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1. Introduction
Switched reluctance generator (SRG), a kind of the special motor free of rare-earth materials, possesses 
the advantages of both simple structure and flexible switching between electric and power states (Li and Li, 
2002; Torrey, 2002). Compared with three-stage brushless synchronous starter/generator system (Oyama 
et al., 2010), electromagnetic doubly salient starter/generator system (Zhang et al., 2018) and asynchronous 
motor starter/generator system (Hu et al., 2006), switched reluctance starter/generator system (Cai and Deng, 
2012; Chen and Gu, 2010) can reach the demand of supply system in many fields, such as electric vehicles, 
wind power generation and aerospace engineering (Barros et  al., 2017; Gan et  al., 2017; Krishnamurthy 
et al., 2006). Despite the availability of many advantages, the power generation capacity of single-machine 
is not sufficient. Therefore, experts and scholars at home and abroad have been devoted to the question of 
how to enhance the efficiency of parallel power generation system (Liu et al., 2002; Peng et al., 2011; Zhang  
and Pan, 2004).

To enhance the reliability, anti-interference ability and generation capacity of power generation system (Chang 
and Liaw, 2008; Sun et al., 2011; Xiong et al., 2009), SRGs are connected in parallel on the basis of improving 
the generation capacity of a single SRG so as to fulfil the actual demand of various loads. However, the generator 
overload and uneven power distribution caused by different external characteristics of each generator usually make 
performance of parallel system to undergo degradation (Chen et al., 2014; Zhou et al., 2019). Therefore, addressing 
the question of how to rationally allocate power generation between each SRG is the key to design a parallel control 
strategy (Panov et al., 2008; Schofield et al., 2009; Song et al., 2014).
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Abstract: �To solve motor heating and life shortening of parallel switched reluctance generator (SRG) induced by uneven output currents due to 
different external characteristics, we generally adopt current sharing control (CSC) to make each parallel generator undertake large load 
currents on average to improve the reliability of parallel power generation system. However, the method usually causes additional loss 
of power because it does not consider the efficiency characteristics of each parallel generator. Therefore, with the efficiency expression 
for the parallel system of SRG established and analysed, the control strategy based on differential evolution (DE) algorithm is proposed 
as a mechanism by which to enhance generating capacity and reliability of multi-machine power generation from the perspective of 
efficiency optimisation. We re-adjust the reference current of each parallel generator to transform the working point of each generator 
and implement the efficiency optimisation of parallel system. The performance of the proposed control method is evaluated in detail by 
the simulation and experiment, and comparison with traditional CSC is carried out as well.
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Control strategy for optimisation in parallel SRG

Current sharing control (CSC), a general method, is used to keep the output power equilibrium between each 
parallel SRG (Choi et al., 2014; Rahmanian et al., 2017; Sikder et al., 2014). Although the traditional CSC can 
implement effective distribution of load power, it cannot realise the optimisation of system efficiency.

According to the operation of parallel SRGs, Ju (2008) pointed out that external CSC chip was used to implement 
sharing of current but it reduced the reliability of the whole system to a certain extent. Zhou (2011) proposed that 
CAN bus communication is combined with traditional CSC. The method made up for the shortcoming of master-
slave CSC method. Ren et al. (2019) proposed a CSC method based on virtual impedance to aim at the LLC 
resonant converter in parallel. The method implemented easy current sharing and extended modules. Du et al. 
(2019) proposed, compared with the traditional CSC, a finite time control method for the CSC of DC-DC converters 
to enhance the responding speed and steady-state performance. Chen et al. (2016) proposed that the proportional 
integral sliding mode control can be combined with master-slave CSC method to enhance the robustness of DC-DC 
parallel system with the capacity of current sharing. Based on the analysis of the above methods, it is found that 
an effective control strategy for parallel operation of SRGs is essential. Therefore, according to actual operation 
condition, we can re-adjust the output currents of each parallel SRG to implement the optimisation of overall 
efficiency and reduce energy losses.

In this paper, an uneven current distribution control method is proposed to implement efficiency optimisation 
of parallel power generation system. We take the general efficiency of parallel power generation system as the 
optimal objective. To solve the nonlinear problem of SRG, differential evolution (DE) algorithm is introduced to 
optimise currents of each phase winding. The rest of this paper is organised as follows. In Sections 2–4, the 
efficiency optimisation model of parallel power generation system is established on the basis of the calculation 
formula of general efficiency and the expression of efficiency characteristics of single SRG. Section 5 describes the 
optimisation process based on DE algorithm and designs the key parameters of algorithm. In Section 6, the output 
voltage and current waveforms are simulated under the traditional CSC method and the efficiency optimisation 
control (EOC) method. In Section 7, experiments of uneven current distribution scheme are carried out. The 
feasibility and effectiveness of the proposed control method are verified by comparing the actual efficiency of 
different control methods under different load currents.

2. Efficiency Characteristics of SRG
We first analyse the energy distribution of a single SRG to implement the optimisation of multi-parallel power 
generation system. Figure 1 shows the energy flow diagram of a single SRG, with less mechanical loss ignored. 
Therefore, we can obtain the efficiency of a single generator, as shown in Eq. (1). Tm and Te are the mechanical 
torque and electromagnetic torque of SRG, respectively, whereas UL and Iout are the load voltage and output current 
of SRG, respectively, in Eq. (1).

It can be found from Eq. (1) that the efficiency characteristic of SRG is approximately regarded as a function of 
the efficiency and output current when the input power is constant and the output voltage is stable at the rated value. 
Therefore, the efficiency of SRG under different load current is recorded through transforming the load resistance of 
output port of SRG. The efficiency characteristics curves of two parallel SRGs are obtained by quintic polynomial fitting.
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Fig. 1. Energy flow diagram of SRG. SRG, switched reluctance generator.
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3. Design Scheme with Efficiency Optimisation of Parallel System
The overall efficiency of parallel power generation system with M SRGs is 

	 1 1
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where H is the overall efficiency of parallel power generation system; Pout and Pin are the overall output power and 
input power of system, respectively; M is the number of parallel generators; Ik and IL are the output current of the 
Kth generator and the load current, respectively; and ηk is the efficiency of the Kth generator.

Equation (2) shows that H reaches the maximum when the load is constant and the denominator reaches the 
minimum. Therefore, the efficiency optimisation problem of parallel power generation system can be converted into 
the following conditional extremum problem.
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IMIN(k) and IMAX(k) are the minimum output current and maximum output current of the Kth generator in Eq. (3). To 
solve the above conditional extremum problem, the condition extremum is generally converted into unconditional 
extremum with constraints. Therefore, Eq. (3) can be further transformed into:
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To obtain the extremum of multivariate function, the partial derivatives of (I1, I2, …, IM-1) are calculated, 
respectively, and then the stagnation points of function (I1, I2, …, IM-1) are obtained; and afterwards the answer is 
verified with sufficient conditions. However, the above method must satisfy the prerequisite condition with existing 
partial derivative. In addition, there are many problems in practice, such as a large amount of calculation and slow 
convergence speed. Therefore, the DE algorithm is used for optimisation to obtain stronger global convergence 
ability and inherent parallelism. Compared with other optimisation algorithms, DE algorithm can implement massive 
parallel distributed processing and bring about a decline in the optimisation time.

Figure 2 shows that the output current distribution scheme of parallel SRGs under efficiency optimisation. 
According to the principle of efficiency optimisation, the new current allocation algorithm is introduced into the 
traditional CSC in the scheme. We adopt the algorithm to obtain the reference current of each SRG. The adjustment 
of the reference current makes the output current redistribution to optimise the overall efficiency of system.

The efficiency can be talked only in the system at steady-state, and thus efficiency optimisation under the 
transient condition will affect the security and reliability of system. Therefore, the CSC method is generally used 
to maintain stability of the system in the transient condition during actual operation. The EOC method is selected 
under system steady-state to implement the optimisation of the overall efficiency.
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4. Angle Optimisation of a Single SRG
Both the turn-on angle (θon) and the turn-off angle (θoff) have an effect on power generation efficiency. The θon and 
θoff must be optimised to minimise the energy losses of a single SRG.

The variations between the extinction angle and the generation efficiency under different rotating speeds are 
shown in Figure 3. The load resistance takes 5 Ω, and the θon is set at the range of 20–28° with 2° as the interval.

Figure 3 shows that the efficiency increases at first and then decreases with the increase of extinction angle 
when the rotating speed is constant and the θoff changes. The power generation efficiency under different θon 
essentially maintains its consistent nature till θoff increases to a certain value. The maximum efficiency points of 
power generation move backwards with the increase of rotating speed. Each phase conduction interval gradually 
becomes wider. Table 1 shows the θon and θoff with the maximum efficiency under different speeds.
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Fig. 2. Current distribution control method based on efficiency optimisation. DE, differential evolution; SRG, switched reluctance generator.
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Fig. 3. Continued
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5. Principle of Efficiency Optimisation Based on DE Algorithm
The DE algorithm is similar to the general evolutionary algorithm in structure, which consists of mutation, crossover 
and selection. First, the initial population with the satisfactory individual is randomly generated. Then, the vector 
difference of two arbitrary individuals is weighted. According to certain rules, the new individual is generated by 
summing the above vector difference and the third individual. The individuals with low adaptation degree will 
be eliminated by comparing new individuals and target individuals. The individuals with optimal value are finally 
obtained by continuous iterative operation. In this paper, the individual refers to the output current of each SRG. The 
optimal solution of current distribution is finally obtained through comparing the efficiency of parallel system under 
different distribution conditions.

5.1 Process of efficiency optimisation
Figure 4 shows the efficiency optimisation process based on DE algorithm. It can be found from Eq. (4) that there is 
a total of M-1 free variables in the problem of efficiency optimisation, including I1, I2, …, IM-1. The Mth variable consists 
of the load current and M-1 free variables, as shown in Eq. (5).

	
           ( 1,2,..., 1)M L kI I I k M= − = −∑ � (5)

Therefore, the number of load currents and parallel SRGs should be obtained first. Then, the corresponding 
initial population is generated according to the specified value of output current of each parallel SRG. According 
to certain rules, we adopt the mutation operation to randomly select three individuals and then utilise the 
crossover operation and the selection operation to generate the individual with high adaptation degree. Finally, 
the reference output currents of each SRG with optimal overall efficiency are generated by continuous iteration. 
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Fig. 3. The variation relation between efficiency, θon and θoff under different speeds.

Table 1.  The optimal θon and θoff under different rotating speeds

Speed (r/min) θon (°) θoff (°)

500 22 35

700 22 37

900 22 39

1,100 20 40

1,300 20 41

1,500 20 42
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Control strategy for optimisation in parallel SRG

In addition, Figure  4 also shows that we add the judgement after the mutation and crossover to make the 
individuals generated by the mutation and crossover satisfy the constraints. The next operation is not initiated 
until the constraints are met.

The selection and setting of key parameters play crucial roles in the output result and the convergence speed 
of the algorithm. The key parameters of algorithm mainly include mutation operator (F), crossover factor (CR) and 
group size (S).
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Fig. 4. Efficiency optimisation flow chart based on DE algorithm. DE, differential evolution.
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5.2 Basic operation of optimisation and parameter design
a)	 Generation of initial population. The S reflects the diversity of individuals in the population to a certain extent. The 

larger the S, the stronger the diversity of individuals. However, an excessive S will lead to the high complexity 
of operation process, making the convergence time of algorithm longer. The low S will lead to the difficulties in 
mutation operation. Therefore, we will find an appropriate S to implement easily global convergence and find 
the optimal solution of efficiency. The number of individuals is generally the dimension of problem space of five 
to ten times. The basic operation of the generation of initial population in this paper is 

	 (0) (0,1)( )MAX MIN MIN
ij ij ij ij ijI rand I I I= − + � (6)

	 where Iij
MAX and Iij

MIN are the maximum and minimum of output current respectively, randij(0,1) is a random 
number in [0,1].

b)	 Mutation operation. The basic mutation operation in this paper is 

	 1 2 3( ) ( ) ( ( ) ( ))         [0,2]ij p j p j p jh g I g F I g I g F= + − ∈ � (7)

	 where Ip1j, Ip2j and Ip3j refer to three individuals selected randomly from population. Their subscripts represent the 
ordinal numbers of individuals in the population, and g represents the number of current iterations. F represents 
mutation operator, which affects the diversity of individuals and the convergence of the algorithm.

	 To keep a certain convergence speed and prevent the algorithm from falling into local optimisation, the F of 
linear change in this paper is 

	 ( ) (1.2 0.3) 0.3 0.9 0.3MAX MIN MIN
G g G g G g

F F F F
G G G

− − −= − + = − + = + � (8)

	 where FMAX and FMIN are the maximum and minimum of F, respectively, and G is the total number of iterations. 
Equation (8) shows that the F increases first and then decreases with the increase of the number of iterations, 
which is compatible with the algorithm convergence condition. The above method not only effectively reduces 
the convergence time but also maintains the diversity of individuals.

c)	 Crossover operation. The DE algorithm possesses the corresponding crossover operation, which is similar to 
chromosome genetic recombination in nature. Cross-combination of individuals in the population is beneficial 
in that it facilitates retention of the original population characteristics and enhances the diversity of individuals. 
Therefore, individuals generated by crossover operation will be experimental individuals of selection operation. 
The crossover operation in this paper is

	

( 1),     or 1,  ...,  
( 1)        [0,1]

( ),                

ij ij
ij

ij ij

h g randl CR j D
v g CR

I g randl CR

+ ≤ =+ = ∈ >
� (9)

	 where randlij is a random number in [0,1], and CR is the crossover rate.
	 Equation (9) shows that the selection of CR affects the actual participation of components of each individual, 

the population diversity and the approach of algorithm approximation. The low CR will lead to the immature of 
algorithm, and on the other hand, the high CR easily makes convergence speed slow. The CR adopted in this 
paper is 

	
(0.9 0.2) 0.7

0.2 0.2MAX MIN
MIN

CR CR
CR g CR g g

G G G

− −
= + = + = + � (10)

	 where CRMAX and CRMIN are the maximum and minimum of CR, respectively.
	 Equation (10) shows that the CR reaches a very small value at the beginning of the iteration and thus transitions 

from a small to large value gradually. The CR with a large value will effectively improve the convergence speed 
of the algorithm at the end of the iteration. Figure 5 shows the diagrammatic drawing of crossover operation.
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d)	 Selection operation. To judge the advantages and disadvantages of the fresh individual generated by the above 
steps and the current individual, evaluation function can be used for selection. Consequently, the individuals 
with high adaptation degree will enter the next iteration. The overall efficiency of parallel power generation 
system is directly selected as the evaluation index in this paper. The specific operation is 

	
( 1),    ( ( 1)) ( ( 1))

( 1)
( ),    ( ( 1)) ( ( 1))

i i i
i

i i i

v g v g I g
I g

I g v g I g

η η
η η

+ + > +
+ =  + ≤ +

� (11)

6. Simulation of Current Distribution Scheme
On the basis of Eqs (3) and (4), it can be demonstrated that obtaining the efficiency characteristics of parallel SRGs 
is key to implementing the overall efficiency optimisation of parallel system. Therefore, the current distribution 
scheme with two parallel SRGs is simulated in this section. The rotation speed of Generator 1 is 500 r/min; the θon 
is 22°; the θoff is 35°. The rotation speed of Generator 2 is 1,300 r/min; the θon is 20°; the θoff is 41°, and the parallel 
load is 5 Ω.

To obtain the efficiency characteristics of two SRGs under different speeds, the data points are collected off-
line by simulation first. Then, the function relationship of each SRG is obtained by curve fitting. Figure 6 shows 
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Fig. 5. The diagrammatic drawing of crossover operation of DE algorithm. CR, crossover factor; DE, differential evolution.

1 2 3 4 5 6
55

56

57

58

59

60

61

I(A)

η 
(%

)

 Efficiency characteristic of generator 1
 Efficiency characteristic of generator 2

 
Fig. 6. Efficiency characteristic curve of generator by fitting.
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the efficiency characteristic curves of two SRGs after fitting. Finally, the polynomial with five order is used to fit the 
relevant data points and ensure a certain fitting accuracy.

Equation (12) and Table 2 show the efficiency characteristic expression and the coefficients under quintic 
polynomial.

	 5 4 3 2
5 4 3 2 1 0      ( 1,2)k k k k k ka I a I a I a I a I a kη = + + + + + = � (12)

Equation (4) shows that I1 is a free variable. The objective function of DE algorithm is

	
1 1

1 2

L

L

I
I I I

η

η η

= −+ � (13)

where the range of I1 is [1,6].
The output current I2 presents the same constraints as I1. Therefore, another constraint of I1 is

	 16 1L LI I I− < < − � (14)

To make I1 satisfy the constraint, the load current IL under steady state should be calculated. First, the parallel 
power generation system keeps stable as a result of the maximum value CSC, to make IL constant. Based on the 
above, the efficiency of parallel power generation system is optimised by adjusting the reference current of each 
SRG. The current distribution control method based on efficiency optimisation is introduced to the simulation on the 
basis of the maximum value CSC, as shown in Figure 7. The different control method is chosen from judging the 
change of the load current. Figure 8 shows the output voltage and output current waveforms of two parallel SRGs 
at the beginning of parallel operation.

The parallel power generation system firstly utilises the CSC method at the 0.4th  s, and then the output 
currents of two SRGs, which are about 2A, keep equilibrium at 0.5th s. The CSC method switches to EOC method 
during 0.08 s, and then the parallel power generation system reaches equilibrium at about 0.7th s. Meanwhile, the 
output current of Generator 1 is about 3A, and the output current of Generator 2 is about 1A. Figure 8(b) shows 
that the output voltage of two parallel SRGs are essentially kept steady at voltage rating 20 V in the whole process, 

Table 2.  Efficiency characteristic coefficient

a5 a4 a3 a2 a1 a0

Generator 1 0.0048 −0.05373 0.12043 −0.08835 2.61606 52.64754

Generator 2 0.00611 −0.08237 0.33579 −0.75247 3.26091 52.20921
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 Fig. 7. Simulation model of current distribution control based on efficiency optimisation.
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except for transient fluctuation within control method switching. To verify the dynamic performance of the parallel 
system from various aspects, we simulate the sudden load-up and sudden load-reduction of parallel system, as 
shown in Figure 9.

Figure 9 shows that the parallel system keeps equilibrium under EOC method before the first second. After the 
first second, the load current changes as the load resistance changes from 5Ω to 3Ω. The EOC method is switched 
automatically to CSC method due to the change of load current, and then the output current of each SRG is about 
3.3 A after the above adjustment. The output voltages of each SRG decrease as sudden load-up and then returns 
to the rating during 0.03 s. Finally, the CSC method is switched to the EOC method when the output current of each 
SRG reaches stability, and then the reference currents of each SRG are adjusted again.

The load resistance returns to 5Ω under sudden load-reduction at 1.8th s. In contrast with sudden load-up, the 
output voltage of each SRG increases briefly, and then the control method is switched to CSC method quickly. 
Finally, the parallel system keeps stable again during 0.1 s, and then runs in EOC method again.

Therefore, the selection of control method depends on the changes of the load current. The control method can 
be flexibly switched between the CSC method and the EOC method in the above process. In addition, the small 
voltage fluctuation generated by switching of control method is still within the tolerance range.

Table 3 and Figure 10 show that the overall efficiency of parallel system increases with the increase of the 
load current under two-control method, and the overall efficiency of the system starts to decrease as the load 
current increases to about 8 A. In addition, the overall efficiency under EOC method is always higher than CSC 
method.

O
ut

pu
t v

ol
ta

ge
 (V

)

15

20

10

0

5

30

25

0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.40 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4

O
ut

pu
t c

ur
re

nt
 (A

) 3

4

2

0

1

(a) Output current of each parallel generator (b) Output voltage of each parallel generator
Time (s) Time (s)

I1

I2

U1

U2

 
Fig. 9. The output current and voltage waveforms of each generator under sudden load-up and sudden load-reduction.
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Fig. 8. The output current and output voltage waveforms at the beginning of parallel operation.
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7. Experiment of Current Distribution Scheme
Figure 11 shows the output voltage and output current waveforms of parallel SRG before and after CSC method. 
The rotating speed of Generator 1 is 500 r/min; the θon and the θoff are 22° and 35°, respectively. The rotating speed 
of Generator 2 is 1,200 r/min; the θon and the θoff are 20° and 40°, respectively. The reference voltage of two SRGs 

Table 3.  Current distribution of each parallel SRG under different load currents

Load current (A) Reference current of Generator 1 (A) Reference current of Generator 2 (A)

3 2 1

4 2.96 1.04

5 3.87 1.13

6 4.03 1.97

7 4.25 2.75

8 4.5 3.5

9 4.94 4.06

SRG, switched reluctance generator.
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Fig. 10. The overall efficiency of parallel system under two methods.
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Fig. 11. The output voltage and current waveforms of each parallel SRG before and after CSC method. CSC, current sharing control; SRG, switched 
reluctance generator.
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is 20 V. The load resistance takes 5 Ω. Figure 11(a) shows that the setting with different rotating speed results in 
the uneven output current of each parallel SRG. The output current of Generator 1 is 3.5 A; the output current of 
Generator 2 is 0.5 A. The output voltage of both SRGs is 20 V. Figure 11(b) shows that the output currents of each 
parallel SRG are kept basically even at 2 A under CSC method. In addition, the output voltage of each SRG rises 
to a certain extent.

Figure 12 shows the output voltage and output current of each parallel SRG under CSC method and variable 
load. The output voltage of each parallel SRG drops briefly under sudden load-up at first and then returns to the 
reference voltage after about 30 ms. The output currents of each parallel SRG changes in the same way as the 
output voltages, which are 3 A. Similarly, each parallel generator possesses current sharing well under sudden load-
reduction in the whole process, except for transient voltage fluctuation.

Figure 13 shows the output voltage and output current of each parallel SRG under EOC method and variable 
load. The parallel power generation system runs under the CSC method first and then automatically switches to the 
EOC method when the system keeps stable.

In consequence, the parallel power generation system re-adjusts output current according to the changes of 
the load current to implement the efficiency optimisation. Each parallel SRG keeps stable in the whole operation, 
except for transient fluctuation during control method switching. Table 4 shows the overall efficiency of the system 
with different load currents under the CSC method and the EOC method.
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Fig. 13. The output voltage and current waveforms of each SRG under different load currents (EOC method). EOC, efficiency optimisation control; 
SRG, switched reluctance generator.
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Fig. 12. The output voltage and current waveforms of each SRG under sudden load-up and load-reduction (CSC method). CSC, current sharing 
control; SRG, switched reluctance generator.
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8. Conclusion
To promote the application of multi-machine parallel power generation system in the aerospace power supply system, 
a current distribution control method with efficiency optimisation is proposed in this paper. The EOC method and 
CSC method work together to optimise the overall efficiency of parallel system in the uneven current distribution 
control method. First, we obtain the efficiency expression of parallel power generation system on the basis of  
the efficiency characteristic curves of each SRG after fitting. Then, the optimal objective is confirmed as the overall 
efficiency of parallel system. Besides, the reference current of each parallel SRG is adjusted by utilising DE algorithm 
to transform the working point of each generator and implement the efficiency optimisation. In conclusion, the detailed 
simulation and experiment indicate that compared with the traditional CSC, the proposed method in this paper can 
effectively reduce unnecessary losses and enhance the overall efficiency of parallel power generation system.
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Table 4.  The comparison of overall efficiency under two control methods

Load current (A) The overall efficiency of system (%)

CSC method EOC method

3 56.1 57.3

4 56.9 58.6

5 57.6 59.2

6 58.9 59.4

7 59.2 60.3

8 59.6 60.1

CSC, current sharing control; EOC, efficiency optimisation control.
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