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Abstract: This article takes a 120 W direct-drive permanent magnet synchronous generator (PMSG)
for tidal current energy as the research object, with the aim of starting at low flow velocity, low voltage
regulation, and high sealing performance. The research was conducted on the design method of the
generator, and the parameter calculation formula is modified based on the structural characteristics
of the generator. The design scheme is simulated using the finite element method, and the voltage
regulation is optimized using evolutionary algorithm. A prototype was manufactured based on the
optimized scheme, and drag experiments and sealing tests were conducted. After that, the generator
and impeller were assembled, and water tank drag experiments were conducted. The experimental
results verified the reliability of the motor design method in this paper.

Keywords: tidal current energy; permanent magnet synchronous generator; finite element simulation;
genetic algorithm; sealing test

1. Introduction

As fossil fuels continue to deplete and environmental issues gain more attention,
there is a growing global focus on finding clean and renewable energy sources to replace
traditional fossil fuels [1]. Tidal current energy is a kind of kinetic energy produced by the
periodic horizontal movement of seawater, which is caused by the gravitational pull of
the sun and moon. China possesses a significant amount of tidal current energy resources,
which has become a topic of interest for many domestic research institutions [2].

The power generation cost of tidal power generation devices decreases with the in-
crease of installed capacity. Research has shown that, when the installed capacity reaches
100 MW, the cost of tidal power generation will be highly competitive compared to tradi-
tional power generation models. This power generation method will become an effective
supplement to traditional power generation methods and will ultimately partially replace
traditional power generation.

Tidal current power generation was first researched in coastal countries in Europe.
In 2015, the 1 MW project prototype designed by the Italian National Institute of Ocean
Engineering was installed in Canada’s Bay of Fundy [3]. In 2017, the HS1500 horizontal
shaft unit (1.5 MW) designed by Atlantis Resources UK was installed in relevant sea
areas and realized grid connection operation [4]. China has increased investment in tidal
current power generation technology since the beginning of the 21st century. In April
2002, the “Wanxiang I” tidal current power generation device (70 kW) was researched
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and built by Harbin Engineering University; it was then installed in Guishan waterway
for a test operation [5]. In 2013, Northeast Normal University began to research and
design a 300 kW horizontal-axis self-variable pitch project prototype, which was the first
time that passive automatic pitch angles adjustment technology had been applied to tidal
power generation [6]. In 2017, Zhejiang University designed the 650 kW horizontal-axis
tidal current power generation device, which was successfully connected to the grid in
Zhoushan [7].

In terms of generator design, Moury et al. proposed a permanent magnet synchronous
generator with axial permanent magnet structure, which is complex in structure and high
in cost [8]. Lindh et al. compared the difference between the surface-mounted and the
embedded permanent magnet structures, then proposed a type of new embedded structure,
but the new structure was complex and inconvenient to install [9]. Fizari et al. proposed a
method to design a 1.5 kW PMSG that required low-speed starting performance and high
reliability. Maxwell design software was used to obtain the parameter design results with
20 poles and 30 slots [10]. Nikbakhsh et al. first introduced the analysis, calculation, and
design process of the PMSG, and used the ant colony optimization algorithm to optimize the
design. The optimized design improves the efficiency and reduces the volume [11]. Quintal
Palomo et al. conducted a finite element analysis of a surface-mounted PMSG. To obtain
the lowest total harmonic distortion and cogging torque under the highest induced voltage,
several optimization tests were conducted [12]. Faiz et al. introduced the design process of
a three-phase PMSG for wind power generation. The AINiCo permanent magnetic material
with low coercivity was used to replace the ordinary and expensive NdFeB permanent
magnetic material. To reduce the cogging torque and improve the generator performance,
the optimal number of cogging and magnetic poles was determined [13].

After analyzing various power generation devices and design methods, it becomes
clear that there is currently no research dedicated to underwater generators specifically
designed for low-speed tidal current. This paper presents a design model for an underwater
generator with large air gap that takes into consideration the low-speed start, large torque
and insulation sealing characteristics applied in tidal current energy system. The design
is evaluated through simulation analysis, and a prototype is manufactured based on the
evolutionary algorithms optimization results for reduce the voltage regulation, a kind
of underwater centrifugal sealing technology is used to seal the generator. A pool drag
experiment is conducted to test the prototype’s ability to verify the low-speed starting
performance of the generator. The experimental results demonstrate the effectiveness of
the design and sealing methods for tidal current energy PMSG presented in this paper.

2. Underwater Generator Design
2.1. Generator Specifications

The primary dimensions of the generator include the outer diameter (Dil) of the
armature near the air gap and the effective length (Lef) of the iron core. To determine the
main dimensions of the generator, it is necessary to first identify the rated parameters [14].
The rated parameters of the generator are shown in Table 1.

Table 1. Rated parameters of the generator.

Rated Power Rated Voltage Rated Current Rated Rotation Speed

120 W 36 V 1.93 A 28 r/min

2.2. Generator Primary Dimensions

The generator adopts an embedded magnetic pole structure on the surface of the outer
rotor. To preliminarily determine the primary dimensions of the generator, the calculated
power P′ shall be calculated according to Formula (1) based on the rated power PN.

P′ =
KEPN
cos ϕN

(1)
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where KE is ratio of induced potential and terminal voltage at rated load, cosϕN is power
factor at rated load.

Because the underwater sealing performance of the generator needs to be considered,
the thickness of the sealant layer on the stator surface should be reserved [15] when
designing the air gap length. By referencing the primary dimension formula used for the
traditional motor, the primary dimension formula of the tidal current energy PMSG is
modified as follows:

Dil
2Le f n
P′

=
αxz6.1× 104

α′pKNmKdp ABδ
= CA (2)

where n is generator rotation speed, α′P is calculated pole arc coefficient, KNm is air gap
magnetic field waveform coefficient, Kdp is armature winding coefficient, A is line load, Bδ

is maximum value of air gap magnetic density. αxz is air gap correction coefficient, which is
used to correct the influence of the sealant layer on the air gap length.

The variation range of KNm and Kdp is small, the electromagnetic loads A and Bδ are
selected according to experience, and the approximate value Dil

2Lef of the effective volume
can be determined by Formula (2). However, the same value of the effective volume could
have different shapes. In order to reflect the geometric shape of the generator, the main
dimension ratio λ is introduced. The expression of λ is Formula (3).

λ =
Le f

τ
(3)

where τ is polar distance. Select the right λ and the armature outer diameter Dil, value
then the effective length of iron core Lef could be preliminarily determined.

2.3. Size of Permanent Magnets

The permanent magnet size includes the axial length LM, radial magnetization length
hM, and area SM. LM is slightly smaller than the axial length of the generator core, so only
the radial magnetization length hM and area SM need to be designed. These two parameters
can be obtained from Formulas (4) and (5) [16].

hM =
2kαkδbm0δ

(1− bm0)σ0
(4)

SM =
2σBδSδ

Br
(5)

where kα is the rotor structure coefficient, kδ is the saturation coefficient, and bm0 is the
estimated value of permanent magnet no-load working point, δ is air gap length, σ0 is the
no-load magnetic leakage coefficient, σ is the magnetic leakage coefficient, Bδ is the air gap
magnetic density, Sδ is the air gap area, and Br is the remanence.

2.4. Number of Stator Slot

Once the number of poles and phases are established, the number of stator slots is
determined by the number of slots q for per pole and phase. Tidal current energy PMSG
operates at low speed, so it requires multi-pole structure, which influences the parameter q.
However, choosing an integer value for q could cause an increase in the cogging torque
and electromagnetic loss. Therefore, the generator adopts fractional slot winding design,
and the number of slots q per pole and phase can be found using Formula (6).

q =
Z

2pm
= b +

c
d
= b +

e
2p

(6)

where Z is the number of stator slots, p is the number of pole pairs, m is the number of
phases, b is an integer.
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2.5. Winding Design

The induced voltage can be calculated using Formula (7):

E = 4.44N f φg (7)

where N is the number of turns, f is the frequency of generator, Φg is the magnetic flux of
each pole, which can be obtained from Formula (8):

φg =
2πRgLe f Bg

2p
(8)

where Rg is the average air gap radius and Bg is the air gap magnetic flux density.
According to the selected current density J and rated current I, the conductor area and

diameter can be calculated using Formulas (9) and (10):

Av =
I
J

(9)

dv =

√
4Av

π
(10)

2.6. Generator Design Parameters

The basic parameters of the generator calculated according to the above formulas and
experience are shown in Table 2:

Table 2. Generator design parameters.

Pole
Number

Slot
Number

Rotor External
Diameter

Stator External
Diameter Stator Bore Air Gap

Length Core Length Permanent
Magnet Thickness

Pole Arc
Coefficient

40 72 620 mm 590 mm 476 mm 2.5 mm 25 mm 5 mm 0.94

3. Finite Element Simulation Analysis
3.1. Simulation Modeling

Ansoft Maxwell software adopts finite element discrete form to transform electromag-
netic field calculation in engineering into huge matrix solutions [17]. This paper uses the
RMxprt module in Ansoft Maxwell to establish a PMSG model for simulation analysis and
imports the prototype model into the Maxwell 2D environment [18]. The established gener-
ator quarter model is shown in Figure 1, and the winding arrangement of the generator is
shown in Figure 2.
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3.2. No-Load Simulation Analysis

The simplest operating mode of the PMSG is the no-load mode, where the air gap
magnetic field is provided solely by the permanent magnet. Analyzing the no-load op-
eration is a crucial step in verifying whether the generator performance meets standards
and the magnetic circuit design is reasonable. For conducting no-load analysis, the model
excitation source is selected as current source, and the current value is set to 0 A. The
simulation results are presented In Figure 3. As shown in Figure 3, the magnetic density
distribution is reasonable when the generator operates under no load, and there are no
oversaturation points. Additionally, the distribution of magnetic field lines is uniform, and
the magnetic leakage of the permanent magnet is small. As shown in Figure 4, the no-load
voltage waveform is close to a sine wave, and the maximum phase voltage Umax is 30.6 V.
According to Formula (11):

Ue = 1.225Umax (11)

where Ue is the rated voltage, the no-load simulation line voltage is 37.5 V, which is close to
the designed rated voltage of 36 V.
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Figure 4. No load induced voltage of generator.

It can be seen from Figure 5 that the maximum cogging torque of the generator is 0.84 N·m,
but that it is only 2% of the rated torque, which can meet the design requirements.
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3.3. Load Simulation Analysis

By constructing the external circuit model of the generator, it is possible to simulate
and analyze the generator at rated load. The load is a pure resistive load of 22.8 Ω. The
results of the load simulation are presented in Figures 6–9. Figure 6 shows that there are
no oversaturation points in the magnetic density of the generator during load operation.
Figure 7 shows that the maximum load-induced phase voltage of the generator is 29.8 V,
and according to Formula (11), the load simulation line voltage is 36.5 V, satisfying the
design requirement of 36 V rated voltage. Figure 8 shows that the maximum load-induced
current of the generator is 2.63 A, which matches the design requirement of 1.93 A rated
current. Figure 9 shows that the load torque of the generator is 42 N·m, according to
Formula (12):

T =
9550P

n
(12)

where T is torque, P is rated power, and n is rated rotation speed. The simulation result is
close to the calculated value of 41 N·m.
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4. Genetic Algorithm Optimization of Generator Parameters
4.1. Analysis of the Voltage Regulation

Voltage regulation ∆U represents the change of output voltage when the load changes.
Its value depends entirely on the basic characteristics of the generator itself, and its expres-
sion is:

∆U =
E0 −U

UN
× 100% (13)

where E0 is the no-load induced voltage, U is the output voltage, and UN is the rated voltage.
Since it is difficult to adjust the air gap magnetic field after the PMSG is made, it

is necessary to consider how to reduce ∆U at the design stage. The motor parameters,
such as synchronous reactance Xq and Xd, armature winding resistance R1, and leakage
reactance X1 must be reasonably designed at each phase. The specific factors that affect the
above parameters are air gap length, iron core length, permanent magnet magnetization
direction length, and stator slot size. Therefore, the influence of each parameter on the
voltage regulation is analyzed below [19].

4.1.1. Effect of Air Gap Length

The approximate calculation formula of quadrature axis armature reaction reactance
Xaq of PMSG is:

Xaq =
E0Faq

IN Fδ
Kaq

1

1 + bM
2µrδKδ

(14)

where Faq is quadrature axis armature magnetomotive force, Fδ is air gap magnetic potential
difference, Kaq is the conversion coefficient of the quadrature axis armature magnetomotive
force, bM is permanent magnet width, µr is the relative recovery permeability of the
permanent magnet, δ is air gap length, and Kδ is air gap coefficient. The air gap length can
be determined by the above formula.
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4.1.2. Effect of Core Length

Under the rated load, the PMSG’s direct axis electromotive force (Ed) and quadrature
axis armature reactance (Xaq) are both correlated to axial length (LM) of the permanent
magnet and calculated length (Lef) of the armature. The expressions are:

Ed = 4.44 f1NKdpKφφδN (15)

φδN = (bmN − hmNλσ)Br Am × 10−4 (16)

Xaq =
2
π

Le f τKdpN
Baq1

Iq
(17)

Le f = L1 + 2δ (18)

where Am = bMLM, L1 is the length of stator core. The axial length LM of the permanent
magnet is equal to L1. It can be seen that L1 can directly affect Ed and Xaq.

4.1.3. Effect of Permanent Magnet Magnetization Direction Length

When the PMSG is under rated load, the relationship between Ed and permanent
magnet thickness hMp is as follows:

bmN = ϕmN =
λn(1− f ′)

λn + 1
(19)

hmN = fmN =
λn f ′ + 1
λn + 1

(20)

f ′ =
Fad

σ0HchMp × 10−2 (21)

where λN is the composite magnetic guide unit value of the external magnetic circuit, σ0 is
no-load magnetic leakage coefficient, and Fad is direct axis armature magnetomotive force.
It can be seen that hMp can change the voltage regulation by influencing the direct axis
electromotive force Ed.

4.1.4. Effect of Stator Slot Size

The calculation formula of each phase armature winding leakage reactance X1 is
as follows:

X1 = 15.5
f

100
(

N
100

)
2 L1

pq∑ λ× 10−2 (22)

where λ is the total magnetic leakage permeability, and its expression is:

∑ λ = λt + λd + λE + λs (23)

where λt is tooth-tip-specific magnetic leakage conductance, λd is differential leakage
permeance, λE is the specific leakage magnetic conductivity at the end, λS is slot-specific
magnetic permeability [20]. The slot-specific magnetic leakage conductance is mainly
affected by the stator slot type, and its expression is:

λs =
1
4
[0.31 +

2h1

3(d2 + b)
+

h2

b
+

k1h3

b + d1
+ k2(0.985 +

h5

b0
)] (24)

The specific meaning of the parameter is shown in Figure 10.
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It can be seen from the above formulas that the stator slot size changes the voltage
regulation by affecting the winding leakage reactance X1.

4.2. Voltage Regulation Genetic Algorithm Optimization

Select air gap length δ, core length L1, permanent magnet thickness hMp, slot width b0,
slot body width d2 and slot depth h as optimization variables, and the objective function
expression to be optimized is:

f (x) = Min[∆U(σ, L1, hMp, b0, d2, h)] (25)

The genetic algorithm parameters are shown in Table 3, the range of optimization
variables are shown in Table 4, and the optimization results are shown in Table 5. The effect
of air gap length, iron core length, and permanent magnet thickness on load voltage is
shown in Figure 11, and the effect of slot width, slot body width, and slot depth on no-load
voltage is shown in Figure 12. The generator performances before and after optimization
are shown in Table 6.

Table 3. Genetic algorithm parameters.

Population
Size

Maximum
Genetic Algebra

Individual
Length

Generation
Gap

Cross
Probability

Probability
of Variation

40 50 40 0.95 0.7 0.01

Table 4. Value range of optimization variable.

Variable δ/mm L1/mm hMp/mm b0/mm d2/mm h/mm

min 2.0 20.0 4.0 4.0 8.0 30.0
max 3.0 30.0 6.0 6.0 12.0 45.0
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Table 5. Optimization results.

Variable δ/mm L1/mm hMp/mm b0/mm d2/mm h/mm

Before optimization 2.5 25.0 5.0 5.0 10.0 35.0
After optimization 2.8 24.3 4.5 5.3 11.2 33.5
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Table 6. The motor performance before and after optimization.

Performance
Index

Voltage
Regulation

Rate/%

Stator Tooth
Magnetic
Density/T

Stator Yoke
Magnetic
Density/T

Air Gap
Magnetic
Density/T

Before
optimization 7.93 1.62 0.96 0.73

After
optimization 6.85 1.82 0.98 0.84

Table 5 demonstrates that the air gap length, slot width, slot body width, and slot depth
of the generator have all increased through optimization, while the iron core length and
permanent magnet thickness have decreased. Figures 11 and 12 show that the load voltage
and no-load voltage of the optimized generator have been reduced. Table 6 shows that
the optimized generator stator tooth magnetic density, stator yoke magnetic density, and
air gap magnetic density have all increased. The optimized generator voltage regulation
has decreased 13.6% compared to the previous model, which confirms the effectiveness of
the genetic optimization algorithm. Based on these optimization results, a prototype was
produced for further drag experiments.

5. Actual Test of Underwater Generator
5.1. Generator Dragging Experiment

The generator dragging experiment took place at Hangzhou Jianghe Factory with
the test temperature of 32.5 ◦C and the rate load of 20 Ω for the test system. Figure 13
displays a photo of the generator dragging experiment. As demonstrated in Figure 14,
the generator began operating at a speed close to 5 rpm, and at the rated rotation speed
of 28 rpm, the output power reached 121.3 W, which fulfilled the design requirements for
rated power. The voltage regulation of the prototype obtained through no-load and rated
load experiments is 7.05%, which is similar to the optimized simulation results.
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5.2. Generator Sealing Experiment

The horizontal-axis tidal current generator operates in a seawater immersion environ-
ment, so its insulation and sealing performance determine the reliability of the generator’s
operation. The traditional horizontal-axis tidal current generator adopts a sealed cabin
structure for sealing, and only a dynamic sealing structure is designed at the transmission
shaft to ensure power transmission and underwater sealing of the generator. However, as
the operating time of the generator increases, it is difficult for this method to ensure the
reliability of the generator due to the inherent principle defects of dynamic sealing [21]. The
heat generated during the full power operation of the generator causes the internal pressure
in the sealed compartment of the generator to be greater than the external pressure, while
during low-speed operation, the cooling of the generator causes the external pressure in the
sealed compartment to be greater than the internal pressure, resulting in alternating large
changes in pressure at the dynamic sealing area, causing seawater leakage and damaging
the sealing reliability of the generator [22]. The prototype used polyurethane elastic resin
for overall seals, and a certain thickness of polyurethane colloid is formed on the surface
of the stator and rotor. The thickness of the stator outer surface adhesive layer is 1.0 to
2.0 mm, the inner surface adhesive layer of the stator is 5 mm, and the thickness of the
adhesive layer at both ends of the stator is 10 mm, the surface adhesive layer of the stator
is smooth and dense. After the sealing is completed (Figure 15), the underwater pressure
test (Figure 16) was carried out on the generator. The stator and rotor of the generator
were placed in an underwater pressure environment of 20 m, and the pressure tank was
maintained at 0.3 MPa. After 52 h, the insulation resistance was greater than 5 M Ω, which meets
the operational requirements for the horizontal-shaft tidal current energy underwater generator.
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5.3. Water Tank Dragging Experiment

After the sealing test, the generator and impeller have been assembled, and the water
tank dragging experiment was conducted to simulate different water flow speeds by
varying the forward speed of the trailer. Figures 17 and 18 depict the experimental setup
and photos, respectively. The structure of the traction system mainly includes the traction
platform, tidal current power generation device, circuit breaker, three-phase rectifier filter,
programmable electronic load, and laptop monitoring and recording software. The circuit
breaker is used to connect the front-end energy capture and generation system with the
back-end energy conversion monitoring system; The three-phase sorting filter rectifies and
filters the three-phase alternating current into a smoother direct current; programmable
electronic loads are used to control the load output characteristics of power generation
systems at different flow rates; laptops are used for real-time monitoring and recording
of drag test data. The electronic load used for this test is the Feisi FT6300 series single
programmable DC electronic load, which is set to constant resistance mode. Based on the
calculation of the design parameters of the generator, the resistance values are set to 30 Ω,
35 Ω, and 40 Ω, with drag flow rates ranging from 0.2 m/s to 1.0 m/s and flow rate steps
of 0.05 m/s. The cables for the power generation device and current meter are connected to
the status monitoring system on shore. The generator output is connected to the battery
charging and discharging module, which can monitor the generator’s speed and electrical
parameters during the charging and discharging process. The monitoring system hardware
mainly consists of rectification, speed measurement module, power monitoring module,
voltage reduction module, power supply module, battery, processing control unit, 4G
communication transmission module, etc. The processing control unit obtains information
such as speed, generator output voltage, current, frequency, temperature, depth, flow
rate, flow direction, and underwater sound signals, and uploads this information to the
cloud server through a 4G communication module. The monitoring data returned by the
monitoring module is viewed on the server side of the monitoring system. The results of
the water tank dragging experiment are shown in Table 7. When the flow rate was 0.25 m/s
and the resistance was kept constant at 30 Ω, the system was started, and the generator’s
average output power was 3.5 W. At the flow rate of 0.8 m/s, the average output power
of the generator was 122.31 W. The output voltage changed slightly when the load was
changed, demonstrating the generator’s suitability for low flow rate tidal current energy
resources in China.
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Table 7. Water tank dragging experiment results.

Load/Ω Start Flow
Rate/m/s

Starting
Power/W

Rated Flow
Rate/m/s

Output
Power/W

Output
Voltage/V

30 0.25 3.65 0.88 123.85 38.74
35 0.25 3.56 0.90 123.18 37.21
40 0.26 3.49 0.91 122.31 36.52

6. Conclusions

This paper designed a 120 W, 28 rpm PMSG that can be used specifically for tidal
current energy. The design formula is corrected based on the operating conditions. The
design scheme is validated using finite element simulation. Further optimization is con-
ducted using the genetic optimization algorithm to reduce the voltage regulation. After
completing the design, a prototype is manufactured for a generator dragging experiment,
underwater pressure test, and water tank dragging experiment. The experimental results
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show that the prototype meets the design requirements, verifying the effectiveness of the
generator design method proposed in this study. This provides a reference for the design
of low-speed direct-drive PMSG for tidal current energy and lays a technical foundation
for the long-term reliable operation of power generation devices using tidal current energy.
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