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Abstract – This paper presents an effective method to improve efficiency of switched reluctance 

motor by optimizing energy conversion loop. A nonlinear analytical model which takes saturation 

account is developed to calculate inductance and flux-linkage. The flux-linkage curve is studied to 

calculate the co-energy increment to obtain the optimum exciting current. For a given cross-section, 

the exciting current at which co-energy increment is maximum was found to be constant while stack 

length varies. Then the energy conversion loop was optimized by varying the stack length and turns of 

windings. The constraints during optimization were that motor was excited by the maximum increment 

co-energy current and the energy in the loop was determined by rated power of motor. Dynamic finite 

element analysis was used to evaluate the efficiency of various models and the comparison of results 

shows promising effects of the proposed method. Experiment was also conducted to validate the 

simulation result. 
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1. Introduction 
 

 

The switched reluctance motor (SRM) has several 

advantages such as low cost, fault tolerance, reliability, and 

wide speed range at constant power. It has been widely 

used in variable speed drive applications such as fan, pump 

and electric vehicle. For energy saving purpose, efficiency 

improvement in electric motors has attracted much 

attention. Design of switched reluctance motor is a 

complicated procedure due to its non-linearity caused by 

core saturation and salient poles. Although design guides 

and considerations have been published in many literatures 

such as [1, 6], the efficiency and power density improvement 

and still seems to be an unsolved problem. Energy 

conversion loop plays an important role in the torque 

generation mechanism of switched reluctance motors. 

Energy conversion loop is of much importance to motor 

performance since it is determined by flux linkage and 

phase current, which defines the magnetic and electric 

loading of motor. 

In this paper, a novel method is proposed to improve 

efficiency by optimizing energy conversion loop. The flux 

linkage vs. current characteristics and the corresponding 

energy conversion loop were first investigated for the 

optimum excitation current. And then the optimization was 

processed by varying stack length and turns of winding. 

The efficiency of motor with different winding config-

urations and stack length was studied using commercial 

FEM software, which can take good care of the complicated 

procedure of iron loss calculation. 

 

 

2. Energy Conversion Loop and Flux  

Linkage Curves 

 

Usually, rated power and the operating speed range are 

given by custom when designing an electric machine. 

These data together with dimensional constraints can be 

used to derive cross section dimension using equations 

from [3]. The motor studied in this paper has 6 stator poles 

and 4 rotor poles and dimensions of core are given in 

Appendix.  

The excitation of SRM is implemented by applying a 

sequence of pulse current to each phase, while rotor speed 

is controlled by regulating current amplitude and turn on, 

turn off angles according to torque demand. Fig. 1 shows 

the typical SRM drive waveforms under single-pulse 

control. The corresponding energy conversion loop is 

illustrated in Fig. 2. The stored magnetic energy (co-energy) 

and the mechanical work during the ‘fluxing’ are �� �

���  and ��� , respectively. The energy ���  is 

converted to mechanical work during ‘de-fluxing’ (diode 

�� and �� conduction period), and �� is returned to the 

supply during the regenerative conduction period. The 
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average torque is calculated as: 
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where 2
/��is the angle rotor obtained in one stroke 

and �� is the co-energy in one stroke, � is the number of 

rotor poles, � is the number of phases. The energy that 

converted in one stroke is 

 

 c md mfW W W= +  (2) 

 

���  can be calculated by integration assuming that 

current is limited at �� by chopping. 
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0
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It’s difficult to calculate the area ���  due to the 

irregular trajectory during “de-fluxing”. 

In order to study the flux linkage curves, a program of 

analytical model was developed instead of using finite 

element method. This model could calculate flux linkage at 

saturated region by interpolation of pre-defined B-H curve. 

The description of this method is described in detail in R. 

Krishnan’s book [3] and also in reference [8, 9]. The 

accuracy of calculation method was verified by finite 

element analysis. Hence it’s very convenient in preliminary 

design. The calculated flux linkage curves according to 

rotor positions and exciting currents are shown in Fig. 3. 

 

 

3. Optimization of Energy Conversion Loop 

 

The energy conversion loop is composed by flux linkage 

curves at unaligned and commutation positions and 

exciting current. Area of the loop is determined by rated 

torque of motor and can be calculated using Eqs. (1, 2). 

Either increase the exciting current or the flux linkage 

curves will enlarge the energy conversion loop. After the 

cross section of motor is designed, stack length and 

winding determines the shape of flux linkage curves. 

Optimization of energy conversion loop involves three 

variables: exciting current, stack length and turns of 

winding. In this paper, the flux-linkage curve was studied 

first to calculate the co-energy increment to obtain the 

optimum exciting current. For a given cross-section, the 

maximum co-energy increment current was found to be 

constant while stack length varies. Then the energy 

conversion loop could be optimized by varying the stack 

length and turns of windings. The criterion of this 

procedure is that motor should be excited by the maximum 

increment co-energy current at rated power operation. 

 

3.1. Maximum Co-energy Increment Current(MEIC) 
 
It was observed from the energy conversion loop in Fig. 

2 that the flux-linkage increases slightly at aligned position 

after saturation point but increases linearly with respect to 

current at unaligned position. This is because SRM is 

designed with a sufficiently small air gap and operated at 

Fig. 1. Typical SRM drive waveforms under single-pulse 

control. 

 

  

Fig. 2. Energy conversion loop of SRM in one stroke and 

asymmetry bridge converter for one phase 

 

Fig. 3. 3D plot of flux linkage. 
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saturation region in order to maximize the power density at 

a fixed inverter volt-ampere rating [7]. The magnetic 

circuit is under deep saturation near aligned position and 

but at unaligned position magnetic circuit is far from 

saturation.  

When taking co-energy as a variable of exciting current 

in Fig. 4, there is a maximum co-energy increment Δ�� 

with the same increment of current ΔI. This also means 

that the rate of change in co-energy gets maximum value 

with the same increment of input current. The exciting 

current at which co-energy increment is maximum is 

defined as maximum co-energy increment current (MEIC). 

Excitation current should equal to or exceed MEIC to take 

full use of co-energy increment when designing the motor. 

This design criterion will be proved in the following part. 

The MEIC may be expressed mathematically as follows. 

After obtaining the flux linkage from the analytical 

calculation, the curves could be described by linear and 

polynomial fit for unaligned and aligned position:  

 

 ( )u ui A iλ = ⋅  (4) 

 
5 4 3 2

5 4 3 2 1( )a i B i B i B i B i B i Aλ = ⋅ + ⋅ + ⋅ + ⋅ + ⋅ +   (5) 

 

Eq. (4) is a linear equation describing the flux linkage at 

unaligned position and the coefficient is inductance at this 

position. Eq. (5) is a five order polynomial which could 

accurately determine the nonlinear relationship between 

flux linkage and current. 

Define  
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And take derivative of it, we get 

 

 
( )

0
dF i
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=  (7) 

 

By solving Eq. (7) we can get the current �� at which 

co-energy increment ΔW�  is maximum for the current 

increment Δ� as shown in Fig. 4.  

 

3.2. Proper stack length according to rated torque 

 

Here the turns of winding is constant while take the 

stack length as variable. The dimension of cross section is 

given in Appendix and the number of turns per coil is 80 

turn. The MEIC is derived from Eqs. (6) and (7). The co-

energy and torque are calculated by Eqs. (1) and (3). But 

here the co-energy converted during “de-fluxing” is not 

taken into account so the actual output power is larger than 

this calculated value. 

The increment of co-energy vs. phase current at various 

stack lengths is illustrated in Fig. 5. The phase current 

increment Δ� is 0.5A, and at about 13.5A, all these curves 

get peak value. The MEICs are almost constant in spite of 

stack length. This is because magnetic saturation is 

determined by geometry and saturation level is same for 

different stack length under the same electric loading. The 

co-energy and torque value are summarized in Table 1. It 

could be observed that the energy conversion loop can be 

optimized by varying stack length.  

 

3.3 Turns of winding 

 

It’s observed from Table 1 that the stack length 90mm is 

mostly suitable to the rated torque 5.8 N.m at MEIC. In the 

next step, the turns of winding per stator pole increases 

from 60 turns to 90 turns by 10 turns per step while 

keeping the stack length at 90mm. The analysis results are 

 

Fig. 4. Variation of co-energy increment with respect of 

exciting current. 

 

 

Fig. 5. Increment of co-energy with respect of the variation 

of phase current for different stack length. 

 

Table 1. Motor’s output torque according to stack length 

Stack Length (mm) 

L 

Co–energy (J) 

mfW  

Torque (N.m) 

avT  

70 2.342 4.47 

80 2.688 5.13 

90 3.029 5.78 

100 3.376 6.45 
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given in Table 2. The saturation currents and MEICs vary 

while torques are near rated value for each winding design. 

As shown in Fig. 6, the phase current increment i∆  is 

selected to be 0.5A, the value of MEIC increases when 

turns of winding decreases. The energy conversion loops 

with different winding and its effects on efficiency will be 

further studied in following sections. 

 

 

4. Performance Verification and Analysis 

 

In this section the various combinations of stack length 

and number of turns per pole are studied by finite element 

analysis (FEA).  

 

4.1. Dynamic FEA coupling with external circuits 

 

FEA models are developed to calculate the motor 

efficiency of various designs. The commercial package 

FLUX2D is used to model the motor and external circuits 

and control algorithm is developed in Matlab/Simulink. 

These two software could be connected by a coupling 

module supplied by FLUX2D. An asymmetric bridge 

converter with two transistors per phase is used in the 

external circuit. The control algorithm is developed in 

Matlab/Simulink, which sends gate signals to transistors in 

FLUX2D and receives current and position feedback 

signals. The turn on angle is set to obtain enough current 

rising time for MEIC and conducting angle is 30° during 

simulation. The basic theory of time-stepping FEA is given 

as follows. Assuming the magnetic vector potential and 

current density only have z-axis component, the governing 

equation for SRM can be expressed in a magnetic vector 

potential A as follows: 

 

 ( ) ( )
A A

Jz zv v
x x y y

∂ ∂∂ ∂
⋅ + ⋅ = −

∂ ∂ ∂ ∂
 (8) 

 

where � is the inverse of permeability, �� is the magnetic 

vector potential, and �  is the input current density. The 

electrical input equation of the voltage source expressed as 

 

 ( / )s m m mV R I L dI dt E= + +  (9) 

 

where � is the voltage source, �� is the phase resistance, 

�� is the leakage inductance of the end coil, and �� is the 

electromotive force induced in the coil. After applying the 

Galerkin method in Eq. (8) and coupling the voltage in Eq. 

(9), the system matrix equation is obtained by using the 

time difference schemes as follows: 

 

[ ] [ ]
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= +        ∆∆            

 (10) 

 

The moving line technique is introduced to carry out the 

dynamic analysis. 

 
4.2. Efficiency calculation 

 

If ventilation and friction losses are neglected, efficiency 

is calculated as 

 

 ( , )Me

Me Cu Fe

P
f stack length turns

P P P
η = =

+ +
  (11) 

 

where  �!   "#   $#  are copper losses, iron losses and 

mechanical output, respectively. Accurate efficiency 

estimation needs more investigation on losses. The power 

losses in the electromechanical devices mainly have three 

 

Fig. 6. Increment of co-energy with respect of the variation 

of phase current. 

 

Table 2. Motor’s stack length and power at MEIC 

Turns per 

Pole 

MEIC  

(A) 

Co-energy 

 (J) 

Saturate  

Current (A) 
Torque cT  

 (N.m) 

60 18.1 3.1 9.03 5.81 

70 15.4 3.01 7.74 5.75 

80 13.5 3.08 6.52 5.78 

90 12.1 3.13 5.48 5.90 

 

Fig. 7. Dynamic FEM simulation coupling with external 

circuit. 
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types: iron losses, copper losses and the mechanical losses. 

Copper losses can be easily calculated using phase current 

waveforms from simulation results,  

 

 
2

0

1
( )

T

Cu sP mR i t dt
T

= ∫  (12) 

 

where m is number of phases and ��  is resistance of 

winding. The iron loss is calculated by LS model 

introduced in [10] which is based on dynamic B-H 

characteristics associated with transient finite element 

simulation. It could be more accurate comparing with the 

method used in [5, 8]. 

 

 

5. Results and Discussion 

 
5.1. Simulation results 

 

First the FEM models of motor with 80 turns per pole 

were developed and the stack length was chosen to be 

70mm and 90mm respectively. The energy conversion 

loops and flux density along stator pole at turn off position 

are given in Fig. 8. The losses, electric loading and 

magnetic loading are given Table 3. The current for model 

with 90mm stack length at rated power is equal to MEIC 

13.5A and is 4 A larger one for model with 70 stack length. 

The flux density of stator pole for 90mm model is higher 

than 70mm model and but the iron loss is much lower. The 

efficiency of 90mm model that operates at MEIC 13.5A is 

about 3 points higher than the 70mm model. 

The four models in Part 3.3 which have the same stack 

length 90mm are further analyzed using numerical 

simulation. The results are illustrated in Table 4 and Fig. 9. 

Table 4 shows that the efficiency is higher in winding 

design which have more turns per pole. However in the 90 

turns model the back-emf exceeds the dc link voltage, so 

phase current decreases during conduction. Thus it is 

suggested to use more turns per winding while keeping the 

back-emf limit within limit. 

 

Table 3. Performance comparison at rated power 2.2kW 

Stack length 

(mm) 

Iron loss 

(W) 

Copper loss

 (W) 

Flux  

Density (T) 

Efficiency 

(%) 

70 257.5 114.1 1.9 85.5 

90 200.8 86.8 2.1 88.4 

 

Table 4. Motor’s performance according to windings 

Turns per Pole 60 70 80 90 

Wire diameter (mm) 1.63 1.45 1.45 1.29 

Phase resistance (Ω) 0.275 0.405 0.463 0.658 

Copper loss (W) 254.83 222.78 200.8 171.9 

Iron loss (W) 86.67 84.71 86.8 92.41 

Output power (W) 2110 2170 2200 2306 

Efficiency (%) 86.1 87.6 88.4 89.7 

5.2. Experimental validation 
 
The model with stack length 90mm and 90 turns per 

polewas manufactured and tested. The 3D model and photo 

of prototype are given in Fig. 10. The DC link voltage is 

310V and the control algorithm is same as dynamic FEM 

simulation. The current waveforms from both experiment 

and simulation are shown in Fig.11, which shows good 

coherence. The mechanical losses were obtained by turning 

off the inverter at rated speed and the efficiency achieves 

88.2% which excludes mechanical losses. This is a little 

lower than simulation result because of the losses in the 

inverter is not taken in to account in simulation. 
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(b) 

Fig. 8. Energy conversion loops: (a) and flux density along 

stator pole at turn off position; (b) for stack length 

60 and 90 mm with the same turns per pole. 
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Fig. 9. Energy conversion loops with different windings 

and 90mm stack length operating at optimum point. 
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Fig.10. 3D model and photo of prototype 
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Fig.11. Comparison of phase current from experiment: (a) 

and dynamic FEM simulation; (b) results. 

 
 

6. Conclusion 

 

The optimization of energy conversion loop in switched 

reluctance motor for high efficiency is described for the 

first time in this paper. The maximum co-energy increment 

current (MEIC) was defined after modeling and analyzing 

the flux linkage curves. The variables during optimization 

were set as stack length and turns of winding. Then 

dynamic FEA simulation which can estimate the iron loss 

accurately was used to analyze the models with different 

stack length and turns per pole but same cross-section. 

Among these models the one which excited by MEIC has 

highest efficiency. Simulation result was also validated by 

experiment test. It could be concluded that Stack length 

varies with same winding in order to keep excitation 

current at MEIC for the rated power. The winding with 

more turns per pole cause high efficiency. But back-emf 

increases with turns so design with less turns is proper for 

high speed applications. 

 

 

Appendix 

 

Table 5. Motor’s specifications and parameter 

Item Quantity 

Stator outer diameter (mm) 150 

Rotor outer diameter (mm) 80 

Shaft diameter(mm) 24 

Stack length (mm) 80 

Stator yoke width (mm) 12.1 

Rotor yoke width (mm) 13.2 

Stator pole arc (degrees) 30 

Rotor pole arc (degrees) 32 

Air-gap length (mm) 0.4 

DC voltage (V) 310 

Rated Torque (N.m) 5.8 

Rated Speed (rpm) 3600 
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