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Abstract—The traditional doubly salient electromagnetic 

machine system sets the filed current to the rated value 

regardless of load or speed conditions, resulting the problem of 

large power loss and the limitation of system efficiency. In order 

to solve this problem, this paper presents a coordinated control 

strategy of DSEM armature current and field current under 

multiple working conditions. The loss of DSEM is firstly 

analyzed, then the loss finite element calculation model is 

established based ANSYS simulation. The obtained physical 

quantities are mathematically fitted, and it’s utilized for the 

actual current distribution and coordinated control. High 

efficient operation over wide ranges of load and speed conditions 

is desired to be achieved. The simulation and experimental 

results verify the correctness and feasibility of the proposed 

method. 

Keywords—Doubly salient electromagnetic machine, 

Optimization control strategy ， Minimum loss ， Current 

distribution 

I. INTRODUCTION  

The stator and rotor of Doubly Salient Electromagnetic 
Machine (DSEM) are both of salient pole structure. There’s 
no winding or permanent magnet on the rotor. It has the 
characteristics of high reliability, flexible magnetic regulation 
control and strong fault tolerance especially under high-
temperature and high-speed conditions. So DSEM has broad 
application prospects in aviation, new energy power 
generation and electric vehicles [1-4]. 

DSEM often operates over wide ranges of speed and load. 
The traditional DSEM system sets the filed current to the rated 
value regardless of load or speed conditions, resulting the 
problem of large power loss and the limitation of system 

efficiency，especially under light load condition, if the rated  
field current is adopted, the motor loss will be increased, 
resulting in low system efficiency [5]. 

At present, lots of scholars have achieved relavent 
research results for the current coordination optimization 
control of motor and the reduction of operating loss. In [6], a 
simple motor model is used to identify the optimal parameters 

of the torque distribution function for SRM, and the 
optimization algorithm of the torque distribution function is 
summarized to achieve the purpose of maximizing efficiency. 
This method can effectively improve the motor operation 
efficiency, but the effect on the field adjustable DSEM is poor. 
[7] puts forward a new type of DSEM control strategy based 
on armature current rating and field current regulation, which 
improves the system efficiency and suppress the cogging 
torque ripple to a certain extent. However, due to the large 
field inductance of DSEM, the time constant is large, so only 
adjusting the field current will affect the dynamic performance 
of the motor. [8] proposes a method of minimizing the field 
current increment by controlling the conduction angle to 
improve the dynamic response characteristics of the motor, 
which can obtain a fast response of the motor dynamic process 
by adjusting the field current. But the effect of this method is 
not obvious in wide speed range, especially in light load 
condition. [9] cites the penalty function and adopted Lagrange 
method to propose a control method for minimizing the 
copper loss of salient pole motor, only the copper loss is 
considered for the optimization, the influence of iron loss is 
ignored. In [10], to solve the problem of low efficiency of 
variable flux vernier reluctance motor, an optimal control 
strategy for improving full speed operation is proposed based 
on the D and Q axis coordinate system of synchronous 
rotation. This method can realize loss minimization control, 
but it is only applicable to sinusoidal control motor. 

Reducing the loss of DSEM under light load is an 
important problem to be solved. In this paper, a coordinated 
and optimized control strategy of DSEM armature current and 
field current under multiple conditions is proposed. The 
DSEM loss is firstly analyzed in detail,  and then the finite 
element method (FEM) is applied to establish a loss finite 
element calculation model in ANSYS. The corresponding 
motor field current and armature current under different speed 
and torque parameters are simulated, and the obtained 
physical quantities are mathematically fitted. And then the 
field current corresponding to the smallest sum of losses is 
obtained by the traversal algorithm and applied to the control 
of the DSEM, so as to realize the current distribution and 
coordinated control. This method can reduce motor losses and 
improve system operation efficiency in a wide speed and load 
range. Therefore, the research in this paper has important 
theoretical and engineering practical significance. 

This work was supported by National Natural Science Foundation of 

China (51907051,51737006), “Hong Kong Scholar” Program (XJ2021015), 

China Postdoctoral Science Foundation (2020M671317), the open fund 
Project of Jiangsu Key Laboratory of Power Transmission & Distribution 
Equipment Technology (2021JSSPd09), and Jiangsu Province Graduate 

Student Practice Innovation Program (SJCX22_0181). 
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II. THE BASIC WORKING THEORY OF DSEM  

Fig. 1 shows the cross-sectional view of a 12/8 pole 
DSEM, both of the stator and rotor are with salient structure. 
No armature windings or field windings are mounded the 
rotor, contributing to its high reliability under harsh working 
conditions, so is has a promising application for aero power 
system, wind power generation, etc. 

Rotor

Armature 

Winding
Stator

Field 

Winding

 
Fig.1. The cross section of the DSEM with the structure of 12/8-pole 

Fig. 2 shows the power drive circuit for the DSEM. The 
armature winding drive uses a three-phase full-bridge inverter, 
and the field winding control uses an asymmetric half-bridge 
converter[11]. The two converters are powered by the same 
DC power supply. There are two parts consisted of the  torque 
Tp of each phase of the DSEM: reluctance torque Tpr and field 
torque Tpf, of which the field torque is the main component. 
They are expressed as: 
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Where Tp, ip, Lp (p=a, b, c) are three-phase torque, 
current and inductance, respectively; Lpf is the mutual 
inductance of three-phase windings and field windings. 
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Fig.2. Main power circuits for DSEM driving 

Fig. 3 shows the three-phase inductance curves and the 
general conduction rule of  DSEM. Positive current is 
conducted to the inductor rising area, while negative current 
conducts through the inductor falling area. In order to ensure 
the stable operation of the electric cycle, three commutation 
instants should be detected in time. 

 
Fig.3. “120° three step” conduction mode  

III. LOSS ANALYSIS AND FINITE ELEMENT SIMULIATION OF 

DSEM  

A. Loss analysis of DSEM  

Fig. 4 shows the loss flow diagram of the DSEM. Ps and 
Pt are the loss of the power devices of the system inverter, and 
this part of the loss is reduced mainly by updating the devices 
and improving the modulation strategy. Pm and Pz are the 
mechanical loss and stray loss, respectively, which are 
reduced mainly by improving the motor structure, so they are 
usually not involved in the study of control strategies. The 
main losses in the operation of the motor are iron loss Pfe and 
copper loss Pcu, and for the motor that have been designed and 
used, this part of the loss can be reduced by improving the 
control strategy, so this paper analyzes the iron loss and 
copper loss of the motor at first. 

Pin P1 Pem P2

Ps

Pt
Pfe

Pcu
Pm

Pz

n

Te

DSEMInverter
 

Fig.4. Loss flow diagram of DSEM 

The copper loss of DSEM can be expressed as: 

2 2

pcu cu cuf p p p F FP P P k i R i R= + = +                (3)    

The iron loss is made up of  hysteresis loss, eddy current 
loss, and additional loss, and a three-term loss separation 
model can be established [12]. In further, the binomial model 
considering the additional loss as a part of the eddy current 
loss is proposed [13]. This paper analyzes the power of DSEM 
based on the above theories, the expression of PFe can be 
obtained. 

2 2( )
Fe h c h m c m

p p p k B f k B f= + = +         (4)    

However, the hysteresis loss coefficient kh and eddy 
current loss coefficient kc of ferromagnetic materials will vary 
with the change of physical quantities such as magnetization 
frequency and magnetic density amplitude, it is difficult to 
obtain online. So when calculating the iron loss, the magnetic 
density amplitude is simplified and analyzed according to the 
average method. 

2 2 2max min max min( ) ( )
2 2

Fe h c h c

B B B B
P P P k f k f

− −
= + = +

       (5) 

The relationship between the motor magnetic density and 
the magnetic chain is as shown in equation (6), ignoring the 
self-inductive change of the three phases of the motor, and the 
definition of the magnetic chain is shown in equation (7): 

B kϕψ=                               (6) 

F pFi Lψ =                             (7) 

Combining (5), (6), (7), formula (8) can be obtained. 
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So a model of iron los for DSEM can be achieved, as 
shown in formula (9). 

2 2 2

1 2Fe F FP k i k iω ω= +                  (9) 

In summary, the expression of the sum of iron loss and 
copper loss during DSEM operation can be obtained as 
follows: 

2 2 2 2 2

1 2
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= +

= + + +
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Where kp=2, 
2

max min

1

( )

4 2

pF pF

h

L L
k k

π

−
= ⋅

⋅
，

2

max min

2

( )

4 2

pF pF

c

L L
k k

π

−
= ⋅

⋅
. 

Under the aforementioned condition of ignoring the motor 
reluctance torque [14], the output torque of the motor can be 
expressed as: 

2 2 ( , )
p F

e p F p t F p F p

L
T T i i C i i i i

θ

∂
= = =

∂

       (11) 

Where Ct is the torque coefficient of the motor.  

Using the Lagrange multiplier method, the minimum loss 
field current under the current working conditions is obtained 
according to the torque and speed of the motor: 
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B. Finite element simulation analysis and parameter fitting  

In order to obtain the parameters in formula (12), the iron 
loss should be accurately calculated, in this paper, it’s 
obtained through ANSYS FEM simulation. Firstly, the stator 
and rotor of the motor are divided into several micro elements, 
and the electromagnetic field of the motor is analyzed by FEM, 
and the magnetic density change curve at the midpoint of each 
micro element is obtained. The ferromagnetic loss of each 
micro element is calculated according to the calculation model 
of ferromagnetic materials, and then the sum is the total iron 
loss of the motor [15]. Meanwhile, the simulation can obtain 
physical quantities such as torque and loss under the 
combination of field current and armature current at different 
speeds. The relationship between the obtained 
electromagnetic torque coefficient Ct and the field current and 
armature current is shown in Figs. 5 and 6. Among them, Fig. 
6 shows the fitting curve of electromagnetic torque coefficient 
Ct and armature current ip under five conditions of iF = 2M (M 
= 1, 2,... 5). 

From Fig. 5 and Fig. 6, the relationship between the 
electromagnetic torque coefficient and the field current and 
armature current can be concluded as follows: the 
electromagnetic torque coefficient shows a weak correlation 
with the armature current, and its change trend is mainly 
determined by the change of field current. The main reason for 
the analysis is that the field inductance of DSEM is much 
greater than the self-inductance of the armature, so the field 
torque component of the motor is much greater than the 
reluctance torque component. Considering the influence of 
magnetic field saturation of the motor, it can be approximated 
that the electromagnetic torque coefficient Ct can be expressed 
by the field current iF  piecewise linearly. 
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Fig.5. Relationship between electromagnetic torque coefficient Ct with iF 
and ip  
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Fig.6. Relationship between electromagnetic torque coefficient Ct with ip  

Using the sum of iron loss and copper loss obtained by 
simulation under different speeds, field currents, and armature 
current combinations as a reference value, according to 
equation (10), the values of parameters k1 and k2 are obtained 
by using the least squares method. 

In summary, based on the ANSYS finite element 
simulation and calculation, the values of the electromagnetic 
torque coefficient Ct(iF) and the parameters k1 and k2 are 
obtained, so the field current distribution value that satisfies 
the sum of the motor operating losses under any one working 
condition can be calculated, and then the current coordination 
and optimization control can be practiced, which can reduce 
the motor loss in a wide speed load range and improve the 
system operation efficiency. 

Table I shows the simulation results at 1000rpm and 
3.4Nm of DSEM in ANSYS. The loss under the coordinated 
optimization control strategy is smaller than that of the 
traditional control strategy. 

TABLE Ⅰ. Finite element simulation results 

Control strategy iF/A ip/A Loss/W 

Traditional control 6 5 88.64 
Coordinated optimization control 4.6 6.5 82.23 

 
Fig. 7 and Fig. 8 show the DSEM magnetic density 

simulation diagram under the traditional control strategy and 
the current coordination optimization control strategy, 
respectively. When the mechanical angle is 0°, the magnetic 
density of the motor under the traditional control strategy is 
significantly greater than that of the current coordination 
optimization control strategy. When the motor is rotated to a 
mechanical angle of 15°, the magnetic density of the 
coordinated optimization control strategy is also smaller than 
that of traditional control. Simulation results show that the 
proposed optimal control strategy can reduce motor loss and 
improve operation efficiency. 
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(a)  0°                            (b) 15° 

Fig.7. Simulation diagram of DSEM magnetic density of traditional method  

       
(a)  0°                            (b) 15° 

Fig.8. Simulation diagram of DSEM magnetic density of Current 
coordination optimization method 

IV. COORDINATED  OPTIMAL CONTROL METHOD OF FIELD 

CURRENT AND ARMATURE CURRENT  

The traditional DSEM system sets the field current to the 
rated value regardless of load or speed conditions, resulting in 
the problem of large power loss and the limitation of system 
efficiency. In order to solve this problem, this paper presents 
a coordinated control strategy of DSEM armature current and 
field current under multiple working conditions. It avoids 
complex iron loss calculations while enabling efficient 
operation of the motor over a wide speed load range. 

The key to the current coordinated optimization control 
strategy proposed in this paper lies in: 

1) The torque of the motor should be accurately 
calculated. Due to the slow update rate of the 
platform torque sensor, it cannot be applied to the 
control system. In this paper, the field current and 
armature current are sampled to calculate the 
accurate torque value of the motor operation 
through the torque observer. 

2) The motor losses are precisely acquired. Since the 
iron loss parameters of the motor are difficult to be 
obtained or calculated online, the loss model is 
established in ANSYS, and the motor loss data 
under different working conditions is obtained by 
offline calculation. 

3) The given value of the current is traversed in real 
time. This paper shortens the program execution 
time by programming the frequency adjustment to 
ensure the accuracy of the calculation, so that the 
results obtained by the traversal are consistent with 
the parameters of the current operating conditions, 
so as to achieve accurate traversal of a given current. 

The proposed control strategy diagram shown in Fig. 9 is 
utilized to optimize the control of current coordination by 
distributing the least field current between the sum of iron loss 
and copper loss. The main circuit part of DSEM is a double 
closed-loop structure with speed and armature current. The 
output of the current closed loop is connected to a PI regulator. 
The drive signal of the full-bridge converter is then generated. 
The field circuit obtains the torque of the motor operation 
through the torque observer. Using the traversal algorithm and 
combining the real-time speed, the iron loss  and copper loss 
values under different field currents are calculated, and then 
the output of the field current at the minimum loss is used as 

a given value to form a closed loop of the field current. And 
the field current output generates the drive signal of the 
asymmetric half-bridge converter through the PI regulator. 
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Fig.9. DSEM current coordination control strategy diagram  

The specific distribution process of field current is shown 
in Fig. 10. First of all, the finite element loss calculation model 
is built in ANSYS, the iron loss and copper loss of the DSEM 
under different torque and speed conditions are obtained, and 
the obtained physical quantities are mathematically fitted. 
Then, combined with the torque and speed of the motor 
operation, the field current is traversed and calculated over the 
range of 0-10A according to the 0.1A interval, and the field 
current with the smallest sum of losses is obtained as a given 
value output to form a closed loop of field current. 
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Fig. 10. Flow chart of field current distribution 

Ⅴ. EXPERIMENTAL RESULTS  

Fig. 11 shows the DSEM experimental prototype platform. 
It mainly contains a 12/8 pole three-phase DSEM, three-phase 
full-bridge inverter circuit, permanent magnet synchronous 
motor coaxially connected to DSEM, sampling and driving 
circuit, adjustable ohmic load, etc. When the system operates, 
DSEM acts as a motor to drag the coaxial PMSM rotation 
power generation, connects the adjustable ohmic load through 
the rectifier bridge. 
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DC Power 

Oscilloscope

 Torque Sensor
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circuits
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Fig. 11. Experimental prototype 
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Fig. 12 shows the comparison diagram of current 
experiment between traditional control strategy and optimized 
control strategy under no-load condition at 1000 rpm. Fig. 13 
shows the comparison diagram of 600 rpm and 48 Ω loading. 

iF(5A/div) iF=6A

ia(2.5A/div)
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n=1000rpm
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(a) Traditional method 
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T/(2ms/div) 

(b) Proposed method 

Fig. 12. Experimental comparison diagram of R = ∞ 
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Fig. 13. Experimental comparison result of R = 48Ω 

Fig. 14 shows the experimental comparison of the DC bus 
currents obtained by the two strategies under different 

operating conditions. Due to the accuracy limitation of torque 
sensor, this paper analyzes the power loss through the DC bus 
current from DC power display. The results show that the DC 
bus current of the current coordination optimization control 
strategy is significantly lower than that of the traditional 
control strategy, that is, the motor loss is more smaller. 
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Fig. 14. The comparison diagram of DC bus current under different working 
conditions of two strategies 
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Fig. 15. The dynamic acceleration and deceleration experimental results 

Fig. 15 shows the experimental results of motor 
acceleration and deceleration under the coordinated 
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optimization control strategy, and the experimental results 
show that the strategy has good dynamic effect, which can 
achieve stable operation of the DSEM. 

Ⅵ. CONCLUSIONS 

Large power loss is caused by the rated filed current under 
the traditional DSEM control strategy. To overcome this 
problem, the DSEM power loss is analyzed in this paper, 
based on the FEM simulation results and power loss fitting 
calculation method, a coordinated optimization control 
method of field current and armature current is proposed, it 
can improve the system efficiency over wide ranges of load 
and speed condition. The effectiveness of the proposed 
method is verified by multifarious experiments. 
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