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Abstract. This paper presents a comparative study 

between two Switched Reluctance Generators 6/4 and 8/6 

both of 60kW. The main features of the two machines and 

the mathematical modeling that considers the magnetic 

saturation effect are established. A computational 

simulation was performed in Matlab/Simulink 

environment and has allowed the machine behavior under 

various operating conditions to be verified. This work 

made it possible to evaluate: ripple voltage, phase voltage 

and current, speed, torque, flux, power, losses and 

efficiency. The comparative results between the two 

generators are presented and discussed. 
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1. Introduction 
 

The increasing energy demand requires process 

optimization, cheaper products with less impact on 

the environment in addition to the search for new 

ways to use renewable energy such as solar, wind, 

biogas, etc. This has increasingly provided the 

development of innovative technologies applied to 

these systems. In this context, several researches 

have been carried out in search of other alternatives 

to using special electric machines in the harnessing 

of wind energy. 

One of these alternatives that has stood out is the 

Switched Reluctance Generator (SRG). 

 

The rising attention given to the SRG in the last 

two decades is due to its characteristics such as 

assembling simplicity, robustness, toleration to lack 

of phase, low manufacturing cost, high temperature 

endurance, variable speed operation, etc. 

These features added to the performance in a 

wide range of operating speed variation, including 

extremely high speeds, led to the development of 

researches in order to improve the machine design to 

be used as a generator and establish control strategies 

aiming to optimize the generation [1][2][5] and/or 

make it applicable in wind energy systems. 

In the production scale of wind energy the use 

of synchronous and asynchronous machines has 

traditionally been chosen through the use of 

synchronous generators and induction generators. 

However the SRGs have been emerging and 

revealing to be a quite viable alternative having 

become the object of several researches that 

proposes to investigate the behavior of these 

machines operating as generators. 

The literature is abundant in the design, 

modeling and simulation of Switched reluctance 

machines (SRMs) operating both as a motor and as 

generator [5][6][8]. Most of these works focus their 

analysis on three-phase generators/motors with 6 

poles in the stator and 4 poles in the rotor (6/4). 

Other authors also suggest the use of the four-

phase SRM with 8 poles in the stator and six poles in 

the rotor (8/6). The fact is that the two configurations 

of SRMs (6/4 and 8/6) are the most popular in 

literature and that is why this work proposes to 

compare them. 
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2. Design Aspects of the SRMs 
 
Regarding the design aspects the SRMs have as 

main feature the presence of salient poles both in the 

rotor and the stator as shown in Figure 1. 

In its traditional arrangement the coils pairs 

located at diametrically opposite poles constitute a 

phase of the machine. Thus, for a SRM, A1 and A2 

form the phase a, B1 and B2 phase b, C1 and C2 

phase c and D1 and D2 form phase d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. View of SRG's 8/6 and 6/4. 

 

The rotor is made of ferromagnetic material has 

no windings and is usually assembled to work with 

low inertia. Table 1 shows the data of the 6/4 and 8/6 

machines used in this work. 

 

Table 1. Parameters of SRG (6/4) and (8/6). 

Parameters  Values 

Number of poles (stator and rotor) 6/4 e 8/6 

Output power 60kW 

Stator resistance 0,01Ω 

Moment of inertia 0.0082 Kgm2 

Viscous friction 0,01 Nm 

Inductance in alignment 23,6e-3 

Inductance in misalignment 0,67e-3 

 

Figure 2 shows the typical curves for 

inductance, phase current, and trigger pulses of the 

SRGs. 

 

Fig. 2. Typical waveforms of inductance, phase current of 

an SRG. 

 

 

3. Mathematical Modeling 
 
The mathematical model used to represent the 

SRM is formed by a set of electrical and mechanical 

equations according to the block diagram of Figure 

3 [3]. It is assumed that the phases are magnetically 

independent and the flux linkage is considered a state 

variable. 

 
Fig. 3. Block diagram illustrating SRM's set of 

electrical and mechanical equations. 

 

The linkage flux is obtained from the numerical 

integration of the difference between the input 

voltage and the voltage drop across the stator 

resistance RS [3][4][7]. 

 

𝜆𝑆(𝑡) = ∫ (𝑉𝑠 − 𝑅𝑆𝑖𝑆)𝑑𝑡
𝑡

0

 
(1) 

 

Where: 𝜆𝑆, 𝑉, 𝑅𝑆 𝑒 𝑖𝑆  are the linkage flux, voltage, 

resistance and stator current. 

It is also emphasized that in the machines 

mathematical modeling the mutual coupling was 

neglected. Therefore the inductances are considered 

independently. 

The stator current is obtained by a non-linear 

curve 𝑖(𝜆, 𝜃) as shown in Figure 4. This curve was 

acquired by the Finite Element Method [3][4]. The 

electromagnetic torque is calculated by the sum of 

the contributions of each of the phases. 

 

  
Fig. 4.  3D Current Waveform i(,). 

 

 

Fig. 5.  3D Torque Waveform T(i,). 

 

Due to the nonlinear characteristics of the flux, 

the developed torque can be represented by a 
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nonlinear curve which is a function of the stator 

current and the rotor position. 

The curve representing the torque T(i, θ) is 

presented in Figure 5. The electromagnetic torque 

per phase is mathematically formed by the partial 

derivative of the co-energy: 

 

𝑇(𝑖, 𝜃) =
𝛿𝑊′(𝑖, 𝜃)

𝛿𝜃
 

 

(2) 

Where co-energy is given by  

𝑊′(𝑖, 𝜃) = ∫ 𝜆(𝑖, 𝜃)𝑑𝑖
𝑖

0

 

 

  (3) 

Through the magnetic characteristics of the 

SRM the electromagnetic torque can be numerically 

calculated. The motor dynamic equations as well as 

the load torque are represented by the expression: 

 

𝑇𝑚 = −𝑇𝑒 + 𝐵𝜔 + 𝐽
𝑑𝜔

𝑑𝑡
 

 

(4) 

Where 𝜔 is the machine speed (rad/s), 𝐵 is the 

viscous friction coefficient, 𝐽 is the inertia, 𝑇𝑚 is the 

mechanical torque and 𝑇𝑚 is the electromagnetic 

torque. 

For calculating the excitation power, load 

power, mechanical power, generated power and 

overall system efficiency the equations (5) to (10) 

were used [3][4][9]. 

 

𝑃𝑒𝑥𝑐 = 𝑉𝑒𝑥𝑐𝑖𝑒𝑥𝑐        (5) 

  

𝑃𝐿 = 𝑉𝐿𝑖𝐿       (6) 

  

𝑃𝑚𝑒𝑐 = 𝑇𝑚𝑤      (7) 

  

𝑃𝐿𝑜𝑠𝑠 = (𝑃𝑚𝑒𝑐 + 𝑃𝑒𝑥𝑐) − 𝑃𝐿       (8) 

  

𝑃𝑔𝑒𝑛 = 𝑃𝑚𝑒𝑐 − 𝑃𝐿𝑜𝑠𝑠       (9) 

  

𝜂𝑔𝑙𝑜𝑏𝑎𝑙 =
𝑃𝐿

(𝑃𝑚𝑒𝑐 + 𝑃𝑒𝑥𝑐)
 

 

  (10) 

Where  𝑃𝑒𝑥𝑐  is the excitation power, 𝑉𝑒𝑥𝑐   and  𝑖𝑒𝑥𝑐  

are the excitation voltage and current, 𝑃𝐿 , 𝑉𝐿 𝑎𝑛𝑑 𝑖𝐿  

are the power, voltage and current of the load, 

𝑃𝑚𝑒𝑐, 𝑇𝑚 and 𝜔 are the mechanical power, generator 

torque and mechanical speed, 𝑃𝐿𝑜𝑠𝑠   are the losses; 

𝑃𝑔𝑒𝑛 is the generated power and  𝜂𝑔𝑙𝑜𝑏𝑎𝑙 is the overall 

efficiency. 

 

4. Open and Closed Loop Operation 
 

The open-loop operation (without DC bus voltage 

control) is made with both θon and θoff fixed. For 

closed-loop operation with generated voltage control 

a strategy was developed that allows the variation of 

the period width of phases magnetization keeping θon 

fixed and changing the value of θoff (the switches 

opening angles) through a PI controller. 

The controller acting is done only in the 

converter upper switches. The lower switch is kept 

in conduction until 40° (6/4) or 26° (8/6) is 

completed to allow another free-wheeling step 

occurs between the magnetization and 

demagnetization of the phases. Then the inverter 

lower switch is opened causing the energy stored in 

the phase coil to be delivered to the load. 

It is worth noting that this variation occurs in the 

same way for the other phases of the machine since 

the PI controller changes the θoff value for all phases. 

The simulation block diagram is shown in Figure 6. 

 

 
Fig. 6. Block diagram of the system. 

 

 

5. Simulation Results 
 

In the simulation two SRMs acting as generators 

were used and both with 60 kW of power. One of 

them is a three-phase machine (6/4) and the other a 

four phase machine (8/6). Figure 7 show the 

complete system simulated.  

Initially the SRMs were simulated in open loop. 

At this stage, the firing angle was gradually altered, 

allowing the off angle to be adjusted to guarantee 

lower losses and better performance. 

To adjust the off angle of the converter lower 

switches, a set of tests was performed with the 

machine operating in open loop (without any 

control). In these tests the angle has varied from 30 

up to 44 degrees for the 6/4 machine and from 15 up 

to 29 degrees for the 8/6 machine. In these tests the 

mechanical shaft speed was kept constant at 3000 

rpm and the mechanical torque was 191 Nm 

allowing an operation with 60 kW of power. 

 

5.1 Analysis of SRG's under θoff Angle Variation 

 

Figures 8 and 10 show the loss and efficiency 

curves for 8/6 and 6/4 SRGs. The graphs show that 

as the conduction angle increases (up to 38 degrees) 

the losses decrease allowing a gradual increase in 

generation efficiency. 
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Fig. 7. Complete System: SRG, half-bridge converter, DC link voltage control circuit, PWM drive, load and inverter 

 

 

For conduction angles above 38 degrees the 

losses increase and the efficiency decreases slightly. 

This test enabled the adjustment of the lower 

switches conduction angle for the SRG 6/4 by 40 

degrees. At this time the efficiency is 88% and the 

generation losses are 21.75 kW. 

 

 

  

Fig. 8. Losses x off  (a) 6/4 (b) 8/6 

 

 

  

Fig. 9. Efficiency x off  (a) 6/4 (b) 8/6 

 

 

It is observed that the conduction angle that has 

better performance is the 26º (8/6) and 40º (6/4). In 

this period for SRG 8/6 the efficiency reaches 94% 

and the losses are only 7.82 kW. 

Figures 8 and 9 also show that the 8/6 machine 

features smaller losses and higher efficiency 

compared to 6/4 machines. 

It is perceived that for SRG 6/4, the operation 

with 30º conduction angles show losses of 

approximately 30kW and efficiency near 70%. 

In the 8/6 machine the results with 15º angles 

are not satisfactory either. In this stage the losses are 

greater than 50kW and the efficiency is slightly 

larger than 10%. 

As the conduction angle increases the losses 

become smaller on both machines and at the same 

time the efficiency of the two SRGs significantly 

improves. 

 

5.2 Analysis of the SRG's under variations speed 

 

Figures 10 and 11 show the results for the 

generated power, efficiency, losses and generated 

voltage, when varying the machine speed from 1800 

rpm up to 12000 rpm. 

 

  

Fig. 10. Efficiency x Speed  (a) - (b) Power x Speed 

 

 

  

Fig. 11. Losses x Speed  (a) - (b) Voltage Generated x Speed 

 

It is noticed that operations with speeds greater 

than 3000 rpm cause a small decrease in the 

generated power (Figure 10a) and in the efficiency 

(Figure 10b) in both 6/4 machine and  8/6 machine. 

Figures 11a and 11b show that operation at 

speeds higher than 3000 rpm increase losses and 

decrease the generated voltage. 
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The analysis of Figures 10 and 11 also exhibits 

that 8/6 machine delivers better results, mainly in 

operation at the speed of 3000 rpm. 

It is observed that this machine generates a 

higher power has higher efficiency and lower losses. 

However only the generated voltage is smaller for 

8/6 machine compared to 6/4 machine. 

 

5.3 DC Link Control. 

 

For adjusting the DC link voltage the SRG speed 

was maintained constant at 3000 rpm. The 

mechanical torque was retained at 191 Nm 

sustaining the nominal power of the SRGs in 60kW.  

In the applied strategy a continuous voltage 

source of 280V was employed for SRG excitation. 

Figures 12, 13 and 14 show the results of phase 

voltages, DC link voltage and generator torque 

respectively for 6/4 and 8/6 SRGs. 

The DC link voltage was controlled at 

approximately 1100V. It is observed that the DC link 

voltage (Figures 13a and 14b) for 8/6 SRG presents 

smaller oscillations when compared to 6/4 SRG. 

This aspect reflects on the possibility of using a 

lower value filter capacitor. The 8/6 SRG torque 

(Figure 14b) also features minor oscillations when 

compared to that from 6/4 SRG (Figure 14a). 

Figure 15 shows the phase current (in red), 

inductance (magenta) and upper (black) and lower 

(green) pulse switch for one of the machine phases. 

It is important to note that the current value for the 

SRG 8/6 is slightly lower than that shown in the SRG 

6/4. It is further noted that the pulse width of the 

upper and lower switches are different since the 

cyclic ratio of the upper switch pulse is set to 

maintain the voltage DC link voltage  at the 

predetermined value. 

 

 

 

 

Fig. 12. Phase A Voltage (a) SRG 6x4 (b) 8x6 

 

 

 

 

 

 

Fig. 13. DC Link Voltage (a) SRG 6x4 (b) 8x6 

 

 

 

 

Fig. 14. Electromagnetic torque (a) SRG 6x4 (b) 8x6 

 

The results concerning the efficiency, losses, 

excitation power and power generated for the 6/4 and 

8/6 SRG's are shown in Figures 16 and 17 

respectively. It can be seen in figure 16a that the 

efficiency for SRG 8/6 reaches 80% and for 6/4 is 

66%. The losses are illustrated in Figure 16b. In the 

SRG 8/6 the losses are lower than 6/4 (20.4 and 12.3 

kW). Additionally, it is noted that the SRG 8/6 

requires less excitation power compared to 6/4, as 

shown in Figure 17a. Figure 17b shows still higher 

power values generated by SRG 8/6 (47.7 kW) 

compared to 6/4 (39.7 kW). 

 

 

 
Fig. 15 – Current, Gate pulses e Inductance  (a) SRG 6/4 (b) 

SRG 8/6 

 

https://doi.org/10.24084/repqj16.360 491 RE&PQJ, Vol.1, No.16, April 2018



 

 

Fig.16. SRG 6/4 and 8/6 (a) Efficiency (b)  Losses 

 

 

 

 

Fig. 17. SRG 6/4 and 8/6 (a) Excitation Power (b)  Generated 

Power 

 

 

6. Conclusion 
 

This work presented a comparative study 

between two 60 kW Switched Reluctance 

Generators, one of them is a three-phase machine 

with 6/4 poles configuration and the other a four-

phase machine with 8/6 poles configuration. The 

mathematical model presented has included the 

effects of magnetic saturation. The system modeling 

has specified the flux as state variable and was based 

on the stator current curve 𝑖(𝜆, 𝜃) and torque curve 

𝑇(𝑖, 𝜃). The curves of efficiency, losses, generated 

power and generated voltage as a function of the 

magnetization angles on and off were shown for 

fixed and variable speed. A DC link voltage control 

scheme was also presented. From the results it was 

verified that under the same operating conditions the 

8/6 SRG presents higher efficiency and generated 

power, lower losses and a small requirement of 

excitation power in relation to 6/4 SRG. In addition, 

it was verified that the 8/6 SRG presents smaller 

oscillations of torque and minor oscillations in the 

DC bus voltage. 
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