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Abstract: In the paper, the modified (compared to the classical asymmetric half-bridge) 
converter for a switched reluctance machine with an asymmetric rotor magnetic circuit 
was analysed. An analysis for two various structures of switched reluctance motors was 
conducted. The rotor shaping was used to obtain required start-up torque or/and to obtain 
less electromagnetic torque ripple. The discussed converter gives a possibility to turn  
a phase off much later while reduced time of a current flows in a negative slope of induc-
tance. The results of the research in the form of waveforms of currents, voltages and 
electromagnetic torque were presented. Conclusions were formulated concerning the 
comparison of the characteristics of SRM supplied by the classic converter and by the 
one supplied by the analysed converter. 
Key words: switched reluctance motor, SRM, power converter, electromagnetic torque 

 
 
 

1. Introduction 
 

Switched reluctance machines are categorized among machines with electronic commu-
tation [1-2] i.e. they require a power electronic converter for proper operation. A proper con-
trol algorithm is also required. A turn-off angle in a SRM is linked with the so called aligned 
position of a rotor for each phase. However, in practice this is possible only at speed close to 
zero. By increasing speed, it is required to turn each phase off much earlier. It is connected 
with the current which flows in a negative slope of inductance and hence the motor produces  
a negative electromagnetic torque. A delayed turn off causes not only a decrease of average 
torque but also an increase of torque ripple and decrease of an efficiency of the machine. This 
problem concerns structures where there is a deliberate deformation of rotor magnetic circuit 
to obtain a required value of a start-up torque [2]. The deliberate deformation of a rotor mag-
netic circuit can also be used to limit ripple of the generated electromagnetic torque [2-4]. 

In this paper, the modified C-dump converter which allows an extension of a conduction 
angle was analysed. The analysed circuit allows also faster discharge of accumulated energy 
in motor windings than in the classic asymmetric half-bridge. Sample waveforms of currents, 
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voltages and electromagnetic torque of the motor supplied by the analysed converter and the 
classic asymmetric half-bridge were presented. 
 
 

2. Overview of converter topologies, problem description 
 

Several varieties of SRM converter topologies have been already presented the literature of 
the subject [1-2, 5-8]. Fig. 1a shows one branch of the classic asymmetric half-bridge. 
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Fig. 1. The classic asymmetric half-bridge (a) and the half-bridge with separated voltages Udc_on  

and Udc_off (b) 
 

After turning on both switches S1 and S2, the supply voltage Udc is applied to the phase and 
after turning them off stored energy in the magnetic field is returned to the supply source 
through the diodes D1 and D2. A time when both switches S1 and S2 are turned off is connected 
with working conditions of a motor. When speed is increasing, it is crucial to take into account 
a sufficient time period to discharge all the stored energy in the magnetic field. A delayed turn 
off leads to a generation of a negative value of electromagnetic torque, which in consequence 
leads to an increase of electromagnetic torque ripple and a decrease of average electromag-
netic torque. Fig. 1b shows the unipolar half-bridge, where two voltages Udc_on and Udc_off were 
separated [5]. In this case, after turning on both switches S1 and S2, Udc_on is applied to the 
phase. After turning them off, Udc_off is applied to the phase and in consequence the phase re-
turns energy to the supply source. If Udc_off > Udc_on then discharging time of stored energy is 
shorter. Figs. 2-4 show sample waveforms of the phase voltage uph (Fig. 2a), the phase current 
iph (Fig. 2b) and the electromagnetic torque Te (Fig. 2c) for converters from Figs. 1a-b. In the 
circuit from Fig. 1b, an assumption that Udc_off = kUdc_on was made (where k > 1). 

There are at least several types of power converters with two values of a voltage i.e. where 
Udc_off > Udc_on. Fig. 3 shows three power converter topologies which meet the above mentio-
ned condition [2, 7, 8]. 

Fig. 3a shows a topology of a converter where there is a possibility to regulate a supply 
voltage by an additional circuit made of elements Sd, Ld, Dd. Such a solution eliminates the 
necessity to PWM control of transistors S1 and S2 in a phase circuit. The value of the Udc_off 
voltage is forced by the supply voltage Udc. Fig. 3b shows the second converter topology 
which meets the condition Udc_off > Udc_on.  
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Fig. 2. Theoretical waveforms of a) phase voltages uph, b) phase current, c) phase electromagnetic torque 

for circuits from Figs. 1a (blue line) and 1b (red line) 
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Fig. 3. The classic unipolar half-bridge with regulation of average value of Udc_on (a), the C-dump 

converter with a zero-volt loop (b), modified C-dump converter (c)  
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The main feature of this circuit is a possibility to PWM control with a zero-volt state and fast 
decreasing of a current because Udc_off is higher than Udc_on. A higher value of Udc_off appears as 
a result of energy reloading from the winding which is turned off to the capacitor Cd. When 
phase currents start to overlap each other then turning the transistor Sd on causes a significant 
extension of a decreasing time of a phase current in an outgoing phase. This is a drawback of 
this converter. 

Fig. 3c shows the converter which allows much faster discharge of accumulated energy in 
the magnetic field of the machine [8]. The converter was marked as “H + 1”, but in the lite-
rature it was called as “modified C-dump converter”. In the converter, an additional switch S1 
and a diode D1 was used in comparison to the converter from Fig. 3b. By using the switch S1 
and the diode D1, it is possible to turn a switch Sd off at any time without increasing a falling 
time of the phase current but decreasing it when the switch S1 is turned off. The analysed 
converter also allows the generation of a zero-volt state.  

The energy flow changes in the circuit according to the combination of the switches’ states 
(turned on or turned off). In the analysed converter, particular operation modes of the circuit 
are possible: 
 – The switches S1 and S2 are turned on and the switch Sd is turned off. In this mode, the 

winding is supplied with Udc_on voltage.  
 – The switches S1, S2 and Sd are turned on. The winding is supplied with Udc_off when voltage 

of a capacitor Cd is greater than Udc_on, otherwise the winding is supplied with Udc_on.  
 – The switch S1 is turned off, the switch S2 is turned on and the switch Sd can be turned on or 

turned off, because the winding is in a zero-volt state. 
 – The switch S1 is turned on and the switches S2 and Sd are both turned off – energy from the 

winding is recharged to the capacitor Cd through the diode D2. 
 – The switch S2 is turned off and the switches Sd and S1 are both turned on. The winding is in 

a zero-volt state and the current flows through the winding, the diode D2 and the switches 
S1 and Sd. 
These are not the only converters which meet the condition Udc_off > Udc_on. Such type also 

includes the ACRDEL converter [5] or the converter with two supply sources [6]. This situ-
ation where Udc_off > Udc occurs also in circuits analysed in papers [9-14]. Reduction of energy 
return time can be also achieved in multilevel circuits [15-16]. 

 
 

3. Analysed structures of two-phase switched reluctance motors 
 
The converter from Fig. 3c was applied when studies on a switched reluctance motor 

designated for high-speed drives of household appliances (two-phase with Udc = 310 V, 
PN = 700 W, nN = 45000 r/min) were conducted. A structure of a motor with an asymmetric 
step-air gap to obtain desired start-up torque was one of the studied versions of a rotor shape. 
Alternatively, the solution with reduced stator pole-arc and with a dual step-air gap was also 
proposed [17]. Both analysed structures are shown in Fig. 4. 
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In the classic solution shown in Figs. 4a, 4c, the intentional deformation of the rotor was 
made to obtain sufficient value of start-up torque in any rotor position. In the alternative 
solution shown in Figs. 4b, 4d, the deformation of the rotor was made to limit electromagnetic 
torque ripple. 

 

45°

80

O94

10

O44

30°
O44

O94

80

7,
8

90°

O10

90°

O10

b)a)

 

                      c)            d) 

  
Fig. 4. Structures of two-phase switched reluctance motors a) stator and rotor geometry of the classic 

structure with a pole-arc βs = 45° and a step-air gap, b) stator and rotor geometry of the alternative 
structure with a stator pole-arc βs = 30° and a dual step-air gap, c) motor prototype of the classic 

structure with a pole-arc βs = 45° and a step-air gap, d) the laboratory setup used to determine static 
characteristics 

 

 
Fig. 5. Waveforms of phase currents of the two-phase switched reluctance motor  

with an asymmetric rotor 
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Both solutions have advantages (a possibility to start the motor from any rotor position) 
and disadvantages (a high sensitivity to changes of a turn-off angle). A delayed phase turn-off 
causes that the current flows in a negative slope of inductance. In a negative slope of induc-
tance, the induced voltage has a significantly higher value which can lead to an increase of the 
phase current. Fig. 5 shows the sample waveforms of phase currents of 4/2 SRM registered for 
the structure of the motor from Fig. 4b. Motor currents were registered at a relatively high 
value of a turn-off angle at n = 10000 r/min with no-load (Udc = 50 V, θon = 0°, θoff = 90°). 

Figs. 6-7 show dependencies of self-inductances Lph of motor phases determined by the 
bridge method [17-18].  

 

 
Fig. 6. A dependence of the self-inductance Lph in the function of the rotor position θ 

 of the two-phase SRM from Fig. 4a 
 

 
Fig. 7. A dependence of the self-inductance Lph in the function of the rotor position θ 

 of the two-phase SRM from Fig. 4b 
 
Figs. 8-9 show sample static characteristics of two-phase 4/2 switched reluctance motors 

shown in Fig. 4 [17-18]. Characteristics were determined in laboratory conditions for various 
values of a phase current. As it can be observed, a flow of the phase current above angle 110° 
(for the structure from Fig. 4a) or 120° (for the structure from Fig. 4b) causes a generation of  
a negative electromagnetic torque.  
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Fig. 8. A dependence of the torque Te in the function of the rotor position θ at I = var 

 of the two-phase SRM from Fig. 4a 

 
Fig. 9. A dependence of the torque Te in the function of the rotor position θ at I = var 

 of the two-phase SRM from Fig. 4b 
 
Both structures were designed to obtain initial start-up torque being not less than 0.09 Nm 

at winding current I = 4 A. The structure from Fig. 4b was designed to obtain flatter torque 
characteristic and it was obtained by introduction an additional air gap. Flat torque charac-
teristic makes that electromagnetic torque ripples are limited in the two-phase structure. The 
structure from Fig. 4b has a reduced stator pole-arc to 30°, in contrast with 45° for the structu-
re from Fig. 4a. The same value of a negative torque occurs in both structures at the same 
winding current. In a high-speed drive, during motoring operation, current flow during des-
cending part of inductance (Figs. 6-7) is connected with generation of breaking torque. To 
avoid this problem, it is required to turn phases off earlier or discharge accumulated energy 
faster in windings. The measurement results in Figs. 6-9 were prepared in Matlab environ-
ment [19]. 

 

4. Analysed supply method of the two-phase SRM 
 
By using the described circuit from Fig. 3c to supply two-phase 4/2 SRM with a rotor with 

a step-air gap, it is possible to reduce a falling time of the current in the outgoing phase by 
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proper control of circuit switches despite a wide conduction period. It was assumed that the 
initial voltage on the capacitor Udc_off is higher than the supply voltage Udc_on. Fig. 10 shows 
typical operation modes of the H+1 converter connected with energy flow.  
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Fig. 10. Typical operation modes of the H+1 converter: supply with the voltage Udc_on (a), energy return 

with an initial condition Udc_off = Udc_on (b), discharging of the capacitor Cd (c), a zero-volt state (d) 
 
Fig. 10a shows the state when the winding is supplied with Udc_on (switches S1 and S2 on 

and switch Sd off). After turning on switch Sd (Fig. 10c) the winding is supplied with Udc_off 
which is higher than Udc_on. An instant of turning on switch Sd should be chosen to ensure that 
accumulated energy in the capacitor Cd is completely discharged before turning switches S1 
and S2 off. It is possible to turn the winding off (switches S1 and S2 off) when switch Sd is 
turned off (Fig. 10b). Diode Dd1 ensures that a condition Udc_off=Udc_on is met when switch Sd is 
turned off earlier. When the capacitor Cd is completely discharged, the voltage at the beginn-
ing of discharging process of accumulated energy is Udc_off=Udc_on. The return of the energy to 
the capacitor Cd causes fast increase of the voltage Udc_off, which in consequence leads to a 
significant reduction of a discharging time of accumulated energy in the magnetic field. This 
converter allows operation in the zero-volt state (Fig. 10d) and this state does not depend on  
a state of switch Sd. 

When Udc_off > Udc_on then accumulated energy in windings is discharged faster, but on the 
other hand a higher value of the voltage causes an increase in vibroacoustics of a motor. Due 
to the faster decrease of the phase current, the mechanical tension of stator magnetic circuit 
also decreases faster. A violent change of magnetic circuit tension causes an increase of the 
vibroacoustics level [2]. 

 

5. Mathematical and simulation model 

The studies of the analysed power converter were conducted with a simulation model built 
on the basis of a mathematical model of the SRM. The model assumed negligibility of eddy 
currents in stator and rotor cores. Assuming that in the case of nonlinearity of the magnetic 
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circuit, the vector of flux-linkages ψ(θ, i) depends on a rotor position θ and N phase currents 
Nii ,...,1  from the definitions as in [20]: 

  [ ]T
NNN iiii ),...,,(,...,),...,,(),( 111 θψθψ=θ iψ   (1) 

equations of N – phase machine have the following structure: 
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where vectors of voltages u , currents i  and the matrix of phase resistances R are defined as: 
u [ ] T

Nuu ,...,1= , i [ ] T
Nii ,...,1= , R ),...,(diag 1 NRR= . 

Moreover, the following symbols are used in Equations (1)-(4): θ – the rotor position; J  
– the moment of inertia of a rotor; D – the coefficient of viscous friction; TL – the load torque; 

td/dθω =  – the angular velocity of a rotor; Te – the electromagnetic torque; and ,θ(*
cW i)  

– the magnetic field co-energy in the machine’s air gap.  
Assuming that fluxes of individual phases Nψψ ,...,1  can be expressed as a sum of flu-

xes, each depending on only one phase current, according to the definition:  
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the electromagnetic torque Te of N-phase switched reluctance machine (4) can be expressed as 
in [17, 19]: 

  ∑∑ ∫
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To build a simulation model, it is assumed that the vector of flux-linkages (5) can be 
written as:  

  ),(),(),( mutualself iii θ+θ=θ ψψψ , (7) 

where vectors of the self-inductance and the mutual inductance are defined as: 

  [ ]TNNN ii ),(,...,),(),( 111self θψθψ=θ iψ  (8) 
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Figure 13 shows a block diagram of the SRM simulation model based on voltage-current 
Equation (2) with mutual couplings between phases taken into account (Fig. 11a) and a block 
diagram of the torque Equation (3) (Fig. 11b). 

 

a) b)

R

(dt) i(θ,ψ )

ψ (θ,i)

+
-

ψ self

ψ mutual

u
+

-
i

θ

θ

Te

(dt)

D

TL - ω

θ

θ
i

(dt)

1/J
+

-

ψ

 
Fig. 11. A block diagram representing voltage-current equations (a) and a block diagram representing the 

torque equation (b) of the SRM simulation model 
  
As it can be seen in Fig. 11a, it is necessary to determine inverse characteristics, i.e. rela-

tionships between individual phase current and its flux. The relationships based on the as-
sumption of one-to-one correspondence of the involved quantities, can be represented by the 
certain function )(f depending on the rotor position θ and the flux vector selfψ , i.e. it can be 
assumed that 

  ),( selfψf θ=i  (10) 

Fig. 11b shows a block diagram depicting calculation of the electromagnetic torque ac-
cording to (6). Block diagrams in Figs. 11a and 11b constitute a base to build a complete 
simulation model of the SRM which takes into account couplings between phases and al-
lowing the analysis of static and dynamic states e.g. in the Matlab/Simulink environment [20]. 

 
 

6. Simulation results 
 
Simulation studies were conducted to determine properties of the analysed converter mar-

ked as H + 1. Objects of studies were two-phase motors with an asymmetric magnetic circuit, 
which were shown in Fig. 3. Motors were designed to a high-speed drive with required rated 
speed nN = 45000 r/min. Studies were conducted for two converters, the classic asymmetric 
half-bridge (Fig. 1a) and the H + 1 converter (Fig. 3c). The following conditions were as-
sumed to compare both converters: Udc = 310 V, nN = 45000 r/min, θon = 0°, θoff = 90°. The 
results of studies of the H-type converter with control parameters (marked as H*) selected to 

Brought to you by | Uniwersytetu Technologicznego w Szczecinie - Biblioteka Glówna Zachodniopomorskiego
Authenticated

Download Date | 1/24/17 2:20 PM



Vol.  65 (2016)                   Control method of high-speed switched reluctance motor  695 

obtain the same value of average electromagnetic torque Teav as in the H + 1 converter were 
additionally placed. 

 
6.1. The structure with a single step-air gap 

In the structure with a single step-air gap, a value of a capacitance of the additional capa-
citor Cd was 1 μF. Figs. 12-15 show the phase current iph (Fig. 12), the source current idc 
(Fig. 13), the phase voltage uph (Fig. 14) and the electromagnetic torque Te (Fig. 15) in the 
function of the rotor position θ for both converters. A dependence of the flux-linkage ψ1 with 
the phase Ph1 in the function of the current i1 is shown in Fig. 16. Control angles were in-
creased (θon = –10° and θoff = 80°) in the H-type converter to obtain the same value of average 
electromagnetic torque Teav. 

 

 
Fig. 12. A dependence of the phase current iph in the function of the rotor position θ  

for H and H + 1 converters 

 
Fig. 13. A dependence of the source currents idc in the function of the rotor position θ 

 for H and H + 1 converters 
 

By using a classic H-type converter with the structure from Fig. 3a, it is not possible to turn 
phases off too late at high-speed operation. As it can be seen in Fig. 12, after turning phases 
off at θoff = 90°, current can again increase because of change of back-emf sign.  
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Fig. 14. A dependence of the phase voltage uph in the function of the rotor position θ 

 for H and H + 1 converters 

 
Fig. 15. A dependence of the electromagnetic torque Te in the function of the rotor position θ 

 for H and H + 1 converters 
 

 
Fig. 16. A dependence of the flux-linkage ψ1 in the function of the phase current i1 

 for H and H + 1 converters 
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Therefore, high value of negative electromagnetic torque is generated (Fig. 15). It can be also 
seen in flux-linkage vs. phase current characteristics. The same supply conditions but with the 
H+1 converter lead to limited time of energy discharging of the phase. Consequently, electro-
magnetic torque ripple are also limited, although the structure from Fig. 6a was not designed 
to minimize torque ripple. So by using the classical H-type converter it is necessary to turn 
phases off earlier to avoid generation of breaking torque Te. Electromagnetic torque ripples are 
also limited but they are higher than in the H + 1 converter. 

 
6.2. The structure with a dual step-air gap 

In the structure with a dual step-air gap, a value of a capacitance of the additional capacitor 
Cd was 2 μF. Figs. 17-20 show the phase current iph (Fig. 17), the source current idc (Fig. 18), 
the phase voltage uph (Fig. 19) and the electromagnetic torque Te (Fig. 20) in the function of 
the rotor position θ for both converters. The dependence of the flux-linkage ψ1 with the phase 
Ph1 in the function of the current i1 is shown in Fig. 21. Control angles were increased (θon =  
–2.5° and θoff = 79.5°) in the H-type converter to obtain the same value of average electro-
magnetic torque Teav. 

 
Fig. 17. A dependence of the phase current iph in the function of the rotor position θ 

 for H and H + 1 converter 

 
Fig. 18. A dependence of the source currents idc in the function of the rotor position θ 

 for H and H + 1 converters 
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Fig. 19. A dependence of the phase voltage uph in the function of the rotor position θ 

 for H and H + 1 converters 
 

 
Fig. 20. A dependence of the electromagnetic torque Te in the function of the rotor position θ 

 for H and H + 1 converters 
 

 
Fig. 21. A dependence of the flux-linkage ψ1 in the function of the phase current i1 

 for H and H + 1 converters 
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The structure from Fig. 3b was constructed to limit electromagnetic torque ripple, but it is 
highly sensitive to turn-on angle selection, simultaneously. A late turn of a phase off 
(θoff = 90°) causes generation of a high value of negative electromagnetic torque like in the 
structure from Fig. 6a. By using the H+1 converter with the same control angles it is possible 
to limit this problem. Moreover, electromagnetic torque ripple are also reduced. By changing 
supply conditions of the H-type converter, it is possible to obtain the same value of average 
electromagnetic torque. Simultaneously, it is not possible to get the same level of electromag-
netic torque ripple at high-speed as in the H + 1 converter.  

 
6.3. Research results analysis 

In Table 1, selected parameters of the motors supplied by H and H + 1 converters were 
presented. By using the H + 1 converter, it is possible to turn a phase off much later regardless 
of a rotor profiling type. This allows in a consequence to limit torque ripple and increase 
average torque Teav (Table 1), because the time period required to discharge accumulated 
energy in the magnetic field is reduced. The phase current iph, which flows in a negative slope 
of an inductance, does not have a tendency to increase when the H + 1 converter is used 
(Fig. 12, Fig. 17), so in spite of the increase of average electromagnetic torque, its rms value 
can be decreased (Table 1). Source current ripples are also reduced (Table 1). In structures 
oriented to a limitation of electromagnetic torque ripple e.g. the analysed structure with a dual 
step-air gap or the structures presented in [3-4], the impact of the analysed supply method and 
the control of the two-phase motor is greater. It helps to significantly reduce the ripple of  
a generated electromagnetic torque of a motor working at a constant power range or on its 
natural characteristics. In the paper [3], a result of reducing of electromagnetic torque ripple 
was obtained by using an operation with a constant torque, which causes a decrease of overall 
efficiency of a drive system. In two-phase structures with a profiled rotor to obtain a small 
value of a start-up torque (e.g. the analysed structure in Fig. 3a), an increase in an average 
value of the generated electromagnetic torque with decreased ripple was obtained. Compared 
to the classic half-bridge converter, voltage requirements of used power electronic elements, 
(increased number of power electronics elements) and a complexity of a control algorithm also 
increase. 

 
Table 1. Selected parameters of the motors with an asymmetric magnetic circuit supplied by H and H + 1 

converters 

Type of an asymmetric magnetic 
circuit Single step-air gap Dual step-air gap 

Parameter\circuit H H* H + 1 H H* H+1 
Turn-on angle θon [°] 0 !10 0 0 !2.5 0 
Turn-on angle θoff [°] 90 80 90 90 79 90 
Average value of electromagnetic 
torque Teav [N⋅m] 0.044 0.09 0.09 0.14 0.23 0.23 

Maximum value of electromagnetic 
torque Temax [N⋅m] 0.26 0.36 0.26 0.53 0.65 0.53 

Minimum value of electromagnetic 
torque Temin [N⋅m] !0.16 0.03 0.05 !0.46 0.06 0.13 
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Electromagnetic torque ripple εT 
[%] 954 333 253 707 261 173 

Average value of source current 
Idcav [A] 0.86 1.56 1.65 2.34 3.74 3.75 

Source current ripple εI [%] 568 328 258 444 336 224 
RMS value of phase current Iphrms 
[A] 2.28 2.42 2.26 4.44 4.28 4.22 

Maximum phase voltage uphmax [V] 306 306 649 306 306 564 
Minimum phase voltage uphmin [V] !315 !315 !657 !315 !315 !574 
 
 

7. Conclusions 
 
The paper presents the results of simulation studies of the modified C-dump converter 

(marked as H + 1) used to supply high-speed switched reluctance motors. The studies were 
developed for two structures of two-phase 4/2 switched reluctance motors. The magnetic 
circuit of the rotor in both structures was profiled to obtain sufficient value of start-up torque 
in any rotor position. It allows a start-up from each rotor position, but it introduces some 
limitations in control parameters selection (especially a turn-on angle). It was evident in the 
structure of Fig. 6b where mechanical characteristic (Fig. 11) was focused on limitation of 
electromagnetic torque ripple. By using a classic H-type converter, especially at high speed, it 
is not possible to use a rotor profiling effect, in contrary the C-dump converter (Fig. 5c) gives 
such an opportunity. By controlling the additional switch Sd, accumulated energy in the 
magnetic field is discharged faster, so it is possible to turn a winding off much later, which in 
consequence gives a higher average value of generated electromagnetic torque with the simul-
taneous decrease of the ripple. Compared to the classic half-bridge converter, voltage require-
ments of used power electronics elements and a complexity of a control algorithm also in-
crease. 
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