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ABSTRACT: To ensure an uninterrupted power supply, mobile power sources (MPS) are widely deployed in power
grids during emergencies. Comprising mobile emergency generators (MEGs) and mobile energy storage systems
(MESS), MPS are capable of supplying power to critical loads and serving as backup sources during grid contingencies,
offering advantages such as flexibility and high resilience through electricity delivery via transportation networks. This
paper proposes a design method for a 400 V–10 kV Dual-Winding Induction Generator (DWIG) intended for MEG
applications, employing an improved particle swarm optimization (PSO) algorithm based on a back-propagation neural
network (BPNN). A parameterized finite element (FE) model of the DWIG is established to derive constraints on its
dimensional parameters, thereby simplifying the optimization space. Through sensitivity analysis between temperature
rise and electromagnetic loss of the DWIG, the main factors influencing the machine’s temperature are identified,
and electromagnetic loss is determined as the optimization objective. To obtain an accurate fitting function between
electromagnetic loss and dimensional parameters, the BPNN is employed to predict the nonlinear relationship between
the optimization objective and the parameters. The Latin hypercube sampling (LHS) method is used for random
sampling in the FE model analysis for training, testing, and validation, which is then applied to compute the cost
function in the PSO. Based on the relationships obtained by the BPNN, the PSO algorithm evaluates the fitness and
cost functions to determine the optimal design point. The proposed optimization method is validated by comparing
simulation results between the initial design and the optimized design.

KEYWORDS: Dual winding; induction generator; mobile emergency generator; optimization design; BP neural
network

1 Introduction
To avoid large-scale power outages caused by routine maintenance or emergencies, which could severely

impact industries and daily life, the demand for mobile power sources (MPS) has been steadily increasing
[1–6]. Comprising mobile emergency generators (MEGs) and mobile energy storage systems (MESS), MPS
provide flexible backup power for critical loads and enhance power system resilience [1–3]. The combination
of MESS with MEGs improves generator fuel efficiency and reduces energy losses [1], while the use of MESS
also helps lower carbon emissions [2]. Together, MPS offer mobility, rapid deployment, and high adaptability
in response to grid contingencies or disaster scenarios [3]. Recent research has focused on strategies to
improve MPS planning and operation for resilience enhancement, including stochastic investment planning
to minimize total resilience costs [4], coordinated deployment of MEGs and MESS to strengthen system
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robustness [5], and routing and scheduling frameworks for optimal MPS dispatch during distribution system
restoration [6].

Generally, MEGs provide a single voltage level due to the specific rated output voltage of the onboard
generator, which limits their versatility across different voltage levels. For example, a generator rated at
400 V cannot directly supply 10 kV for a high-voltage grid. According to the literature, one approach to
achieving multi-voltage power supply is to employ multiport transformers [7–9]. For instance, a transformer
topology based on a three-phase four-arm full-bridge modular multilevel converter is presented in [7] to
provide a 10 kV AC/±10 kV distribution grid. However, such topologies require multiple power converters
and transformers, leading to large size, high complexity, low integration, and increased cost, which may
render them unsuitable for MEG applications.

To improve the flexibility of MEGs and achieve multi-voltage power supply, another approach is to
increase the output ports of the generator to provide different voltage levels [10–12]. The use of a multi-
winding generator allows different output voltages to be obtained by adjusting the turn ratios between
windings, eliminating the need for external transformers or full-bridge modular multilevel converters, and
enabling a more compact and integrated structure. Double-fed induction generators (DFIGs) can provide
multiple output ports, making them capable of delivering different voltage levels. However, DFIGs rely on
brushes and slip rings, which increase maintenance requirements and reduce overall reliability. To overcome
these limitations, dual-winding induction generators (DWIGs) offer a brushless rotor design, which reduces
maintenance costs and enhances reliability [12]. In addition, DWIGs can provide different voltages by
adjusting the turn ratio between the two stator windings, and both windings are capable of supplying power
to the grid [13–15]. The flexibility in designing the turn ratios allows DWIGs to accommodate a wide range of
voltage and current requirements [16–18]. A higher turns ratio produces a low-voltage, high-current output,
whereas a lower turns ratio yields a high-voltage, low-current output. In this study, the MEG is required to
deliver two voltage levels—400 V and 10 kV—and the DWIG with dual stator windings is well-suited for this
purpose. Optimizing the design further improves the overall efficiency of the generator.

The dual stator windings of the DWIG result in increased design complexity relative to standard
induction machines. Several studies have addressed DWIG optimization [19–23]. For instance, a genetic
algorithm has been applied to maximize efficiency in wind farm applications [19]; however, in that study,
the two windings have different pole pairs, unlike the DWIG considered here. Particle swarm optimization
has been used to determine the optimal current in the control winding (CW) for low-voltage, high-current
applications [20]. To reduce the size of the associated power converter, the excitation capacitor has been opti-
mized to minimize CW current [21]. Additionally, system parameters have been tuned to achieve improved
static and dynamic performance [22]. Despite these advancements, high-voltage applications—where the
power winding must deliver 10 kV—pose significant insulation and winding design challenges. To date, there
appears to be no research specifically addressing the design of DWIGs for 10 kV high-voltage applications.

This paper proposes a design method for DWIG employing a BPNN-improved-PSO algorithm. A
parametric finite element model of the DWIG is established to derive the design constraints. Due to the
difficulty of determining the nonlinear relationship between the DWIG parameters and performance, a
BPNN is used to predict the relationship between design parameters and optimization objectives. The PSO
algorithm is then employed to identify the optimal design point that minimizes the cost function predicted
by the BPNN. Finally, finite element simulation results at the optimal point validate the effectiveness of the
proposed design method.
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2 Structure of DWIG-Based MPS
The configuration of the DWIG-based MPS is shown in Fig. 1. The DWIG has a squirrel-cage rotor and

two groups of stator windings. One is 400 V low-voltage winding (LW) and the other is 10 kV high-voltage
winding (HW). The LW is connected to a static excitation converter, which provides the reactive power. The
400 V LW is connected to the 400 V, 50 Hz grid, while the HW is connected to the 10 kV, 50 Hz grid. The
LW has fewer turns than the HW. By flexibly designing the turns ratio between the HW and LW, the DWIG
can output multiple voltage levels.

Figure 1: DWIG-based 400 V-10 kV MPS

3 Initial Design of 400 V–10 kV DWIG

3.1 Dimensions of DWIG
When the DWIG is generating, the rotor absorbs mechanical energy, which is transmitted to the stator

and converted into electrical energy. The transmitted power is called electromagnetic power, which can be
expressed as the calculated power. The sizing equation can be expressed as follows:

D2
1i le f =

Ce (PN l + PN h)
(kw l Al + kw h Ah)Bδ nη cos φ

(1)

where PNl and PNh are the LW and HW rated power, respectively, kwl and kwh are the LW factor and HW
factor, respectively, Bδ is the air-gap flux density, Al and Ah are the surface current density of LW and HW,
respectively, n is the rotor speed, η is the efficiency, cosφ is the power factor, Ce is the motor constant, D1i is
the stator inner diameter, lef is the machine length, which can be expressed as in [23]:

le f = λ πD1i

2p
(2)

where λ is the dimension ratio, p is the number of pole pairs.
The surface current density Al and Ah are determined as follows:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Al =
mNl Il

πD1i

Ah =
mNh Ih

πD1i

(3)
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where m is the phase number, Nl and Nh are the LW and HW turn number of every phase, respectively, Il
and Ih are the LW and HW current, respectively.

Substituting (2), (3) into (1), the stator inner diameter can be determined as:

D1i =
�
��� 2pCe (PN l + PN h)

λmBδ nη cos φ (kw l Nl Il + kw h Nh Ih)
(4)

For the DWIG, it needs reactive power for the excitation in generation. The reactive power used for the
generating excitation is provided by the static excitation converter on the LW side. Defining the rated active
power as PN , the total reactive power of the DWIG QN is:

QN = PN tan φ (5)

where φ is the power factor angle. The current of LW can be derived from (6):

Il =
√

P2
l + Q2

l
3Ul

=

√
P2

N l + (PN tan φ)2

3Ul
(6)

where PNl is the active power of LW side and Ul is the phase voltage of the LW.
The HW current Ih can be expressed as:

Ih =
Pl h

3Uh
(7)

Substituting (6), (7) into (5), the initial design of stator inner diameter D1i can be determined as:

D1i =
�
�����

2pCe (PN l + PN h)Ul

λBδ nη cos φNl (
√

P2
N l + (PN tan φ)2 + PN h)

(8)

The stator slot number is related to the coil number. More stator slot number brings higher winding
distribution factor but needs more insulation. With this consideration, the number of the stator slots is
determined as 48. The number of slots in every pole and every phase q = 4. The rotor slot is selected as 58.

3.2 Parametric Model of DWIG
Fig. 2 shows the quarter section-view structure of DWIG. The wide-open-parallelled slot is selected for

the convenience of the coiling and insulation.
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Figure 2: The quarter section-view structure of DWIG

The core loss is related to the saturation. Generally, the flux density of the stator teeth should be no more
than the constraint point of the steel (about 1.8 T). The minimum width of the stator tooth bstmin should
satisfy the condition as follows:

bst min =
Bδ t1

Bst KFe
(9)

where KFe is the lamination factor. t1 can be expressed as follow:

t1 =
πD1i

Z1
(10)

According to Fig. 2, bstmin should also satisfy the condition by dimension limit:

bst min

tan (0.5αs)
+ bs

sin (0.5αs)
= D1i (11)

where αs is the stator slot angle, bs is the stator slot width, and δ is air gap length. The stator tooth maximum
width is:

bst max = 2hs sin (0.5αs) + 2bst min (12)

The stator outside diameter is calculated as follows:

D1o = D1i + 2 (hs + hs j) (13)

where hs and hsj are the stator slot height and stator yoke height, respectively.
The rotor slot dimensions can be calculated as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

br1 = tan (0.5αr) [Dsi − 2δ − 2hr0 − 2hr1 − br t/ sin (0.5αr)]
br2 = (br t/ sin (0.5αr) − 2hr j − Dr i)/(1 − 1/ tan (0.5αr))
hr2 = 0.5 (br1 − br2) / tan (0.5αr)

(14)

The geometric constraint expressed in (10) to (13) can be used to reduce the design variables and establish
the parametric model of the DWIG. The detailed parameters of the initial design of the DWIG are shown
in Table 1.
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Table 1: The initial design of parameters of the DWIG

Parameter Value Parameter Value
Z1 48 D2i 110 mm
Z2 58 bs 9 mm
D1o 450 mm hs 35 mm
D1i 300 mm hj 40 mm
lef 350 mm brt 8 mm

D2o 298 mm hr2 35 mm

3.3 Winding Design
The HW and LW should be designed to output 400 V and 10 kV voltage. This can be achieved by the turn

ratio between HW and LW. Assuming that the induced voltage of the LW and HW are El and Eh, respectively,
the turn ratio K is:

K = Eh

El
= kh Nh

kl Nl
(15)

where kl, kh are the winding factors of LW and HW, respectively. Since the DWIG uses a short-pitched
distributed winding, both LW and HW have the same number of slots per pole per phase. With the short
pitch of 10/12, the winding factor of the LW and HW kl = kh = 0.922.

For the HW, the line voltage is 10 kV. For the convenience of the insulation, the stator slot is selected as
the parallel-type slot and the winding configuration is bar winding. Unlike conventional electric machines,
the DWIG has a set of stator windings with a 10 kV rated line voltage. This voltage level poses a challenge
to the insulation. Thus, the insulations include the main insulation between the slot and windings, layer
insulation, wire insulation, and row insulation, as shown in Fig. 3.

Stator lamination

Slot wedge

Layer insulation

Slot insulation

Row insulation

Bar winding and wire 
insulation

Figure 3: The insulation types of the stator
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4 Optimization Design Using BPNN-Improved-PSO

4.1 Sensitivity Analysis of the Optimization Variables
The DWIG employs natural cooling. Since the generator’s rated speed is relatively low, rotor mechanical

stress has little impact on temperature rise. To avoid too high temperature rise, the electromagnetic loss of the
DWIG should be optimized. To obtain the law of temperature vs. the copper loss and iron loss, a sensitivity
analysis of the temperature rise of DWIG is carried out, as shown in Fig. 4.
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Figure 4: Sensitivity analysis of the temperature rise with different loss. (a) Temperature rise with stator copper loss;
(b) Temperature rise with rotor copper loss; (c) Temperature rise with stator iron loss; (d) Temperature rise with rotor
iron loss

From the initial design, the rotor iron loss is much smaller than the copper loss. The copper loss and
stator iron loss are varied from 200 W to 2000 W, while the rotor iron loss is varied from 10 W to 100 W.
As the stator copper loss increases from 200 W to 2000 W, the stator winding temperature rises from
approximately 115○C to 175○C. The temperature ranges of the stator yoke, stator surface and rotor are no
more than 20○C. Rotor copper loss primarily affects the heating of the stator surface, stator winding, and
rotor. Every 200 W increase in rotor copper loss results in an approximate 10○C rise in the stator surface and
winding temperature. The stator iron loss mainly influences the stator yoke temperature, and every 100 W
increase of stator iron loss will yield about 5○C temperature rise on the stator yoke. The rotor iron loss has
little effect on the temperature rise because the rotor iron loss is relatively small. According to the sensitivity
analysis, it can be concluded that the copper loss and iron loss have main influence on the temperature rise
of the DWIG. Thus, the electromagnetic loss should be optimized.
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4.2 Optimization Algorithm Based on BP-Improved PSO
In this paper, a BPNN-improved-PSO method is proposed for DWIG. The chart flow of the method is

shown in Fig. 5.

FE Analysis

Initialize BP neural
network

Optimization targets

Initial population

Training and testing

Training completed

Satisfy the error?
No

Yes

Output the training
results

BP
neural

network

PSO

Calculate fitness
function

Find global
best particle

Satisfy the need?

Output the results

Input the optimization
variables

BP neural network
prediction

No

Yes

Output fitness function
of the optimization

targets

Update the velocity and
position of the particle

Calculate fitness
function

Figure 5: The chart flow of the proposed optimization method

Initially, 100 sample points of the finite element analysis are calculated by the FE model. For the accurate
sampling results, the LHS method is used to overcome the problems of the undesired correlations between
the input variables, which may have significant influence on the prediction results [24,25]. Fig. 6 shows the
sampling points in 3D design space established by LHS method.

Figure 6: The distribution of the sampling points using LHS in design space
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4.3 Fitness Function Prediction Based on BP Neural Network
The relationship between the optimization variables and electromagnetic loss is nonlinear and it is

difficult to be determined. BPNN algorithm is suitable to predict the relationship between the inputs and
outputs. BPNN is a multilayer neural network algorithm, which can approximate the nonlinear function
through the hidden layers and nodes. The structure of the BP neural network algorithm is shown in Fig. 7.

o1

o2

o3

ol

Output layer

Hidden layer

Ploss
y

x1

x2

x3

xm

Input layer

Figure 7: The structure of the BPNN algorithm

The input layer corresponds to the optimization variables, and the output layer corresponds to the
electromagnetic loss Ploss. The optimization variables are processed from the input layer through the hidden
layer to the output layer, where the BPNN computes the output values and the squared error between the
predicted and expected values. If the calculated squared error does not reach the expected value, the weights
and thresholds are adjusted to minimize the error between the predicted and expected outputs. In this paper,
the input x = [D1i, lef , hs, hsj, bs2, brt, hr2], output y = Ploss, and the hidden layer nodes o = [o1, o2, . . ., ol]. The
outputs of the hidden layer are [26]:

O j = f (
m
∑
i=1

w1
ji xi − θ 1

j) , j = 1, 2, ⋅ ⋅ ⋅ l (16)

where w1
ji is the weight coefficient between the input layer and hidden layer and θ 1

j is the threshold value of
the hidden layer. The number of the hidden layer node can be calculated as follows:

l =
√

m + n + a, 1 ≤ a ≤ 10 (17)

where m is the number of inputs and n is the number of outputs. In this paper, the inputs are the optimization
variables and the output is the optimization target, while m = 7 and n = 1. According to (17), the number of
the hidden layer node l ranges from 4 to 13. The fitting regressions with different hidden layer nodes have
been tested, as shown in Table 2.

Table 2: Regression results of hidden layer nodes

Hiddern layer nodes 4 5 6 7 8 9 10 11 12 13
All regression 0.994 0.991 0.986 0.994 0.993 0.988 0.996 0.993 0.988 0.992

It can be seen from Table 2 that when the hidden layer node is 10, the regression is highest (0.996). Thus,
this number of hidden layer node was selected.
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The outputs of the output layer are [26]:

zk = g
⎛
⎝

l
∑
j=1

w2
k jO j − θ2

k
⎞
⎠

, k = 1, 2, ⋅ ⋅ ⋅ n (18)

where w2
k j is the weight coefficient between the hidden layer and output layer and θ2

k is the threshold value
of the output layer.

The mean square error is used to describe the accuracy of the fitness function by BP neural network:

MSE = 1
n

n
∑
k=1
(yk − zk)2 (19)

To balance model accuracy with computational burden, a set of 100 sample points was ultimately
selected for the BPNN training. 70% of the sample points are used for the training, 15% of the sample points
are used to test and another 15% of the sample points are used to validate. If the error is less than the threshold
value, the fitness function predicted by the BPNN is used for the fitness calculation in PSO. Fig. 8 shows the
performance of the BPNN. The best validation is at 6 epoch, and the MSE is 0.001227. The regression of the
training is 0.9982. It can be seen that the fitting regression of the BPNN is good and the test error is less than
0.01.

(a) (b)

Figure 8: The results of the BPNN. (a) Mean square error of BPNN; (b) Regression of the BPNN

4.4 BPNN-PSO Optimization Method
The fitness function of the optimization target obtained by BPNN is regarded as the cost function in

PSO to get the minimum value. Considering that the power factor, current density and flux density are
crucial indicators of the DWIG operation, the optimization cost function and the constraint conditions are
as follows:



Energy Eng. 2026;123(1) 11

min∶ Pl oss (x)

s.t.
⎧⎪⎪⎪⎨⎪⎪⎪⎩

cos φ − 0.8 > 0
J − 5 < 0
max (Bs j , Bst , Br j , Br t) − 1.8 < 0

(20)

The constraint of the power factor of the DWIG is no less than 0.8. The main reason is that lower power
factor yields more reactive power in the generator. For natural cooled electric machine, the current density
of the winding is normally not more than 5 A/mm2, which is selected as the constraint of the stator winding
current density. The flux density is also constrained to a maximum of 1.8 T, corresponding to the knee point of
the machine’s steel material. Fig. 9 shows the optimization results of the PSO. At 226 interactions, the optimal
point is reached. The corresponding electromagnetic loss is about 1.93 kW. The optimization variables at
optimal point are listed in Table 3.
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Figure 9: The results of the PSO

Table 3: The comparison between optimal and initial designs

Parameter Initial value (mm) Range (mm) Optimal value (mm)
D1i 300 200–400 245
lef 350 200–500 230
hs2 35 20–50 28
hsj 40 25 25
bs2 9 7–15 11
brt 8 3–10 6
hr2 35 20–40 29

5 Simulation Results
To validate the proposed design method for the 400 V–10 kV DWIG, a finite element analytical model

of 40 kW–50 Hz DWIG is established in the analysis software ANSYS. Fig. 10 shows the simulation results
of the initial design and the optimized one.
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Figure 10: The comparison of simulation results between the initial design and optimal design. (a) The output voltage
of 400 LW of initial design; (b) The output voltage of 400 LW of optimal design; (c) The output voltage of 10 kV HW
of initial design; (d) The output voltage of 10 kV HW of optimal design; (e) The output power of initial design; (f) The
output power of optimal design; (g) The electromagnetic loss of initial design; (h) The electromagnetic loss of optimal
design; (i) The efficiency loss of initial design; (j) The efficiency loss of optimal design; (k) The LW phase current of
initial design; (l) The LW phase current of optimal design; (m) The power factor of initial design; (n) The power factor
of optimal design; (o) The flux density distribution of initial design; (p) The flux density distribution of optimal design
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From Fig. 10a,d, in both the optimized and initial designs, the LW phase voltage is about 231 V and
the HW phase voltage is about 5.8 kV, corresponding to 400 V and 10 kV line voltages, respectively.
From Fig. 10e,f, both the optimized and initial designs deliver 42 kW of active power. With the same output
active power, from Fig. 10g,h, the copper loss of the optimized one is about 1.41 kW while the initial design
is about 1.63 kW. The iron loss of the optimized design is around 0.44 kW, whereas that of the initial design
is approximately 0.92 kW. The electromagnetic loss of the optimized one is about 1.85 kW while the initial
design is about 2.55 kW. Moreover, the LW phase current is about 37 A in the optimized design, compared
with 53 A in the initial design, indicating that the reactive power of the LW in the initial design is much
higher than in the optimized design. As shown in Fig. 10m,n, the power factor is about 0.78 for the initial
design and approximately 0.87 for the optimized design. This also causes the larger copper loss of the LW
since the phase current is larger than the optimal one. Correspondingly, the optimized design achieves an
efficiency of approximately 94%, an improvement of 1% over the initial design.

Fig. 10o,p show the flux density of the machine. In the initial design, the flux density is relatively low.
The stator teeth flux density is 0.71 T; the stator yoke flux density is 0.91 T; the rotor teeth flux density is
0.93 T; and the rotor yoke flux density is 0.6 T. Thus, the steel core is not fully utilized. In optimal design, the
stator teeth flux density is 1.44 T; the stator yoke flux density is 1.54 T; the rotor teeth flux density is 1.4 T;
and the rotor yoke flux density is 0.8 T. This indicates that the core steel material is more effectively utilized.
With the same rated output power, the initial design has a larger volume than the optimized one, including a
larger stator inner diameter and core length. Besides, the initial design also has larger yoke height and rotor
teeth width, which causes lower flux density than the optimized design. For clarity, the comparison of the
initial design and the optimal design is listed in Table 4.

Table 4: The comparison of simulation results between optimal and initial designs

Description Initial Optimal
LW current 53 A 37 A
HW current 1.7 A 1.7 A

LW line-voltage 400 V 400 V
HW line-voltage 10 kV 10 kV

Stator yoke flux density 0.91 T 1.54 T
Stator teeth flux density 0.71 T 1.44 T
Rotor yoke flux density 0.6 T 0.8 T
Rotor teeth flux density 0.93 T 1.4 T

Core iron loss 0.92 kW 0.44 kW
Copper loss 1.63 kW 1.41 kW

Electromagnetic loss 2.55 kW 1.85 kW
Efficiency 93% 94%

Power factor 0.78 0.87

Compared with the initial design, the dimensions of the optimal design are significantly reduced, and
the electromagnetic loss is reduced by about 27.4%, while the efficiency is increased by 1%. In addition, due
to more efficient utilization of the core material, the power factor also improves.

6 Conclusion
This paper presents a design method for a 400 V–10 kV DWIG used in MEG by employing a PSO

algorithm improved with a BP neural network.
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(1) A parametric FE model of the DWIG is established, incorporating constraints on dimension
parameters. The stator and rotor slot dimensions are governed by mathematical relationships, which can help
reduce the number of optimization variables.

(2) Sensitivity analysis between the DWIG temperature rise and electromagnetic loss identifies the
latter as the main factor influencing machine temperature. A BP neural network is then employed to
accurately model the relationship between electromagnetic loss and the optimization variables, achieving
high regression-prediction accuracy.

(3) To ensure effective sampling, the LHS method is used to generate sample points from the FE
model for training, testing, and validation. The predicted relationships between the optimization targets and
variables are then used to compute the fitness and cost functions in the PSO algorithm.

(4) Based on the relationship obtained by BP neural network, the PSO algorithm evaluates the fitness and
cost functions to determine the optimal design point. By the comparison of the simulation results between
the initial design and the optimal point, the optimization method is validated.
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