single pulse operation to provide capacitive discharge to limit 

phase current or increase the inductance of a phase in order to minimize current ripple 

and current decay while a phase is energized in single pulse mode, for example.   

A different form of performance reconfigurability arises from the concept of 

modularity, which will be discussed in detail in a later section.  Qian, et al, have proposed 

a motor drive based on the modular Power Electronics Building Blocks concept that is 

capable of serving as either an induction motor drive or as a harmonic filter. [64]  This re-

purposing is accomplished by a flexible control scheme, and suggests that a modular 

converter design could be designed to be a multifunctional building block, perhaps 

additionally used as power supplies for command and control power systems in tactical 

operations centers, further reducing the disparate maintenance parts required for a 

deployed unit’s prescribed load. 
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B.3 FAULT-BASED RECONFIGURABILITY 

Fault-, or security-based reconfigurability aims to guarantee a minimum level of 

operability during fault conditions and maximize system reliability.  An excellent 

background reference for reliability-based design is found in [65].  Fault tolerance is the 

most prevalant form of reconfigurability studied in the literature as it has direct and 

universal implications in military, industrial, commercial, and residential applications of 

power electronics.  The function of a hybrid power system is to meet the power demands 

of the vehicle, and military applications require particular emphasis on survivability.  A 

military vehicle’s power system should be able to dynamically detect and respond to 

component failures or faults, particularly due to battlefield damage, while continuously 

supplying critical loads and as many non-critical loads as allowed by the undamaged 

system capacity [66]  . 

In this case, power system security is the ability of a system to withstand faults 

and contingencies while continuously serving critical loads.  Accordingly, a secure 

system should include a defined set of probable events or contingencies and a means of 

continuously supporting the required loads during the fault condition.  Security is 

continouos and time-varying process, so two time scales are considered: static and 

dynamic.  Static security deals with steady-state operating conditions, and is concerned 

primarily with loading (thermal limits) of components and cables, as well as the 

maintaining a predefined voltage range.  Dynamic security deals not only steady-state 

loadings, but also with transient periods, where spikes in voltage and current can exceed 

component ratings, and is of special significance in vehicular systems because of their 

smaller size and close coupling between loads and sources.  A proposed framework for 

responding to these various faults divides system operating conditions among several 

well-defined operating states to allow for different rules and constraints to ensure system 



 190 

security [67].   For example, a sensor network could detect minor damage to a non-

critical component from a physical attack and place the unit in a warning state with full 

functionality, notifiying the operator of required repairs.  If a physical attack were to 

instead completely disable a portion of the converter or power supply, that same system 

would be placed in an emergency state, and all remaining capacity reconfigured to 

support critical functions or disabled to isolate the rest of the system from damage due to 

the faulted section.   An attempt to categorize fault conditions into tabular form according 

to line parameters (loading, voltage, frequency, and phase angle) has been conducted. 

[67].  This method appears to support a Bayesian approach to fault management if the 

fault conditions and remedial actions are well characterized.   

A comprehensive survey of fault-based power system reconfiguration has been 

conducted by Nagaraj, et al.  All reconfiguration problems are identified, in essence, as 

optimization problems seeking to find the configuration of switches that maximizes or 

minimizes a particular attribute.  A comparison is drawn between terrestrial power 

systems and shipboard systems, which can both be considered analogous to hybrid 

electric vehicle power systems. Heuristic rules provide a framework to simplify the 

optimization problem [68].  System architectures in the literature that are well suited for 

fault-based reconfigurability are parallel and redundant architectures, and much research 

exists on fault detection and isolation.  

a. Parallel Architectures 

Parallel architectures are common in high availability systems, to ensure quality 

of service to critical loads.  Shipboard power systems require the capability of 

withstanding physical attacks, and the state of the art use a DC architecture with multiple 

redundant buses [69]. Multiple buses provide identical parallel pathways for power, and 
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allow many different pathways for maintaining connection of a source to a load.  

Interconnected networks are common for high availability terrestrial power transmission 

line systems, and are preferable to the radial networks common at the distribution system 

level which are more prone to power quality problems [70]   . 

Several methods are employed to allow parallel system operation in circuits.  

First, auctioneering diodes or diode OR’ing is a simple and effective method, where a 

low voltage drop diode is placed in series with each of the parallel components.  This 

diode ensures that each parallel element does not become a load to the other modules in 

case of a single module failure.  This approach limits reconfiguration options and can 

lead to ill-defined bus current sharing if voltages are parallel bus voltages are similar, so a 

controlled auctioneering approach using active switching has been proposed.  This 

controlled auctioneering diode approach consists of a DC-DC converter in series with an 

auctioneering diode, providing control over bus selection, which can be designated as 

primary or backup buses or programmed to keep voltages and currents on the parallel 

buses within predefined limits [69].  Parallel architectures are common practice on 

uninterruptable power supplies (UPS), and many configurations exist [71].  An important 

consideration when using standby or primary/backup parallel architectures is detection 

and notification of a faulty module.  For example, in uninterruptable power supplies 

(UPS), it is helpful to create an alarm when the standby system is activated, so that 

remedial action can be taken to prevent loss of load or data [72].  Otherwise, extended 

operation without redundancy will greatly increase the probability of failure.   

A method for remote coupling of UPS systems has been explored by Guerroro, et 

al, using wireless connectivity to control the load between the remote power units.  The 

control method is based on the frequency droop method employed in large scale power 

systems to detect changes in loading, and their specific method is based on sensing and 
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averaging the ratio of real and reactive power to adjust the UPS voltage reference 

frequency and amplitude [73].  This method can possibly be adopted for a vehicle DC 

power system, perhaps utilizing system voltage or current sensing as the indicator for 

load sharing adjustments.   An example of parallel redundancy in a very large motor drive 

has been discussed by Jahns, using independent drive units for each phase of an induction 

motor.  Jahns demonstrates reliability and fault tolerance improvements for n-phase 

induction machine by using n-converter units, one per phase.  This approach seems 

practical only for large, high-availability motors, but Jahns observes that many of the 

components required for independent phase control are already present in the various 

inverter stages of a three-phase drive, so system costs are not significantly increased by 

restructuring [74]. 

b. Redundancy 

Redundancy is a superset of parallel structure, in that multiple components of a 

type prone to failure can be incorporated to improve system reliability, rather than 

creating entire parallel subsystems as above.  A direct switch matrix circuit, as explained 

in an earlier section, can reconnect sources and loads directly through various 

combinations of switches.  This type of matrix converter is excellent for providing fault 

tolerance, assuming redundant inputs and paths are provided [1, pp.40].  Bucknall and 

Ciaramella have evaluated various matrix inverter configurations for a conceptual marine 

propulsion drive, using multiple weighted criteria for a useful subjective comparison 

[75].  Their tabular method for comparison could be a useful tool in selecting designs for 

a vehicle drive system.   

An example of redundancy is the fault-tolerant reconfigurable voltage inverter 

intended for aircraft power systems described  in [76], which incorporates a fourth 
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standby switching module  on a three-legged inverter to add n+1 redundancy.  A hybrid 

vehicle could incorporate partial redundancy for energy storage, as in the dynamically 

reconfigurable high power energy storage system described in [77], which includes a 

controlled switch network that determines the output current of several different energy 

storage elements and can bypass or activate each as required under fault conditions.  

Other proposed motor drive systems utilize an additional set of windings on a motor 

phase in three-phase induction motors to allow for fault tolerance, essentially operating as 

a six-phase motor system.  The drive system is a cascaded multiple phase converter that 

is capable of reconfiguring to allow continued operation if one leg of the converter is 

open circuited.  If a short circuit fault occurs, fast protection fuses are required to isolate 

the faulty module [78]. 

c. Fault Detection and Isolation 

Complexity of large power systems with multiple switches makes optimization of 

reconfiguration schemes computationally difficult in real time.  Any system controlled by 

m switches will have 2
m

 possible configurations [79].  Considering a fourteen wheeled 

armored vehicle with independently controlled in-wheel drive actuators, and assuming 

only one path to each wheel, there are 2
14

 = 16,384 possible configurations.  Now, 

consider two parallel paths to each wheel, each controlled by one switch—there are now 

2
28

 = 268,435,456 possible configurations.  In a practical system, multiple paths and 

interconnections will exist, and if actuators for steering, camber, suspension, and the 

drive wheel are included, with 2n redundancy (i.e., a fully parallel redundant system) and 

four actuators per wheel, there are 2
112

 = 5.19x10
33

 possible configurations at the system 

bus level.   Real time optimization is difficult, so an efficient optimization algorithm is 

required to find the “best” configuration for the given conditions.   
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Optimization approaches in the literature often center on shedding of non-critical 

loads during the fault condition; however an approach examining load tracking, subject to 

transmission constraints, appears to provide better quality of service to critical loads [66].  

Prime mover efficiency can also be optimized to minimize the total fuel consumption 

subject to all loads receiving sufficient power, factors that are very important for vehicle 

operating range [79].   Chalfant and Chryssostomidis have proposed a survivability 

metric for a shipboard distribution system model during physical attacks that monitors 

total system demand, and maintains a weighted, prioritized list of all loads.  When 

damage occurs from an attack, the blast center and destruction radius are detected.  

Damaged equipment is subsequently removed from service and the loads are satisfied 

according to the prioritized load list.  A list of loads lacking generation or connectivity is 

formed, which provides a survivability score based on the pre-fault prioritized load 

weighting [80].  A similar methodology would appear to be helpful in monitoring system 

capacity or measuring degraded performance capability assessments for mission planning 

purposes.  For example, a combat vehicle is partially damaged in an attack, two wheel 

actuators on one side.  A weighted score is instantly updated as the system reconfigures, 

informing the operator that the vehicle is 85% capable for climbing or has a 15% speed 

reduction.  The commander could then assess the vehicle’s impact on the unit’s mission 

and take appropriate action for recovery or repair if needed.   

As the system complexity increases, a more elegant approach than optimization 

may lie in the use of performance map based forward-inverse decision theory.  A 

Bayesian approach could examine the various sensor inputs and system state and provide 

a more comprehensive picture to the operator or commander, and allow human 

integration into the fault management process [81].  Maps and look-up tables can take the 

place of computationally complex processes and provide real time reconfiguration based 
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on recorded performance test data and mission inputs.  In training, for example, a 

commander may program the vehicle in “training mode” to limit damage and repair costs 

during a fault condition and thereby maintain unit readiness, while a “combat mode” 

would allow the operator to exceed certain steady state performance limits for a short 

term but high priority mission [82]. 

 

B.4.  MAINTENANCE-BASED RECONFIGURABILITY 

Maintenance-based reconfigurability is a familiar concept in telecommunications 

systems, where the high cost of a loss of service requires the highest levels of reliability 

and on-line replacement of whole subsystems without a significant loss of operating 

capacity.  Systems are designed with redundancy, parallel connections, and with 

sufficient excess capacity to allow for portions to be disconnected or isolated and 

replaced while the system as a whole continues to operate.  The open-architecture of 

personal computers is a different form of reconfigurability, where additional or upgraded 

components or subsystems can be installed or removed while the system is still operating.  

This type of reconfigurability would allow for the addition of weapons, communications, 

sensors, traction devices, etc., on a military platform, in addition to greatly facilitating 

conditions-based maintenance and replacement of parts in the field.  Current depot-level 

maintenance and reset programs for military equipment could easily be managed at the 

unit level.  For example, single components or subsystems could be replaced with the 

state-of-the-art upgrades, and be seamlessly integrated with cannibalized parts from older 

equipment on the same vehicle in the field.  Software and control systems could similarly 

be upgraded and modified in the field and in response to changing demands and mission 

requirements.  Several architectures that are suitable for maintenance-based 

reconfigurability are parallel architectures, layered structures, and modularity.   
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a.  Maintenance-based Reconfigurable Architectures 

As discussed in the previous section, parallel and redundant architectures are 

inherently fault tolerant, and their structure can also permit the system to be serviced or 

repaired while still providing a level of operability.  The telecommunications and 

computing industries generally use parallel architectures for high availability systems, 

such as servers or cell phone transmission and receiving towers.  Multiple computing 

boards and network cards are interconnected within a single system to provide 

redundancy and the ability to replace individual components without loss of service.  The 

power supplies for these systems require the same high availability and redundancy as the 

loads they service, but the various subsystems can require different voltage or current 

levels from the power supply, requiring a layered architecture with different stages of 

power converters.  Single points of failure may exist in a subsystem, but multiple 

subsystems exist on the main board, so redundancy and reliability are maintained.   

b. Dynamic Replacement or “Hot-swapping”  

Dynamic replacement of components, or exchanging subsystems without turning 

a system off, is called hot-swapping.  Hot-swapping requires circuit topologies similar to 

those found in parallel redundant systems, with simple diode OR’ing, forward conducting 

bidirectional-blocking (FCBB) switches, and dedicated bus selection converters being 

suitable topologies [69].  The computing or telecommunication modules of a server rack 

are typically independent and passive, so are considered loads from a power system 

perspective, and can be dynamically disconnected and reconnected with relative ease 

(although data backup and system state information transfer are additional concerns for 

these systems). Personal computers commonly use hot-swappable hard disk storage 

called Redundant Arrays of Inexpensive Disks (RAID), which allow redundant data 

storage and on-line component replacement. Other board level systems and even 
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processors can be hot-swapped in modern computers, and many methods have been 

explored for dynamically updating software to hot-swap whole sections of code [83].  

Haizhi, et al have examined the design characteristics of a mission hot-swapping scheme 

for dynamic software replacement in high availability systems such as financial systems, 

military command, and air traffic control[84]. System updates for satellite 

communications and tracking can cause interoperability problems when implemented 

piecemeal across a vehicle fleet, for example, so one can envision a centralized vehicle or 

communications software update system for use in cases where continuous synchronized 

operations are required, as in combat operations, or large supply transportation fleets.   

Compared to computing boards and software, the on-line replacement of power 

supply modules is complicated by the fact that parallel power supplies are highly 

coupled, and requires special control for inrush current and other transient conditions. 

More sophisticated controls are desirable for hot-swapping power supply modules to 

protect other sensitive subsystems from damage and for user safety. Simple OR’ing 

diodes are not capable of the level of control required, so additional switches and 

dedicated hot-swapping controller integrated circuits (IC’s) are incorporated to ease the 

transition of a “cool” module into a “hot” system. Using current sharing interface circuits 

(a small inductor in series with an OR’ing MOSFET) has been demonstrated to provide 

the additional benefit under-voltage protection and light load protection with appropriate 

sensing and control schemes [85]. 

Several hot-swap control methods have been evaluated for parallel fuel cell output 

boost converters, and compared to a large single output converter with similar rating.  A 

Total Power Based Control (TPBC) method is proposed, which determines the total 

demand power at the common DC bus and determines how many parallel converter units 

are required to meet demand.  Each unit is hot-swappable and has its own control and 
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protections, and interfaces to a higher level control processor, so redundancy, demand 

response, and efficiency are achieved simultaneously.  A master-slave concept is also 

explored, in which one of the parallel converters is designated as the master, and the 

central processor regulates the voltage of the other “slave” converters to equally share 

power between all the converters.  Simulations show faster power sharing, increased 

efficiency at lower powers, higher reliability, reduced EMI and extended converter 

lifespan from TPBC.  Master-slave control is demonstrated to achieve better system 

voltage regulation and load following ability.  Hot-swapping in either case cause high 

frequency oscillations on the output at the moment of hot-swap which require damping 

by a battery or ultracapacitor. A single large converter is shown to provide slightly better 

efficiency than the combined parallel system and lower initial investment cost, but 

lifetime cost is projected to be lower for TPBC with the capability of replacing individual 

units in conditions based maintenance [86].  An additional advantage of redundancy is a 

lower number of component types, which can lower production costs due to economies of 

scale and facilitate repair part inventories, a benefit that is explored further in the 

discussion on modularity.   

d. Modularity 

Modularity is a formal design approach which divides complex systems into 

independent subsystems or modules based on their function.  A generalized modular 

architecture for power electronic converters known as Power Electronics Building Blocks 

(PEBB’s) has been proposed by Ericsen that includes  an open architecture, standard 

interfaces, and self-contained protection and control systems.   Ericsen recommends three 

fundamental building blocks: the bridge, phase leg, and switching blocks.  These blocks 

can be combined with a high level control hierarchy composed of four controllers (Power 
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Switch Controller, Topology or Circuit Controller, Application Controller, and System 

Controller) each of which are responsible for a specific scope and time scale of control, 

define the specific function of the combined building block system’s modules [87].  

PEBB’s have been examined extensively for shipboard power systems where weight and 

component size are important considerations.  Each PEBB has self-contained harmonic 

filters, switches, gate drives, thermal management, and protection, reducing the cost of 

adjacent systems and allowing multiple uses for the same package and reduced 

engineering effort.   Standard interfaces and packaging with modular and hierarchical 

design allow these power electronics systems to be assembled in the same “plug and 

play” manner as personal computers.  In naval systems, integrating these devices is 

projected to allow 15-20% propulsion motor and generator weight reduction and 

improved efficiency [88].  ABB has commercialized the PEBB concept in high power 

terrestrial applications [89].   

A universal digital controller design suitable for the PEBB architecture has been 

proposed, with standardize interfaces, including a fiber optic communications link that 

reduces EMI.  This controller also includes an upper-level communications interface that 

allows supervisory control of the system for integration into larger networks of 

components, as on a shipboard power system [90].   A modular telecommunications 

power supply similar to the PEBB concept has been proposed by Thandapani and 

Arumugam, creating a three-phase converter from three single-phase modules, each 

having built in filters, power factor correction circuitry, and current sharing circuitry.  A 

high level controller is not required, only a single wire connection between the current 

sharing interfaces.  Component rating calculations are presented for the single phase 

module design [91].  This design offers reduced cost and complexity, but also less 

flexibility than a modular system with reconfigurable control.    
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e. System Upgrades and Backwards Compatibility 

 A secondary benefit to modularity is the ability for easy upgrades and backwards 

compatibility for a large system.  In manufacturing, a given set of components can be 

altered slightly to create a variety of products from the consumer’s perspective.  This 

“component-swapping modularity” allows the same manufacturing equipment to produce 

many variations of an end-product with minimum re-tooling and cost.  Common 

examples are found in automotive manufacturing, where the same product body can be 

coupled with alternative types of components to create a different model for sale, and in 

computing where different processor units, monitors, and other accessories are combined 

into variations of the same system with different appearance and function [92].  This type 

of modularity is the norm in military vehicles, such as the High Mobility Multipurpose 

Wheeled Vehicle (HMMWV) by AM General [93], the Stewart and Stevenson Family of 

Medium Tactical Vehicles (FMTV) [94], and the Heavy Expanded Mobility Tactical 

Truck (HEMTT) platform by OshKosh Corporation [95], which allows a standardized set 

of chassis, drivetrain, and service parts across a vehicle fleet,  as well as offering standard 

user interfaces and controls for each variant, which minimizes operator and maintainer 

training requirements.  Each of these systems is expandable with standard equipment 

packages to meet a range of missions, and a next-generation military vehicle should 

mirror these modular attributes.   
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Appendix C.  Vehicle Responsiveness and Drivability Metrics 

C.1 RESPONSIVENESS PERFORMANCE METRICS 

In his dissertation, Xi Wei has compiled a thorough list of responsiveness and 

drivability metrics commonly used in the automobile industry, which are described in the 

following sections [96].  Acceleration is important for meeting user preferences, 

efficiency (achieving desired steady state operating speed quickly to avoid operating in 

low gear ratios), and safety (to escape from potential road hazards).   

For acceleration, 0 to 60 mph acceleration time is the most commonly used metric 

as a general indication of acceleration capability.  Acceleration from 30 to 50 mph is 

tested as an indication of the ability to merge onto a highway entrance ramp, and 50 to 70 

mph acceleration is used to simulate passing on the highway.   

The maximum attainable operating speed is defined as its measured top speed.  

An equation for calculating maximum vehicle speed is given as: 

     √ 
                                   

        
   (C.1) 

where Ftr_max is the wheels’ maximum tractive force (in newtons), M is the vehicle 

mass (in kilograms), g is the gravitational acceleration (in m/s2), Cr is the coefficient of 

rolling resistance, Cd is the drag coefficient, Af is the frontal area of the vehicle (in 

square meters), and ρair is the density of air (in kg/m3) [96].  The slope of the road is 

defined as its grade (as a percentage), given by the vertical rise in the road over a 100 

meter horizontal run, as in:  

       
  

     
          (C.2) 

where a positive grade signifies uphill and a negative grade signifies downhill. This is 

equivalent to the tangent of the road slope angle from Equation 5.24 [20]. 
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Vehicle stopping distance is a critical safety measure, indicating how much 

distance a vehicle needs to come to a complete stop from a given vehicle speed.  The 

driver reaction time accounts for a portion of the distance prior to applying the brakes, 

and the actual braking distance accounts for additional stopping distance.  Assuming a 

constant driver reaction time of 1.5 seconds, and empirical data from full braking on dry, 

level asphalt, the stopping distance (in feet) from a vehicle velocity v (in mph) can be 

given by: 

Stopping distance = 2.2v+0.048v2    (C.3) 

For heavier vehicles, or for poor traction conditions, the constant in the second term will 

be larger, leading to a longer braking distance [96].   

Gradeability indicates the maximum slope or grade a vehicle can climb.  

Climbing can be considered as the ability to just make forward progress, or can be 

considered while maintaining a constant vehicle speed (e.g. the maximum slope a vehicle 

can climb at 20 mph).  Gradeability is the tangent of the road slope and is given as a 

percentage.  If tractive force (Ftr) is known directly, gradeability can be estimated by: 

                  (
   

  
   )    (C.4) 

If instead wheel load force Fload and the coefficient of friction between the tire and road 

surface µ are known: 

                  (
       

  
   )    (C.5) 

[96]   

Towing capability is measured by comparison of the measured responsiveness of 

a vehicle towing a load to that of the un-loaded vehicle.  While load ratings derived from 

maximum payload, axle ratings, brake capability are important and considered, this 

measure is concerned primarily with the capability to perform with a given towed load 

[96].   



 203 

 

C.2 DRIVABILITY OVERVIEW 

Drivability is a somewhat vague description of a driver’s perception of how well a 

vehicle responds to demand.  Many aspects of vehicle performance contribute to its 

response: acceleration, braking, engine noise, and transmission shift timing and quality 

[97].  More comprehensive than responsiveness, drivability encompasses operating 

smoothness, driving comfort, and vehicle responsiveness from the driver’s perspective. 

[96].  In a traditional spark ignition drivetrain, this implies careful selection of gear ratios, 

shift points, and throttle response characteristics. For hybrid electric vehicles with 

batteries, a start-stop engine control strategy also contributes to the driving experience, 

and is directly related to the state of charge (SOC) and fuel consumption [97].  Transient 

vehicle modes such as engine starting, accelerating from a stop, accelerating from low to 

high speed, and braking are important factors, as are steady-state conditions of idling, 

cruising, and full-load performance.  Ideal transmission shifting characteristics are 

smooth, predictable, quiet, and consistent shifting from gear to gear at the appropriate 

timing and frequency [96].   

As drivability deals with user perception, it is inherently subjective, and typically 

is measured by human evaluation.  Instead of a qualitative measure of how “good” each 

drivability criteria is, metrics should reflect inherent “audible and perceptible 

dissatisfactions” which are more readily quantified.   These dissatisfactions are often 

referred to as jerks, hesitations, noises, vibrations, or roughness by drivers, and should be 

captured by the evaluation metrics.  It should be noted that customer preferences can vary 
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between vehicle requirements (residential commuters vs. construction workers) or even 

between cultures (American vs. European customers) [96].  Effective metrics allow the 

drivability of a design to be tailored to the intended market, and will be examined in the 

following section.   

C.3 DRIVABILITY METRICS 

As previously discussed, the frequency of the incidence of undesirable drivability 

events is an objective measure of drivability as opposed to subjectively rating driver 

experience.  A list of possible drivability dissatisfactions or events, with a brief 

explanation for each, is given in Table C.1.  Each observed event is evaluated by 

frequency of occurrence, vehicle interior acoustic noise level, jerk amplitude, an averaged 

acceleration event characteristic, and vibration contributions to quantify drivability.   

Each of these evaluation criteria will be examined in detail to define the metrics and 

establish the associated relationships.   

Interior audible noise level is a readily measurable indicator of dissatisfaction 

events.  It is defined as the sound pressure level in the vehicle cabin under normal 

conditions, and is affected by contributions for tire/road interaction, drivetrain vibrations, 

engine exhaust, vehicle aerodynamics (air turbulence), cabin ventilation system, and 

other accessories (such as the audio system for passenger vehicles).  Sound intensity may 

be reduced by using sound insulation, but it is more desirable to reduce the sources of 

noise so as to not reduce driver awareness.   
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Table C.1: Drivability Dissatisfaction Events 

Sound intensity I  (in W/m
2
)  is the measure of  acoustic noise, and is given in 

decibels (dB) on a logarithmic scale in relation to the human audible threshold of hearing 

intensity, I0  = 10
-12

 W/m
2
 or given in relation to the atmospheric sound pressure P0 = 

2x10
-5

 N/m
2
 according to the relationships: 

             (
 

  
)         (

  

  
 )         (

 

  
)  (C.6) 

[96]  As a benchmark, for passenger vehicles (with doors and windows closed and air 

conditioner and radio off ), the typical range of interior noise at idle ranges from 38 to 

51dB, which increases to nearer 70dB at 70mph.  In comparison, the threshold of pain is 

generally taken as 130dB for sound intensity [96]. 
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Vibrations can be similarly characterized, but there is both a maximum intensity 

and a cumulative exposure metric, as both are of concern for comfort and health.  The 

peak vibration intensity is called Maximum Transient Vibration Value (MTVV), which is 

a way to characterize transient shocks and bumps that a cumulative metric would not 

capture.  This metric is particularly important for off-road applications. MTVV is 

dimensionless, and is calculated as the ratio of maximum acceleration or shock 

magnitude to the RMS acceleration (which will be discussed in further detail).  Maximum 

desirable MTVV is around 1.5 for user comfort [96].   Vibration discomfort is related to 

its direction, duration, and how it contacts the body, with vibrations between 0.5 and 80 

Hz effective in exciting a human response.  The most effective frequencies for exciting a 

human body are between 1 and 2 Hz for the horizontal direction and 4 to 8 Hz for the 

vertical direction, where vibrations between 2.5 to 30 Hz can cause a dangerous 

resonance causing damage to human organs and tissues, and should be avoided [96].    

Conversely to MTVV, Vibration Dose Value (VDV) is a measure of the 

cumulative dose of vibrations over a certain period of time (typically a twenty-four hour 

period).  VDV is given by: 

    (∫  ̃      
  
  

)

 

 
      (C.7)  

with ã denoting vehicle instantaneous acceleration (in m/s
2
).  The units of VDV are, 

accordingly, m/s
1.75

.   VDV accounts for the vibration frequency, direction, and time 

history and is a good indicator for vehicles that are often exposed to shocks and jolts, as 

on a rough road.  Caution VDV levels for a working day are considered  as 8.5 m/s
1.75

 

and risk levels are at 15 m/s
1.75

 [96]. 

Acceleration is a similar measure with both intensity and cumulative concerns.  

The acceleration is influenced as much by road conditions as vehicle performance, so it is 
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highly variable.  In order to provide an effective measure of average acceleration, a root 

mean square (RMS) approach is taken, which indicates the time averaged effective 

acceleration over a specific period of time (tf-t0, typically taken as eight hours).  RMSã is 

calculated from the instantaneous acceleration (ã) in the following standard form: 

    ̃  √(
∫  ̃   
  

  

     
)      (C.8) 

 The eight hour RMS acceleration is called the A(8) method.  It should be noted that ã is 

typically band-pass filtered to include only events within 1 to 32 Hz [96].  RMSã values 

over 0.315 m/s
2
 are considered uncomfortable, with any value over 1.25 m/s

2
 considered 

very uncomfortable [96]. 

The maximum acceleration is measured in terms of the maximum gravitational 

force or G-force, which is the ratio of the maximum magnitude of instantaneous 

acceleration (or deceleration) to the gravitational constant, g.  This normalized measure is 

given the units of “g,” although it is dimensionless.  Passenger cars typically will not 

exceed 0.9g, while sport utility vehicles will not exceed 0.75g’s.  G-force has a close 

physical relationship to MVTT [96]. 

A similar metric to G-force is jerk, which is the rate of change of acceleration (in 

m/s
3
), given by the first derivative of ã: 

     
  ̃

  
      (C.9) 

Jerk has a close correlation to safety and comfort, and should be limited to ±10 m/s
3
 in 

emergencies and within ±1-2m/s
3 

during normal operating conditions [96]. 

The final acceleration characteristics related to comfort are tip-in and tip-out 

response, which are derived from the shape of the acceleration profile.  The tip-in and tip-

out are the periods of time during and just after acceleration and deceleration, 

respectively, and are detrimental to ride comfort when delays or sags in acceleration or 
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oscillations occur in response to changes in throttle position.  Similarly, a so-called 

“torque hole” often exists during gear shifting, where the instantaneous torque dips as the 

gears transition from one to another.  This can lead to sags and overshoots in vehicle 

speed/acceleration and a feel of hesitation.  These characteristics are somewhat captured 

by the other acceleration metrics described in this section, but are best understood in light 

of a plot of acceleration or speed as a function of time [96]. 
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Appendix D: Vehicle Road Load Simple Model: Matlab Source Code 

This section includes the source code for the vehicle road load model and motor 

torque estimation and plotting analysis tool in Matlab M-file format.  This is the tool used 

for the analysis in Section 4.2. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Simple Vehicle Road Load Torque Analysis Model and Plotting Tool 
%%% John Cunningham 
%%% University of Texas at Austin 
%%% Last edit 30 November 2011 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
clear all 
clc; 
% Set Vehicle Model Parameters 

  
J_wheel=15; 
M_veh=18144; 
Area_veh=5; 
C_drag=0.9; 
r_wh=0.6604; 
u_tire=0.05; 
No_wheel=4; 
GR_hi=20; 
GR_lo=60; 
rho_air=1.18; 
g=9.81; 
v_headwind=0; % velocity of headwind (opposing vehicle mvmt direction) 
nu_gear=.95; 
T_max=400; %Max motor torque (N-m) 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 0-30mph Acceleration Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
grade=0; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
t_accel=7;     % acceleration time goal (sec) 
v_veh=0; 
v_0=0;         % initial velocity 
v_f=13.4112;   % final velocity  (in m/s)(30mph) 
%a_veh=1.9159; % (in m/s^2) from 0 to 30mph in 7 sec  
a_veh=(v_f-v_0)/t_accel; 
M_eff=M_veh+No_wheel*J_wheel/(r_wh^2); 
GR=GR_lo; 
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 
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T_load=zeros(1,10000); 
index=0; 

  
for v_veh=linspace(v_0,v_f,10000); 
index=index+1; 
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(M_eff*a_veh+F_roll+F_drag+F_climb); 
T_load(index)=(r_wh/(No_wheel*GR*nu_gear))*(M_eff*a_veh+F_roll+F_drag+F

_climb); 
end; 
figure 
plot(linspace(v_0,v_f,10000)*2.23693629, T_load) 
title('Road Load Torque vs Vehicle speed, 0 to 30 mph Acceleration in 7 

sec') 
ylabel('T (N-m)') 
xlabel('Vehicle Speed(mph)') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 1G Acceleration Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
grade=0; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
t_accel=7;    % acceleration time goal (sec) 
v_veh=10; 
a_veh=9.81; % (in m/s^2) 1-G's acceleration  
%a_veh=(v_f-v_0)/t_accel; 
M_eff=M_veh+No_wheel*J_wheel/(r_wh^2); 
GR=GR_lo; 
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 

  
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(M_eff*a_veh+F_roll+F_drag+F_climb); 
T_load=(r_wh/(No_wheel*GR*nu_gear))*(M_eff*a_veh+F_roll+F_drag+F_climb)

; 

  

  
figure 
plot(0:1:10000,T_load) 
title('Road Load Torque, 1G Acceleration') 
ylabel('T (N-m)') 
xlabel('time(s)') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 0-70mph Acceleration Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GR=GR_lo; 
grade=0; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
t_accel=15;    % acceleration time goal (sec) 
v_veh=0; 
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v_0=0;        % initial velocity 
v_f=31.2928;  % final velocity  (in m/s)(70mph) 
a_veh=(v_f-v_0)/t_accel; 
M_eff=M_veh+No_wheel*J_wheel/(r_wh^2); 
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 

  
T_load=zeros(1,10000); 
index=0; 

  
for v_veh=linspace(v_0,v_f,10000); 
index=index+1; 
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(M_eff*a_veh+F_roll+F_drag+F_climb); 
if (v_veh<=11.17600) 
    GR=GR_lo; 
elseif (v_veh>11.1760) 
    GR=GR_hi; 
end 
T_load(index)=(r_wh/(No_wheel*GR*nu_gear))*(M_eff*a_veh+F_roll+F_drag+F

_climb); 
end; 
figure 
plot(linspace(v_0,v_f,10000)*2.23693629, T_load) 
title('Road Load Torque vs Vehicle speed, 0 to 70 mph Acceleration in 

15 sec') 
ylabel('T (N-m)') 
xlabel('Vehicle Speed(mph)') 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 60mph on 5% Grade Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GR=GR_hi; 
grade=5; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
v_veh=26.8224; % vehicle cruising velocity  (in m/s)(60mph) 
w_motor=v_veh*GR/r_wh 
a_veh=0; % (in m/s^2) from 0 to 30mph in 7 sec  
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 

  
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(F_roll+F_drag+F_climb); 
P_tr=(v_veh*F_roll+v_veh*F_drag+v_veh*F_climb); 
T_load=(r_wh/(No_wheel*GR*nu_gear))*F_tr 

  
figure 
plot(0:1:10000,T_load) 
title('Road Load Torque, 60 mph Cruising Speed on 5% Grade') 
ylabel('T (N-m)') 
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xlabel('time(s)') 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 10mph on 40% Grade Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GR=GR_lo; 
grade=40; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
v_veh=4.4704; % vehicle cruising velocity  (in m/s)(10mph) 
w_motor=v_veh*GR/r_wh 
a_veh=0; % (in m/s^2) from 0 to 30mph in 7 sec  
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 

  
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(F_roll+F_drag+F_climb); 
P_tr=(v_veh*F_roll+v_veh*F_drag+v_veh*F_climb); 
T_load=(r_wh/(No_wheel*GR*nu_gear))*F_tr; 

  
figure 
plot(0:1:10000,T_load) 
title('Road Load Torque, 10 mph Cruising Speed on 40% Grade') 
ylabel('T (N-m)') 
xlabel('time(s)') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% 70mph crusing on 0% Grade Demand Cycle Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GR=GR_hi; 
grade=0; % percent grade (0-100%) 
slope_angle=atan(grade/100); 
v_veh=31.2928; % vehicle cruising velocity  (in m/s)(10mph) 
w_motor=v_veh*GR/r_wh; 
a_veh=0; % (in m/s^2) from 0 to 30mph in 7 sec  
F_roll=u_tire*M_veh*g; 
F_climb=M_veh*g*sin(slope_angle); 

  
F_drag=.5*rho_air*C_drag*rho_air*Area_veh*(v_veh+v_headwind)^2; 
F_tr=(F_roll+F_drag+F_climb); 
P_tr=(v_veh*F_roll+v_veh*F_drag+v_veh*F_climb); 
T_load=(r_wh/(No_wheel*GR*nu_gear))*F_tr; 

  
figure 
plot(0:1:10000,T_load) 
title('Road Load Torque, 70 mph Cruising Speed on 0% Grade') 
ylabel('T (N-m)') 
xlabel('time(s)') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Maximum Gradeability vs Motor Torque 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
GR=GR_lo; 
grade_max=zeros(1,10000); 
index=0; 
for T_motor=linspace(0,T_max,10000); 
index=index+1; 
beta_max=asin((T_motor*No_wheel*GR*nu_gear)/(M_veh*g*r_wh)); 
grade_max(index)=100*tan(beta_max); 
end; 

  
figure 
plot(linspace(0,T_max,10000), grade_max) 
title('Maximum Gradeability vs Motor Torque, Assuming Velocity of ~0 

mph') 
ylabel('Maximum Grade (%)') 
xlabel('Single Drive Wheel Motor Torque (N-m)') 
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