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Abstract— In this paper, a dual-pulse mode control of a 
high-speed doubly salient electromagnetic machine (DSEM) 
for efficiency improvement over a wide speed range is 
investigated and implemented. The dual-pulse mode 
control method and operation principle are introduced. The 
influence of excitation angles and field current on the 
operation performance is analyzed by finite element 
method (FEM) based on the back-electromotive force (EMF) 
and inductance characteristics. The loss distribution for 
various speed and load torque requirement is attained, and 
the control parameters are optimized. The excitation angle 
can reduce the back-EMF at high speed through 
transformer-EMF and flux-weakening armature reaction. A 
prototype of 12/8-pole DSEM drive system is developed and 
dual-pulse mode control in high-speed operation under low 
DC-link voltage is implemented. Both the simulated and 
measured results show that the torque capacity of the 
DSEM is improved and the loss is reduced over a wide 
speed range.  

Index Terms—Doubly salient machine, excitation angle, 
extended speed range, high-speed, loss reduction. 

I. INTRODUCTION 

The doubly salient electromagnetic machine (DSEM) has the 

inherent advantages of reliable and robust construction, and 

absence of the permanent magnet (PM), and it can operate in 

high-speed and harsh environment. The DSEM is attractive for 

a variety of applications that require the high reliability, such as 

the aircraft and vehicle applications [1], [2]. 

While the simple rotor structure of the DSEM is similar to 

the switched reluctance machine (SRM) [3], the difference is 

that the field winding on the stator provides the field 

magnetomotive force (MMF) and pre-excitation for each phase 

of the DSEM. Therefore, in the motoring operation, the power 

factor of the DSEM is improved and the volt-ampere capacity 

of the converter is reduced compared to the SRM [4]. The 

DSEM can operate with bidirectional phase current and the 

conventional full-bridge converter can be employed. The airgap 

magnetic field can be regulated by varying the field current. 

High efficiency is a significant target for the motor drives. 

For the DSEM, the field current regulates the back- 

electromotive force (EMF) flexibly, but it also brings extra field 

copper loss. However, compared to the SRM the phase current 

of the DSEM does not take on the excitation function and thus 

the armature copper loss is reduced. The iron loss is also related 

with the field and armature current. Therefore, the reduction of 

the total copper and iron loss can be achieved by proper 

regulation of the field current and armature current, while 

meeting the torque requirement. [5] proposes an asymmetric 

current control method to improve output torque in current 

chopping mode at low and medium speed. It focuses on the 

influence of excitation angles. The copper loss with variation of 

the armature and field current is not analyzed. [6] analyzes the 

advanced angles deduced under various speed and armature 

current, however, under the condition of a certain constant field 

current.  

The wide-speed-range operation is also required for many 

drive applications such as the electric vehicle drive system [7], 

and the aircraft starter/generator system [8]. For the auxiliary 

power unit (APU) starter/generator system, the battery-powered 

DC-link voltage for the starting operation is low [9]. The DSEM 

can regulate the field current to reduce the back-EMF [5], [10]. 

However, very few literatures address the comprehensive 

regulation method of the field current and armature current for 

extending the speed range and improving the efficiency of 

DSEM.  

The current chopping control conventionally adopted for 

low-speed operated SRM is categorized into the instantaneous 

torque control and average torque control [11], [12]. For high-

speed operation, the back-EMF is increased and the DC-link 

voltage is insufficient for chopping. Then the single-pulse 

control is adopted only by varying the excitation angles [13], 

[14]. In single-pulse mode, the average torque is controlled 

rather than the instantaneous torque. The switching frequency 

and loss of the associated converter are decreased [15]. The iron 

loss is decreased due to reduction of the local minor hysteresis 

loop [16]. Moreover, the AC copper loss is also decreased [17].  

The non-chopping control can also be used for the DSEM. 

Due to the use of the full-bridge converter, the armature current 

of the DSEM is bidirectional, so the operation mode under the 

non-chopping control is called the dual-pulse mode. As 
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mentioned before, the back-EMF of the DSEM can be changed 

by regulating the field current so as to extend the speed range. 

The extended speed range can also be achieved by varying the 

excitation angles of the DSEM. The excitation angles of the 

DSEM include not only the turn-on angle and the turn-off angle, 

but also the reversal angle used to change the phase current 

polarity within one electric cycle. Different from the SRM 

driven by the asymmetric half bridges, each phase of the DSEM 

is not controlled independently. Therefore, the variation of the 

armature current is more complicated in the dual-pulse mode 

control. 

In this paper, the dual-pulse mode control of the high-speed 

DSEM is investigated under low DC-link voltage. A 

coordinated control method of the field current and excitation 

angles is proposed to achieve the optimized performance over 

a wide speed range. The improvements of the proposed control 

method are verified through the simulated and experimental 

results. 

II. OPERATION PRINCIPLE  

A. Torque Generation Principle 

The DSEM has a salient-pole stator with the armature and 

field windings, and a salient-pole rotor without magnet or coils. 

The well-established full-bridge converter used for the 

conventional synchronous and induction machines can be used 

for the DSEM, and an asymmetric half-bridge converter or 

simpler buck converter is used to regulate the unipolar field 

current, as shown in Fig. 1. The torque produced by a single 

phase is  
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where Wco is the co-energy,  is the rotor angle, Iph and If are the 

phase current and field current respectively.  

Neglecting the magnetic saturation, (1) can be rewritten as [4] 
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where Lph () and Mph-f () are phase self-inductance and 

mutual-inductance between the phase winding and field 

winding respectively. Mph-f () is larger than Lph () due to the 

more turns of the field winding. The incremental inductance 

dMph-f ()/dis also larger than dLph ()/d.  

 
Fig. 1.  Topologies of full-bridge converter and field current regulator of 
DSEM. 

B. Current chopping and Dual-Pulse Mode  

The amplitude of the line-to-line back-EMF of the DSEM is 

increased with the increase of the speed and field current as 

shown in Fig. 2. At low speed, the line-to-line back-EMF is 

lower than the DC-link voltage, when the rated field current is 

applied. Thus the phase current is regulated by chopping to 

produce the required torque.  

 
Fig. 2.  Amplitude of line-to-line back-EMF versus field current at 
different speed. 

At high speed, the line-to-line back-EMF may be higher than 

the DC-link voltage. The available DC-link voltage is 

insufficient for chopping. Although, by reducing the field 

current, the amplitude of line-to-line back-EMF can be lower 

than the DC-link voltage as shown in Fig. 3, the stored field 

energy is too small to generate the sufficient torque. When the 

speed is 3000r/min, the corresponding field current is set to 8A, 

which ensures the line-to-line back-EMF equal to the DC-link 

voltage. However, the field current is decreased quickly with 

the increase of the speed. Therefore, at high speed, the dual-

pulse mode control is used for the DSEM with high back-EMF.  

The presented study is aimed at investigation of the 

performance optimization of the high-speed operated DSEM 

with dual-pulse mode control. 

 
Fig. 3.  Field current versus speed when amplitude of line-to-line back-
EMF of DSEM is equal to DC-link voltage. 

C. Control Parameters in Dual-Pulse Mode  

1) Excitation Angles:  

Fig. 4 shows the typical waveforms of the idealized 

inductance and the phase current in dual-pulse mode.  

 
Fig. 4.  Illustration of excitation angles for dual-pulse mode control. 
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Fig. 5.  Conduction modes. 

For the dual-pulse mode control, the control parameters are 

excitation angles including the turn-on angle on, reversal angle 

rev and turn-off angle off, as well as the field current If. When 

off is positive, the phase current is turned off in advance and 

thus this phase cannot generate torque adequately. When off is 

negative, the armature copper loss is increased. Therefore, off 

is set to zero. Fig. 5 shows the conduction modes with off set 

to zero. Due to the use of the full-bridge converter, the 

excitation angles are restricted as 
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By contrast, it is worth noting that the phase current of the 

high-speed SRM with single-pulse mode control is 

unidirectional and pulse-shape, which leading to the larger peak 

value of the phase current and the larger requirement of the 

power converter capacity for the SRM. 

2) Field Current:  

The field current can change the back-EMF and the 

inductance, both of which are important parameters for motor 

control. The A-phase flux linkage waveform is shown in Fig. 6 

(a). When the rotor pole is aligned with the A-phase stator pole, 

the A-phase flux linkage reaches peak value. The flux linkage 

is decreased with the rotor pole sliding off stator pole. When the 

rotor slot is aligned with the A-phase stator pole, the A-phase 

flux linkage is minimum. When the next adjacent rotor pole is 

sliding into the A-phase stator pole, the phase flux linkage is 

increased. Thus, the phase flux linkage is variable in the 

different rotor positions.  

The phase flux linkage is related with the field current as 

shown in Fig. 6 (b). When the field current is small, the iron 

core is not saturated, and thus, the phase flux linkage is 

proportional to field current. When the field current is relatively 

large, the iron core is saturated and the phase flux linkage is 

increased slowly with the increase of the field current.  

Therefore, the phase flux linkage is a function of the rotor 

position and the field current. 

 
(a) 

 
(b) 

Fig. 6.  A-phase flux linkage. (a) Flux linkage waveforms. (b) Flux linkage 
versus field current. 

The back-EMF E is calculated as  
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where f is flux linkage, r is  electrical angular velocity. The 

A-phase back-EMF waveform is shown in Fig. 7. The back-

EMF is proportional to the rotation speed and the rate of the 

flux linkage change, respectively. Thus the amplitude of line-

to-line back-EMF is a function of rotation speed and field 

current as shown in Fig. 2. When the field current is large, the 

peak-to-peak value of the flux linkage is almost held constant 

and even slightly decreased with the increase of the field current, 

because the saturation is more severe when the rotor pole is 

aligned with the stator pole. Therefore, the amplitude of line-

to-line back-EMF is decreased slightly with the increase of the 

field current when the field current is large as shown in Fig. 2.  

Fig. 8 shows the phase self-inductance in different rotor 

positions. When the rotor pole is exactly aligned with the stator 

pole, the corresponding phase self-inductance is at its maximum. 

As the field current grows to 6A, the core saturation appears 

and the inductance is decreased.  

 
Fig. 7.  A-phase back-EMF in different rotor positions. 
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Fig. 8.  A-phase self-inductance versus field current in different rotor 
positions.  

III. PERFORMANCE ANALYSIS WITH DUAL-PULSE  
MODE CONTROL  

Table I shows the key parameters of the DSEM and drive 

system. The operation performance of the DSEM with dual-

pulse mode control is analyzed by field-circuit coupling method.  

The resistance of phase winding is 7m, the aligned phase 

inductance is 110H, and the unaligned phase inductance is 

25H. Assuming that two phases conduct at the same time, 

considering the phase inductance is variable, the minimum time 

constant is around 3.6ms and the maximum time constant is 

around 9.6ms. 
TABLE I 

DSEM AND DRIVE PARAMETERS 

Parameters Value 

Number of stator poles 12 
Number of rotor poles 8 

Stator outer diameter 158mm 

Stator inner diameter 90mm 
Airgap length 0.7mm 

Core length 120mm 

Turns per phase coil 3 

Turns per DC field coil  100 

Aligned phase inductance 110H 

Unaligned phase inductance 25H 
Resistance of phase winding 7m 

DC-link voltage 48V 

A. Influence of Excitation Angle 

When the field current is 4A and the speed is 4800r/min, the 

amplitude of the line-to-line voltage is close to the DC-link 

voltage. Fig. 9 shows the phase self-inductance, phase current, 

phase flux linkage, phase terminal voltage and torque when the 

excitation angles is set to zero. The dashed waveforms represent 

conditions without armature current, defined as no-load 

waveforms. Because of the change of the phase current and 

phase inductance, the phase terminal voltage at load is different 

from the no-load voltage. Fig. 10 shows the corresponding 

converter operating modes. 

In mode 1, the B-phase and C-phase currents are reduced 

with the turn-off state of the power switches T5, T6 and the turn-

on state of T1, T2. The back-EMF of A-phase is relatively high 

at the rotor angle of 240o. The A-phase current flows through 

the diode D1 rather than T1. The freewheeling currents of B and 

C-phase flow through D3 and D2 respectively, as shown in Fig. 

10 (a). 

In mode 2, the B-phase current is decreased to zero. The A-

phase current through D1 is decreased. In mode 1 and mode 2, 

the energy returns from the motor side to the power supply side, 

and the instantaneous torque is negative, as shown in Fig. 10 

(b). 

In mode 3, the A and C-phase currents reverse. The rate of 

the phase current rise is small due to the high back-EMF of A-

phase and C-phase in this stage, as shown in Fig. 10 (c). 

 
Fig. 9.  Phase self-inductance, phase current, phase flux linkage, phase 

terminal voltage and torque (on=0o, rev=0o, If=4A, n=4800r/min). 

  
(a) (b) 

 
(c) 

Fig. 10.  Operating modes of full-bridge converter (on=0o, rev=0o, If=4A, 
n=4800r/min). (a) Mode 1. (b) Mode 2. (c) Mode 3.  

Fig. 11 indicates energy conversion cycles under different 

speeds in dual-pulse mode, and the excitation angles are set to 

zero. As the speed increases, the back-EMF is increased and the 

0

20

40

60

80

100

120

0 5 10 15 20

In
d

u
ct

a
n

ce
(u

H
)

Field current  (A)

60
o

120
o

180
o

0
o

A

A

0

25

50

75

100

125

In
d

u
ct

a
n

ce
(u

H
)

T6
T5

T4 T1

T2
T3

0

5

10

15

20

F
lu

x
 l

in
k

a
g

e
(m

W
b

)

-30

-20

-10

0

10

20

30

C
u

rr
en

t
(A

)

-4

-2

0

2

4

6

8

0 60 120 180 240 300 360

T
o

rq
u

e
(N

.m
)

LB, noload

LB, load

LC, noload

LC, load

LA, noload

LA, load

B, load A, loadC, load

B, noload

A, noload

C, noload

IB IAIC

Mode 1 Mode 2 Mode 3

Rotor angle (elec. deg.)

-60

-40

-20

0

20

40

60

V
o

lt
a

g
e

(V
) UB, load

UB, noload

UC, load

UC, noload

UA, load

UA, noload

A

B

C

T1 T3 T5

T4 T6 T2

D1 D3 D5

D4 D6 D2

A

B

C

T1 T3 T5

T4 T6 T2

D1 D3 D5

D4 D6 D2

A

B

C

T1 T3 T5

T4 T6 T2

D1 D3 D5

D4 D6 D2



0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2931253, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

rate of the phase current change is decreased. The areas 

enclosed by the loops corresponding to the energy converted 

from electrical to mechanical form are significantly reduced 

with the increase of the speed. Moreover, the “concave triangle” 

is presented because the phase current is negative during 

increase of the phase flux linkage, as shown in the mode 1 and 

mode 2 of the A-phase current in Fig. 9. The “concave triangle” 

is caused by the high neutral point voltage and high back-EMF 

at high speed, and it reduces the output torque. Since the back-

EMF of A-phase is variable with the rotation speed, the A-phase 

current in mode 1 and mode 2 shown in Fig. 9 is variable with 

the speed. Therefore, the area of the “concave triangle” is also 

variable with the rotation speed.  

 
Fig. 11.  Energy conversion cycles of A-phase for DSEM (on=0o, rev=0o, 
If=4A). 

The no-load A-phase voltage and self-inductance are 

decreased before the rotor position of 240o which facilitates 

increase of the rate of phase current change, likewise for the B 

and C-phase, thus enabling the current to rise to a reasonable 

level before the back-EMF dominates. The turn-on angle on is 

set to 40o in Fig. 12.  

In mode 1, when T1 is turned on, the back-EMF of A-phase 

is low. The inductance is small. The neutral point voltage Un is  

-
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The B-phase self-inductance is small in this stage. 

Meanwhile, the second term of right side of (5) is negative since 

the incremental inductance dLb/d is negative. Thus the neutral 

point voltage is relatively small. For these reasons, the A-phase 

current is increased more rapidly.  

In mode 2, when T5 and T6 are turned off, the freewheeling 

currents of B and C-phase flow through D3 and D2. The neutral 

point voltage is equal to C-phase voltage due to D2 conducting, 

-
( ) ( ) ( ) 
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c fc c
n c c c r f r

dMdI dL
U U L I I

dt d d
.    (6) 

The C- phase self-inductance is relatively large. The second 

term of the right side is positive. Thus the neutral point voltage 

is increased significantly. Meanwhile, the back-EMF of A-

phase is also increased in this stage. Therefore, the A-phase 

current is reduced, as well as the torque. In mode 3, the B-phase 

current is decreased to zero. The C-phase current through T2 is 

increased. In mode 4, the currents of A and C-phase are 

increased slowly due to the high back-EMF.  

It can be seen from Fig. 12 that the phase current is relatively 

small, and thus, the torque is small and even slightly below zero 

at around 280o. The phase current can be further increased when 

the turn-on angle advanced to 80o as shown in Fig. 13. However, 

it is worth noting that when T1 is just turned on, the A-phase 

current is still negative and flows through D1. Therefore, the 

further advanced turn-on angle has no effect on the phase 

current and torque, as shown in Fig. 14. 

 
Fig. 12.  Phase self-inductance, phase current, phase flux linkage, 

phase terminal voltage and torque (on=40o, rev=0o, If=4A, n =4800r/min).  

On the basis of the advance of turn-on angle, the reversal 

angle is also advanced to further increase the amplitude of the 

phase current. Fig. 15 shows the phase current waveforms with 

on of 80o and rev of 80o. The positive A-phase current is 

increased more significantly. The average torque is increased. 

The torque ripple is large. At high speed, the torque ripple has 

high frequency and is filtered by the mechanical inertia of the 

drive train.  

B. Losses Reduction and Speed Range Extension with 
Optimized Control Parameters 

Fig. 16 (a) shows the torque versus different on and rev when 

the field current is 4A. Fig. 16 (b) shows the copper and iron 

loss. The iron loss is separated into the hysteresis loss and eddy 

current loss, and the minor hysteresis loops are taken into 

consideration [18]. The DC bias flux exists in the stator due to 
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the DC field MMF. Thus the DC bias coefficient is used for the 

hysteresis loss calculation [19].  

 
Fig. 13.  Phase current, phase flux linkage, phase terminal voltage and 

torque (on=80o, rev=0o, If=4A, n =4800r/min).  

 
Fig. 14.  Torque and rms phase current versus turn-on angle (rev=0o, 

If=4A, n=4800r/min).  

In Fig. 16 (a), the magenta lines represent various output 

torque and the black dotted lines represent various rms phase 

current. Taking the copper and iron loss into consideration, the 

optimized turn-on angle and reversal angle are selected for the 

minimum loss while meeting the torque requirement, as marked 

by magenta points in Fig. 16 (a). It can be seen that for different 

desired torque requirements, the minimum loss is achieved 

when on is almost equal to rev. Meanwhile, the minimum 

phase current exhibits with on equal to rev, and thus the 

maximum torque-to-current ratio is achieved. Therefore, the 

collaborative optimization of the field current and excitation 

angle is carried on with the turn-on angle and reversal angle set 

to the same, which can also simplify the control. 

 
Fig. 15.  Phase self-inductance, current, flux linkage, phase terminal 

voltage and torque (on=80o, rev=80o, If=4A, n=4800r/min). 

  
(a) (b) 

Fig. 16.  Variation of (a) average torque and (b) loss, versus turn-on 

angle and reversal angle (f=4A, n=4800r/min). 

Fig. 17 shows the dual-pulse mode control system of DSEM. 

A look-up table derived from offline optimization generates 

turn-on angle and field current to minimize losses over a wide 

speed range and torque requirements. The field current is 

regulated together with turn-on angle according to the torque 

requirement for loss reduction. In the event of a converter 

failure, the field current is cut off to ensure safe operation at 

high speed. 
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Fig. 17.  Block diagram of dual-pulse mode control system of DSEM. 

The torque, as well as loss and rms phase current versus field 

current and turn-on angle is shown in Fig. 18. The black dotted 

line represents the limit phase current of 100A, and thus the 

maximum torque is limited by the phase current. The magenta 

points represent the various torque of minimum loss. At the 

same speed, when the desired torque is changed, the field 

current and turn-on angle need to be changed synergistically for 

loss minimization.  

  

  

  
(a) (b) 

Fig. 18.  Variation of average torque, loss and rms phase current versus 
turn-on angle and field current at (a) n=4800r/min and (b) n=12000r/min. 

The increase of the field current increases the back-EMF, 

thereby limiting the increase of phase current. As shown in Fig. 

19 (a), when the turn-on angle is small, the phase current 

gradually decreases with the increase of the field current until 

it is reduced to zero. When the field current continues to grow 

to 4A, the line-to-line back-EMF exceeds DC-link voltage and 

the phase current is increased again. However, during the 

decrease of the A-phase inductance, the phase current is from 

negative to positive and flows through D4 due to the high back-

EMF. The torque produced by A-phase is negative during the 

interval that the A-phase inductance is decreased and A-phase 

current is positive. Likewise, the torque produced by A-phase 

is also negative during the interval that the A-phase inductance 

is increased and A-phase current is negative. Therefore, though 

the phase current is increased, the torque produced is negative. 

Fig. 19(b) shows the phase current waveforms with a 

relatively large turn-on angle. For large field current, when T1 

is turned on, the A-phase current is still positive and will flow 

through T1 which is different from Fig. 19(a). The positive 

phase current then increases because the phase inductance and 

back-EMF are not large in this rotor position. The duration of 

the negative phase current is longer because the reversal angle 

is also large. It is worth noting that the transformer EMF 

induced by the decrease of phase current reduces the back-EMF 

when the rotor pole is sliding into the stator pole, and flux-

weakening armature reaction reduces the back-EMF when the 

rotor pole is sliding off the stator pole. Thus the positive torque 

can be produced even for high field current when the turn-on 

angle is large.  

 
(a) 

 
(b) 

Fig. 19.  A-phase self-inductance and A-phase current with different field 

current at 12000r/min. (a) on=10o. (b) on=60o. 
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(a) 

 
(b) 

Fig. 20.  (a) Extended torque–speed curve, and (b) regulation of turn-on 

angle and field current over extended speed range with reduced loss. 
Fig. 20(a) shows the torque-speed curve, and the efficiency 

considering the copper loss, iron loss and mechanical loss. The 

constant power of 5.2kW exhibits over a wide speed range from 

4800r/min to 18000r/min, by regulating the field current and 

turn-on angle according to Fig. 20(b), though the line-to-line 

back-EMF is higher than the DC-link voltage. The turn-on 

angle is regulated to increase with the increase of the speed. The 

proper turn-on angle can reduce the back-EMF through the 

induced transformer EMF and flux-weakening armature 

reaction, and boost the phase current. While reducing the field 

current reduces the magnitude of the back-EMF, it reduces the 

magnetic energy and weakens the torque capability.  

IV. EXPERIMENTAL RESULTS 

A three-phase 12/8-pole DSEM prototype is designed and 

manufactured. Litz-wire phase winding is used to minimize the 

AC loss [20]. The key parameters are listed in Table I, and the 

prototype and test rig are shown in Fig. 21. Fig. 22 shows the 

hardware platform diagram. The DC-link voltage is 48V, and 

the three-phase full-bridge power converter using air-cooling is 

employed. Since the dual-pulse control mode is used at high 

speed, the switching frequency of the power converter is 

decreased. The supply frequency is 2.4kHz at 18000r/min.  

  
(a) (b) 

Fig. 21.  (a) Stator wound with Litz-wire phase winding. (b)Test rig. 

The closed-loop Hall current sensors are used for phase 

current detection. The response time of the current sensor is less 

than 1s. The brushless resolver is used for rotor position 

detection. The accuracy is within 10’. 

 
Fig. 22.  Hardware platform diagram. 

 
Fig. 23.  Amplitude of line-to-line back-EMF versus field current without 
armature current. 

         
(a) 

          
(b) 

Fig. 24.  Measurement of mechanical loss for high-speed operation. (a) 
Free-speed-down experiment. (b) Mechanical loss. 

            
Fig. 25.  Loss versus turn-on angle and field current for different torque 
requirements at 12000r/min. 

The amplitude of line-to-line back-EMF is increased with the 

increase of the field current as shown in Fig. 23. The flux-path 

is susceptible to saturation when the field current is increased. 

Thus the amplitude of line-to-line back-EMF is increased 

slowly with the large field current. At 18000r/min, the back-

EMF is much higher than the DC-link voltage. In an event of 
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the converter failure, the field current is cut off, and the back-

EMF is reduced to zero for safety.  

 
Fig. 26.  Measurement of torque–speed curve. (If=7A) 

 
[66.7A/div, 20V/div]   

(a) 

 
(b) 

 
[66.7A/div] 

(c) 

 
(d) 

Fig. 27.  Phase current and voltage waveforms. (a) Measured 

waveforms and (b) simulated waveforms (on=40o, If=4A, n=4800r/min). 
(c) Measured current waveforms and (d) simulated current waveforms 

(on=70o, If=6A, n=18000r/min). 

The mechanical loss is measured by the free-speed-down 

experiment as shown in Fig. 24. The DSEM operates at 

18000r/min at no load, and then both the power converter and 

the field current regulator are cut off simultaneously. The 

DSEM decelerates from 18000r/min due to the bearing friction 

and windage as shown in Fig. 24(a). The drag torque is 

expressed as  


 drag

d
T J

dt
                                 (7) 

where J is the moment of inertia of the rotor,  is the 

mechanical angular velocity. Therefore the mechanical loss is 

obtained as shown in Fig. 24(b). The mechanical loss is 

basically in cubic relationship with the rotor speed. Because of 

the salient rotor structure and shaft-driven fan, the mechanical 

loss is high at high speed. The calculated loss for various torque 

requirement is shown in Fig. 25. The minimized loss is 

achieved at the points marked by pentagram.  

Fig. 26 shows the measured torque-speed curve when the 

field current is set to 7A and the turn-on angle is regulated as 

shown in Fig. 19(b). The amplitude of line-to-line induced 

back-EMF is up to 260V at 18000r/min with field current of 7A, 

while the DC-link voltage is only 48V. The wide speed range is 

realized under lower DC-link voltage. The commutation 

accuracy at high speed and measurement deviation cause the 

difference between simulated and experimental results. The 

windage loss results in decrease of the output power at high 

speed. The phase current waveforms are shown in Fig. 27. Both 

the experimental and simulated waveforms are in good 

agreement. 

V. CONCLUSION 

In this paper, a dual-pulse mode control of a high-speed 

DSEM for the improvement of efficiency and torque capability 

under a low DC-link voltage is proposed. The influence of the 

excitation angles on the torque performance is investigated. The 

relatively lower loss is achieved when the turn-on angle is equal 

to reversal angle. The proper turn-on angle can reduce the back-

EMF, through the transformer EMF and flux-weakening 

armature reaction, and boost the phase current. The field current 

is regulated together with turn-on angle meeting the torque 

requirement for loss reduction. The dual-pulse mode control of 

the DSEM under high-speed operation is implemented over a 

wide speed range from 4800r/min up to 18000r/min. The high 

efficiency is realized under the low DC-link voltage. The 

proposed control method contributes to better operation 

performance of the high-speed operated DSEM, and can be 

further applied for multi-phase DSEMs. 
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