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Abstract 

 
This paper investigates the high efficiency operation of a switched reluctance generator over a wide speed range. The system 

efficiency is improved by optimizing the current shape. A modified angle position control (MAPC) method that can be used to 
optimize the current shape over a wide speed range is proposed. Simulation and experimental results are presented to validate the 
effectiveness of the proposed control scheme. 
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I. INTRODUCTION 
 There are a lot of advantages to a switched reluctance 

generator (SRG). The rotor construction is very simple, 
because it consists of only laminated steel. The stator part 
consists of concentrated phase windings mounted on salient 
poles [1]. This is good in a commercial sense, since the 
manufacturing cost is low [2]. In addition, the absence of 
windings and permanent magnets on the rotor encourages high 
speed and temperature operation [3]. Furthermore, all of the 
phases of an SRG are electrically and magnetically 
independent from each other, which results in improved system 
reliability [4], [5]. The merits of SRGs have been demonstrated 
for some applications such as starter/generators for the gas 
turbines of aircraft [6], windmill generators [7] and alternators 
for automotive applications [8]. The objective of SRG control 
is normally to track the output power and to keep the DC-link 
voltage at a desired value with a high efficiency, low torque 
ripple, and low acoustic noise. These control objectives can be 
optimized by appropriately adjusting the turn on/off angles and 
other parameters. 

At present, there is little relevant literature on improving the 
system efficiency of SRGs, especially those that are operated 

over a wide speed range. In [9], for the whole spectrum of 
operating speeds, all of the possible turn-on and conduction 
angles have been simulated to get a desired power factor. In 
other words, the copper losses have been minimized and the 
efficiency has been improved. In [2], the control of the 
excitation of a SRG for maximum efficiency in the single pulse 
mode of operation has been presented. The turn-on/off angles 
are defined as control variables, the turn-on angle is set based 
on the output power, and the off angle is selected to achieve 
optimal efficiency under each power level and speed. Current 
chopping and single pulse control are adopted as an inner loop 
to retain the DC-link voltage in [10] and [11], respectively. 
Moreover, an optimal turn-on/off angle is chosen by an 
analysis of the system efficiency and torque ripple in [10]. 
While this occurs, the optimal turn-on/off angles are calculated 
by the ratio of two fluxes in [11]. One is the flux at the rotor 
position where the stator and rotor pole corners start to overlap, 
and the other one is the peak flux. In [12], the optimal 
turn-on/off angle, which corresponds to high system efficiency, 
is selected by measuring and analyzing the system losses of 
different reference powers and speeds. The control system in 
this paper is constituted by a PI power controller and a 
two-level current hysteresis controller. Based on a measured 
magnetization curve, the optimal turn-on/off angle can be 
obtained by analyzing the output power and system efficiency 
under a series of different on/off angles in [13]. In [14], under a 
fixed optimal turn-off angle, the generator output power is 
controlled by regulating the turn-on angle using fuzzy control. 
In [15], the author presents a novel switching strategy to 
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increase the efficiency of a switched reluctance generator at 
low speeds. The asymmetric converter provides three 
switching states, and the proposed technique redistributes the 
three switching states within one working cycle. In [16], the 
control plan of variable-speed constant-voltage generation is 
designed for switched reluctance generators. In addition, the 
favorable dynamic and static characteristics of the switched 
reluctance generator system are verified by simulation results. 

In this paper, the optimization of the efficiency of an SRG 
system over a wide speed range is the main objective. The 
current shape is the main key to optimizing the system 
efficiency. A modified angle position control method that can 
be used over a wide speed range is proposed based on the 
commonly-used control methods of SRGs. 

 

II. HIGH EFFICIENCY CONTROL METHOD 
 

A switched reluctance machine operates in the generating 
mode, if each phase is excited after aligned position, where 
the phase inductance decreases, d / d 0L q < . The torque is 
produced by the alignment tendency of the poles, and the 
electromagnetic torque of the SRG is the braking torque. 
When the SRG is excited, the voltage equation for each phase 
is given by: 

( ), ph
ph ph ph ph ph

di
u R i L i e

dt
q= + +          (1) 

where, the subscript ph is one of these phases, phR  is the 

phase resistance, the phase inductance L is a function of the 
rotor position q and the phase current phi , 

( ),ph
ph ph r

L i
e i

q
w

q

¶
=

¶
 is the back-emf, and rw  is the rotor 

speed. 
The control parameters of the SRG are the phase voltage, 

the phase current, the switching on/off angle and so on. 
According to these control parameters, the commonly-used 
control methods can generally be divided into three types. 
They are the angle position control (APC), the soft chopping 
current control (SCCC), and the voltage chopping control 
(VCC) method. 

A. Angle Position Control Method 
The APC method is a method in which the phase current is 

controlled by adjusting the turn-on/off angle when the voltage 
which is added on the phase winding is constant. After this, 
the output power can be adjusted by the phase current. The 
turn-on angle onq  and the turn-off angle offq  can be 

adjusted. As a result, the APC method can be further divided 
into three subtypes: 1) onq  is fixed and offq  is controlled, 

2) offq  is fixed and onq  is controlled, and 3) onq  and offq  

are fixed at the same time. Fig. 1 illustrates the effect of onq   
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Fig. 1. Phase current under APC method. (a) onq  is fixed and 

offq  is controlled. (b) offq  is fixed and onq  is controlled. 
 

and offq  on the phase current. 

The characteristics of the APC method are summarized as 
follows: 

1. The torque adjustment range is wide. 
2. Multiple phases can be conducted at the same time. 
3. The optimal coupling of onq  and offq  can improve 

efficiency. 

B. Soft Chopping Current Control Method 
The SCCC method consists of maintaining the winding 

terminal voltage constant, fixing onq  and offq , and limiting 

the phase current value in a specific bandwidth by opening 
and closing the switching tubes on the upper and lower bridge 
leg of the power inverter. Using the SCCC method will avoid 
a sudden increase in phase current when the SRG is operated 
at a low speed. 

The phase current under the SCCC method is shown in Fig. 
2. In this figure, refI  is the reference current, and maxI  and 

minI  are the upper and lower limits of refI , respectively. In 

the excitation state, when ph mini I< , the switch is opened, 

and the phase current increases until ph maxi I= . On the other 

hand, when ph maxi I> , the switch is closed, and the phase 

current decreases until ph mini I= . 

In summary, the SCCC method has the following 
characteristics: 

1. This method is suitable for the low speed and braking 
mode of operation. 

2. The dynamic response to anti-load disturbance is slow. 
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3. The current chopping frequency is not fixed. It varies 
with the band of the current error. 

4. It is not good for the elimination of electromagnetic 
noise. 

C. Voltage Chopping Control Method 
Through the VCC method, the power inverter is switched 

to operate in the pulse width modulation (PWM) mode under 
constant onq  and offq  conditions. The VCC method can be 

divided into two modes. One mode is based on adjusting the 
rms value of the excitation voltage by controlling the duty 
ratio of the PWM signal in the excitation state. The other is 
based on adjusting the rms value for the voltage generated by 
controlling the duty ratio of the PWM signal in the generation 
state.  

Fig. 3 shows the phase current under the VCC method. 
From this figure, it can be seen that the frequency of the 
modulation pulse will affect the current shape. 

The characteristics of the VCC method are summarized as 
follows: 

1. This method has good controllability, and is suitable 
for the entire speed range. 

2. The dynamic response to anti-load disturbance is fast. 
3. This method increases the switching loss. 

D. Analysis of the Commonly-Used Control Method 
The basic characteristics of these control methods are 

illustrated in Fig. 4. For a specific SRG, under the maximum 
applied voltage and maximum allowable current condition, 
there exists a critical speed, which is the highest speed that 
can maintain the maximum torque. The critical speed is 
called the rated speed or the first critical speed (it is 
expressed by 1w  in Fig. 4). Under 1w , the SRG shows a 
constant torque characteristic. In the constant torque region, 
the SCCC or VCC method can be used to limit the phase 
current. The maximum value of the applied voltage is 
determined by the power converter, and the dwell angle 
cannot increase indefinitely. Therefore, under the maximum 
applied voltage and optimal turn-on/off angle condition, the 
highest speed which can achieve maximum power is called 
the second critical speed (it is expressed by 2w  in Fig. 4). 

Between 1w  and 2w , the SR machine shows constant 
power characteristics, where the APC method can be used to 
obtain a constant power. If the speed exceeds 2w , the SRG 
shows the series characteristic. 

Fig. 5 gives the application scopes of three commonly-used 
methods in detail. In Fig. 5, 0w  is the maximum speed of 

the starting point of the chopping method, Aminw  and Cmaxw  
are the minimum speed limit for the APC method and the 
maximum speed limit for the SCCC method, respectively. It 
is worth noting that, the actual speed for using the SCCC  
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Fig. 2. Phase current under SCCC method 
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Fig. 3. Phase current under VCC method. (a) VCC for excitation 
voltage. (b) VCC for generation voltage. 
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Fig. 4. Basic characteristics of SRG. 

 
method is less than Cmaxw , and the actual speed for using the 

APC method is greater than Aminw  in practical applications.  

Fig. 6 is used to illustrate the calculation of Aminw  and  

Cmaxw  easily. In this figure, 1q  is the rotor position where 
the leading-edge of the rotor salient pole overlaps with the 
stator salient pole. 2 1 r sq q b b- = - , where rb  and sb  are 
the rotor pole arc and stator pole arc, respectively. Usually,  
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Fig. 5. Application scopes of control method. 
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Fig. 7. Concept waveforms of MAPC method. 
 

rb  is bigger than sb . In addition, endq  and qq  are the 

rotor positions where the stator and rotor pole corners 
complete overlap and the phase current extinguishes, 
respectively. 

According to Fig. 6, if the maximum current value occurs 
on q  ( 2 endq q q£ £ ), the current can be expressed by: 

( ) ( )2

2 off onS

max

Ui
L K
q q q

q
w q q

- -
=

- -
             (2) 

where, max min

s

L LK
b
-

= . Therefore, if the allowable 

maximum current is HI , Cmaxw  is; 
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2 off onS
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H max

U
I L K

q q q
w

q q
- -

=
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           (3) 

Considering the saturation effect, the maximum speed limit 
of the SCCC should be smaller than Cmaxw . 

Under the APC method, the width of the winding current is 
narrow, the torque ripple is large, and the lower the speed, the 
higher the torque ripple. In the most severe cases, which are 
under the rated torque of the prime mover, the SRG speed 

decreases to 0 in the stepping angle range, and the speed at 
this time is Aminw . According to the principle of energy 
conservation: 

 21 2
2 Amin L

r

J T
mN
pw =               (4) 

where, LT  is rated torque of the prime mover. Thus, 

Aminw  can be calculated by: 

4 L
Amin

r

T
mN J
pw =                 (5) 

In order to ensure the reliable operation of the SRG, the 
minimum speed of the APC should be larger than Aminw . 

E. Modified Angle Position Control Method 
In accordance with the commonly-used control methods, a 

modified angle position control (MAPC) method that can be 
used over a wide speed range is presented. 

The MAPC method is a combination of the APC and the 
VCC methods. As such, it has the characteristics both of the 
APC and the VCC. From (1), it can be known that the 
behavior of the phase current depends on the relationship 
between the back-emf and the source voltage. In addition, the 
back-emf depends on the operation speed. Therefore, when 
the SRG is operated in a high speed range, the phase current 
increases after offq . In this case, the MAPC method is the 

same as the conventional APC method, and it can be used to 
improve efficiency by adjusting onq  and offq  to optimize 

the current shape. However, when the SRG is operated in a 
low speed range, the phase current can acquire three kinds of 
shapes by using some control methods, and the best current 
shape corresponds to the maximum efficiency. The MAPC 
method can be used to obtain the best current shape by 
controlling the PWM duty ratio and the value of offq  which 

can influence the switch signal of the power converter. 
Accordingly, if the measured actual speed is lower than the 
rated speed, the voltage pulse can be applied after the offq  

position, and the current shape will be regulated by the PWM 
ratio. 

The concept waveform of the MAPC method is shown in 
Fig. 7. From this figure, it can be seen that the essence of the 
MAPC method is to change the rms value of the source 
voltage in the generation stage. In addition, the endi  and offi  

values can determine the current shape. It is worth noting that 
the MAPC can optimize the current by the turn on/off angle 
and the PWM ratio together. However, the VCC method 
usually regulates current through the PWM ratio under the 
constant turn on/off angle condition. Therefore, the MAPC is 
better suited to regulate current shape than the VCC method. 
 

III. PROPOSED CONTROL SCHEME 
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Fig. 8. Control scheme of 8/6 SRG system. 

 
The proposed control scheme is shown in Fig. 8. It consists 

of a SRG, a load, a prime mover, a power converter, an angle 
position controller, a switch signal generator, a current 
calculator, and a position sensor. A DC motor as the prime 
mover provides the mechanical energy to the SRG, and the 
SRG delivers electrical energy to the load and grid. 

In the figure, *P  and *w  are the command power and 
rated speed of the SRG, respectively. outP  is the actual 
output power of the SRG. 

It worth noting that, a “duty calculator” is used to adjust 
the source voltage in the generation stage, and it is 
determined by the difference between endi  and offi , and S1. 

S1 includes two signal values, and the signal values are 
dependent on the difference between *w  and the actual 

angular speed  w . When 1 0S =  ( * 0w w wD = - > ), the 
SRG is being operated under the rate speed condition.  

The “angle position controller” has three input signals: 

onq , offq , and endq . In this scheme, onq  is calculated by 

offq  and the dwell angle cq . cq  is obtained by a PI 

controller, and the input signal of the PI controller is the 
difference between *P  and outP . offq  in the scheme is 

fixed at a constant value. In addition, endq  can be calculated 
by: 

( )
2

rrp s r
end

q b b
q

+ +
=               (6) 

From (6), it can be found that, for a specified motor, the 
value of endq  is fixed. According to the design parameters of 

the SRG which is used in this paper, 53.3endq °= . 
The power converter used in this control scheme is the  
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Fig. 9. Power converter of 8/6 SRG. 

 
share switch type, and the structure of the power converter is 
shown in Fig. 9. Fig. 10 takes phase A as an example to 
describe the operation mode of the converter. According to 
Fig. 9 and Fig. 10, the phase winding voltage value includes 

dcV , 0, dcV-  corresponding to the three operation modes of 
the converter. 
 

IV. SIMULATION AND EXPERIMENTAL RESULTS 
The system efficiency can be calculated by: 

/out MP Ph =                     (7) 

where, M em T aP T C Iw j w= =   is the input power of the DC 

motor. TC   is the torque constant and aI  is the armature 
current. 

Fig. 11 gives the inductance profile of the SRG used in this 
paper. 

Fig. 12 gives the simulation results of the relationship 
between the system efficiency and the current shape. The 
DC-link voltage is 150V, the speed is 1000rpm, and offq  

and endq  are fixed at 42°  and 53.3°  in the simulation. 
From these results, it can be known that the system is at its 
maximum when off endi i= . In other words, the flat-top  



128                          Journal of Power Electronics, Vol. 15, No. 1, January 2015 
 

A CQ

A CQ

A CQ

AQ AQ

AQ

1D

3D

1D

3D

3D

1D

 
Fig. 10. Operation modes of converter. (a) Magnetization mode. 
(b) Freewheeling mode. (c) Demagnetization mode. 
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Fig. 11. Phase inductance versus phase current and rotor 
position. 
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Fig. 12. Relationship between efficiency and current shape 
(simulation results). 

 
current shape corresponds to the maximum efficiency. 

In the control scheme, the strategy consists of optimizing 

offq , and adjusting onq  when the SRG is operated at a high 

speed. Fig. 13 gives the relationship between the efficiency 
and offq . In the simulation, the source voltage is 150V, and 

the speed is 3000 rpm. Taking the selection range of onq  in 

the practical application consideration, offq  is selected at 

46° . 

40 42 44 46 48 50
0

20

40

60

80

100

 

 

Turn on 30
Turn on 32
Turn on 34
Turn on 36
Turn on 38

 
Fig. 13. Relationship between efficiency and offq  (simulation 
results). 
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Fig. 14. Relationship between efficiency and current shape 
(experimental results). 
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Fig. 15. Simulation result for variable speed conditions. 
 

Fig. 14 gives the experimental results of the relationship 
between the efficiency and the current shape. In the 
experiment, the source voltage is 150V, and offq  and endq  

are fixed at 42°  and 53.3° , respectively. From Fig. 14, it 
can be easily seen that, the system efficiency is at its 
maximum when off endi i= . In other words, at the same output 

power, the flat-top wave of the current corresponds to the 
maximum system efficiency when the SRG is operated under 
the rated speed. In addition, comparing the results of Fig. 12 
and 14, it is not difficult to see that the results of Fig. 12 are 
larger than the results of Fig. 14 even though the conditions 
are the same. The reason is that only the copper and core 
losses are considered in the simulation. However, in the 
experiment, the switching loss and mechanical loss are also 
included. 

Fig. 15 gives the simulation results for variable speed 
conditions. In the simulation conditions, the speed is changed 
ideally, and the optimal power command is altered according  
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(a) off endi i= . 

 
(b) off endi i< . 

 
(c)  off endi i> . 

Fig. 16. Experimental waveforms at 1500rpm. 
 

to the speed. The results indicate that the actual output power 
can be good for tracking variations in the command power, 
and that the dwell angle will be stabilized eventually. The 
control system is shown to haves good dynamic performance. 

Fig. 16 gives the rotor position, phase current, and phase 
voltage of the three kinds of current shapes at 1500rpm. 
 

V. CONCLUSIONS 
In this paper, optimization of the efficiency of the SRG 

over the whole speed range is investigated. The current shape 
is the key to improving efficiency. The advantages and 
disadvantages of the commonly-used control methods are 
discussed, and a MAPC method that can be used over a wide 
speed range is presented. Simulations and experiments are 
executed to verify the theoretical analysis. The results 
indicate that the flat-top current shape corresponds to the 
maximum efficiency when the output power is the same. The 
proposed control scheme has a good dynamic response, can 
be used over a wide speed range and is easy to accomplish. 
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